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FOREWORD 

FIT INTO THE FUTURE 

The past year has once again brought new, 
major challenges for science and society. In 
addition to a wide range of political issues 
overshadowed by the war in Ukraine and its 
impact on society, the creation of a sustaina-
ble society that uses the world's resources re-
sponsibly continues to be an important topic. 
The sustainable use of materials and the re-
duction of energy use as well as the reduction 
of the CO2 footprint continue to be important 
research and development goals of FIT. In 
doing so, we must all work to create a society 
that not only tolerates and accepts the diver-
sity of people in all aspects, but rather actively 
uses and promotes it to form a breeding 
ground for a colorful bouquet of creative re-
search activities. Furthermore, it is an im-
portant task for all of us to promote the next 
generation of scientists and to introduce 
young people to research in order to prepare 
the next generation with all their enthusiasm 
and creativity for these key questions and for 
the challenges we all face.  

In June 2022, for the first time since the FIT 
building opened, the regular five-year evalua-
tion of our institute came to a close. In this 
evaluation, a highly interdisciplinary commit-
tee certified that FIT's research accomplish-
ments are rated with the best possible grade 
of "outstanding." The FIT was confirmed to 
have achieved enormous visibility both na-
tionally and internationally, and that the sci-
entific quality of the FIT is excellent in both 
qualitative and quantitative terms. According 
to the reviewers' vote, FIT has achieved an 
impressive publication record and has cre-
ated an excellent, unique materials research 
environment. The final rating was also "excel-
lent" in terms of infrastructure and personnel-
related aspects, as well as the area of train-
ing. The result of the evaluation underlines 
the important role that FIT plays in the devel-
opment of the profile field of materials re-
search and for the University of Freiburg as a 

whole. This very positive evaluation is a 
strong affirmation for us and our efforts, but 
also a strong incentive to continue to perform 
excellent work and to conduct and further de-
velop future-oriented, world-class materials 
research. 

In this foreword, I could refer to many attrac-
tive new research projects that were started 
or continued at FIT last year. However, in this 
short contribution I would like to focus on one 
aspect of the promotion of young research-
ers. Here, a high-light is certainly the imple-
mentation of the MasterLabs, which are car-
ried out by the research clusters livMatS and 
IPROM who have their home in FIT. The aim 
of the MasterLabs is to introduce young, ad-
vanced students to research during their 
studies and to promote their interest in scien-
tific work. This is achieved by the MasterLab 
participants working independently on so-
called research challenges and at the same 
time being introduced to topics such as scien-
tific ethics, communicating science and scien-
tific publishing. The MasterLab has already 
received a great response and a very positive 
evaluation from the participants and the su-
pervisors. 

However, good science does not develop in a 
vacuum, but is driven by people. For all the 
outstanding achievements and services to 
the impressive development of our FIT, we 
would like to express our sincere thanks to all 
employees working at the FIT. Without the 
everlasting commitment of many hard-work-
ing hands (and heads), we would not be able 
to produce outstanding scientific work. Our 
special thanks go to all employees in admin-
istration and technology and to the FIT mem-
bers, who constantly drive the FIT forward 
with new creative ideas by soliciting and car-
rying out projects. Furthermore, we would like 
to express our sincere gratitude to our scien-
tific staff, our scientific advisory board and our 
many supporters and sponsors within and 
outside the university. 

The current political situation and climate 
change present us all with major challenges 
that will certainly shape the coming year and 
the years to come. However, we at FIT do not 
want to join in the general lament and the 
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many doomsday scenarios so broadly dis-
cussed. Rather, we see and also should see 
that the current challenges offer many new 
opportunities to make an important contribu-
tion to the future of science through forward-
looking and excellent scientific work. We at 
FIT will continue to tackle these tasks with en-
ergy and confidence in the coming year. I sin-
cerely hope you enjoy reading our annual re-
port. 

 

 

 

Jürgen Rühe 

(Executive Director FIT) 

THE CENTER 

STRUCTURE 

The FIT is a research institution of national 
and international importance for the develop-
ment of future-oriented, innovative materials 
and materials systems. Special focus is 
placed on materials systems that react to 
changes in the environment and thus, in-
spired by plants and animals, have life-like 
functions. Following the model of living na-
ture, these "vital" materials systems are inter-
active, adaptive, energy-autonomous, self-re-
pairing, self-improving or even learning. 
These extraordinary properties and functions 
make them a decisive advance in the sustain-
able development of technology and society. 

 

 

 

Overview of the various faculties and institutes that carry out disciplinary and interdisciplinary projects within the framework 
of basic research at FIT. A list of current and completed projects is available on the FIT website. 

Engineering

•IMTEK

•INATECH

Mathematics 
and Physics

•Physics

Chemistry and 
Pharmacy

•Organic Chemistry

•Physical Chemistry

•Inorganic and 
Analytic Chemistry

•Macromolecular 
Chemistry

Biology

•Biology II

•Botanic 
Garden

Medicine

•Physiology

Environment and 
Natural 

Ressources

•Institute for 
Environmental 
Social Sciences 
and Geography

Humanities

•Philosophy

Economics 
and 

Behavioral 
Sciences

•Psychology
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FUTURE FIELDS 

Adaptive and Active Polymer 
Materials 

Today's technical materials and materials sys-
tems are designed in such a way that they 
have more or less constant properties. These 
properties are given to them during the manu-
facturing process and should (apart from a lit-
tle aging) not change in the course of time in 
the desired application. This immutability of 
material properties constitutes accordingly 
one of the core concepts of modern engineer-
ing and a rational systems design. In nature, 
on the other side, all living beings are de-
signed to adapt as good as possible to their 
environment and to react to changes in envi-
ronmental conditions with an appropriate re-
sponse. A (young) sunflower, for example, 
moves its head according to the position of the 
sun in order to capture as much sunlight as 
possible, while a pine cone opens and closes 
depending on the ambient humidity to release 
its seeds under favorable conditions. Indeed 
one might rephrase Darwin’s description of 
evolution by “Survival of the most adaptive”. 

The aim of the research program in the Future 
Field “Adaptive and Active Polymer Materials” 
is to develop new types of technical materials 
and advanced systems that do not have un-
changing properties, but react to changing en-
vironmental conditions by adapting their 
shape and structure. This requires the gener-
ation of complex responsive systems, where 
the system can end up in different states de-
pending on the nature of the stimulus, so that 
it can adapt to changes in the environment in 
a similar way as it is the case for living things. 
Fig. 1 gives an artist’s impression for an en-
ergy landscape of such a multi-stimulus re-
sponsive system. Depending on the strength 
or type of the stimulus the system can end up 
in very different states represented by valleys 
in the energy landscape. This simplest case is 
observed, when the system responds to the 
stimulus only while the stimulus is still present. 
Such a behavior of the system is commonly 
called responsive. A simple example for re-
sponsive behavior is thermal expansion of a 
material. Switching, on the other side, occurs 

when the stimulus leads to reversible move-
ment of the system between two states (exam-
ple: photoisomerization of azo compounds). 
Here the system remains (at least for a while) 
in the second state and can return back to the 
original one through application of a different 
stimulus. Truly adaptive materials, however, 
can store these structural changes and retain 
the properties changed this way for further, 
later use. Taking the picture described above 
true adaptivity is only achieved when the stim-
ulus leads to a reshaping of the energy land-
scape and thus keeps a memory of the condi-
tions to which it had been exposed to. This 
way it resembles in a way a simple form of 
training / learning. 

Artists impression of an energy landscape describing 
the effect of several stimuli acting on a materials sys-
tem b) Wetting of a water drop on a mechanically ac-
tuated sample © Rajak, Rühe; unpublished results  

Examples for such adaptive changes of mate-
rials, in which the outer appearance of the sys-
tem is altered, are an origami-like folding of 
structures or the actuation of hair-like surface 
structures. But also the inner structure of a 
material can adapt to external stimuli as it is 
the case for auxetic materials which stiffen as 
a reaction to the application of a certain force. 
This adaptability of materials can be used to 
adjust properties of materials such as adhe-
sion, wettability (see Fig. 1b) or mechanical 
properties, to environmental changes and thus 
opens up novel design spaces for the genera-
tion of complex objects. Materials systems 
with adaptive properties will allow break-
through innovations in many different fields 
such as soft robotics, smart optical devices, 
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self-adaptive medical prostheses and or-
thoses, adaptive safety equipment, adaptive 
light guiding systems or interactive architec-
tural components such as façade elements, 
which open and close with changes in the 
weather conditions.  

In more complex systems not only one stimu-
lus directs the behavior of a materials system, 
but usually several different stimuli act to-
gether, either subsequently or simultaneously. 
In this case the different signals need to be 
processed (and eventually weighed against 
each other). This weighing of different system 
responses leads to a gated behavior, not un-
like logic gates in computer science (AND, 
OR, NOT). For example, systems can be de-
signed which actuate in a certain fashion when 
either sufficient heat or humidity are present 
(OR condition). In another case bilayers sys-
tems can be generated where for example 
high humidity is required to “unlock” the sys-
tem. An example could be here a lowering the 
glass transition temperature of a hydrogel 
layer rendering the layer much softer. This sof-
tening effect could then allow thermal or mag-
netic actuation of the bilayer system, where 
the movement is otherwise “frozen in”. Such a 
system requires for a successful actuation the 
presence of both stimuli, a typical AND condi-
tion. From a more general point of view, path-
ways to reach such complex adaptive behav-
ior, which show features of an embodied intel-
ligence, are the generation of reaction net-
works or the creation of complex metamateri-
als. 

In nature, which serves as a great source of 
inspiration for the envisioned interactive and 
adaptive materials, the creation of such sys-
tems involves the integration of structures 
across many size scales, e.g., from the chem-
ical structure of a cellulose molecule to the 
overall structure of a many meters high bam-
boo. Only when the components on the vari-
ous length scales for cell to tissue and whole 

organism interact with each other in an appro-
priate way, adaptive behavior is observed. 
This is in a similar way true for artificial sys-
tems, where molecular changes e.g. by pho-
toisomerization or swelling lead to macro-
scopic changes of an actuator.  

However, the spatial domain is not the only 
one which needs to be addressed, but also 
timing can be crucial. In cases when the re-
sponse to the signal relaxes with time (i.e. the 
system returns spontaneously, without the 
presence of an external stimulus back to the 
original state) also the time difference be-
tween the receptions of two separate stimuli 
will play an important role on the systems be-
havior. An example is a situation, where the 
first stimulus is needed to unlock the system 
and allow a response of the system to the sec-
ond one. When relaxation after the first is 
faster than the application of the second stim-
ulus, the “memory” of the occurrence of the 
first stimulus will be erased, the system re-
mains locked and the presence of the second 
stimulus yields no systems response. How-
ever, when the arrival of the second stimulus, 
is faster than relaxation, the system is un-
locked and can respond to this stimulus. Ac-
cordingly, complex adaptive systems might 
also require the consideration of different time 
scales ranging from rapid molecular changes, 
such as the closing or breaking of chemical 
bonds occurring within nano- to microsec-
onds, to very slow processes such as thermal 
relaxation or creeping of materials that might 
take minutes or days. Successful develop-
ment of interactive and adaptive materials 
thus requires a scale-bridging approach both 
from a theoretical and experimental point of 
view that extends all the way from a molecular 
oriented scale in time and space to that of a 
macroscopic object.  

Jürgen Rühe 
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Biomimetic, Biobased and Bioactive Materials Systems 

 

Fig. 1: Various fields of biomimetic research. © Plant Biomechanics Group Freiburg 

In this future field the research focus lays on 
the development and construction of bioin-
spired, biomimetic, biobased and bioactive 
material systems. FIT projects cover the first 
two thirds of the value chain from basic re-
search analyzing the biological role models 
and developing new materials systems to the 
production of functional demonstrators in lab 
bench dimensions. In addition to the transfer 
of functional principles from living nature to 
technical systems, this also includes the de-
velopment of new active hybrids by the inte-
gration of synthetic and biological compo-
nents, and the bioactive functionalization of 
materials and (micro)systems to enable them 
to interact with proteins, cells and tissues. 

Biomimetic materials systems @ FIT 

During the last decades biomimetics has at-
tracted increasing attention as well from basic 
and applied research as from various fields of 
industry and building construction. Biomimet-
ics has a high innovation potential and offers 
the possibility for the development of sustain-
able technical products and production chains. 
The huge number of organisms with the spe-
cific structures and functions they have devel-
oped during evolution in adaptation to differing 
environments represents the basis for all bio-
mimetic R&D-projects. Novel sophisticated 
methods for quantitatively analyzing and sim-
ulating the form-structure-function-relation on 
various hierarchical levels, which is possible 
due to the various testing devices present at 
the FIT, allow new fascination insights in multi-
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scale mechanics and other functions of biolog-
ical materials and surfaces. Additionally, new 
production methods enable for the first time 
the transfer of many outstanding properties of 
the biological role models into innovative bio-
mimetic products for reasonable costs (Fig. 1). 
In the FIT we concentrate on the development 
of biomimetic materials systems with various 
self-x-properties including self-repair, self-ad-
aptation, self-cleaning and self-organization. 
Other research topics deal with bioinspired 
materials systems with pronounced energy 
dissipation, trainable materials systems, and 
the usage and development of 3D- and 4D-
printing technologies for the production of 
novel bioinspired materials systems. Exam-
ples are plant inspired soft robots and soft ma-
chines and self-adaptive motile technical sys-
tems inspired by plant movements. For the lat-
ter especially hyromorphs, as e.g. Pine cones 
and scales (Fig. 2), are of increasing interest. 
The reasons for this interest are, that they: (1) 
harvest energy from the environment (no en-
ergy consumption), (2) are sensor, actuator, 
reactive movable element and support struc-
ture in one materials system, (3) show high 
level of structural and functional integration, 
and (4) display extraordinary high functional 
resilience and robustness[1]. 

Biobased materials @ FIT 

In the biobased materials research @ FIT, we 
try to use biomimetic approaches to design 
novel materials from renewable resources. 
Our efforts particularly focus on the utilization 
of lignocellulosic biopolymers towards the de-
sign of advanced structural load carrying ma-
terials and materials systems, and of actuating 
materials for soft machines. One such project 
has attempted to develop novel processing 
approaches of lignin, the second most abun-
dant biopolymer on earth, by utilizing a liquid 
crystalline cellulosic polymer as processing 
aid and lubricant. This processing approach is 
inspired by the biosynthesis and the morpho-
genesis of the plant cell wall. During the plant 
cell wall morphogenesis, a liquid crystalline 
cellulose / hemicellulose network serves as a 
host structure for the in-situ polymerization of 

monolignols. to finally deliver a high-strength, 
high toughness composite lignocellulosic ma-
terial. The resulting lignocellulosic blends can 
be processed in solution by direct ink writing, 
which paves the way to new processing ave-
nues for lignocellulosic polymers and thus 
novel applications. 

In the framework of the Cluster of Excellence 
Living, Adaptive and Energy-autonomous Ma-
terials Systems (livMatS), which is located at 
the FIT, in 2021 the “livMatS Pavilion" was 
built in the Botanic Garden of the University of 
Freiburg as a model for a bioinspired sustain-
able construction. After the end of the Covid19 
restrictions we started in 2022 to use very suc-
cessfully the “livMatS Pavilion” for activities in 
our outreach project “Learning from Nature in 
Nature”. The “livMatS Pavilion” is inspired by 
the saguaro cactus (Carnegia gigantea) and 
the prickly pear cactus (Opuntia sp.), which 
are characterized by their special reticulated 
light-weight wood structure. Based on this bi-
oinspiration civil engineers and architects of 
Cluster of Excellence “Integrative Computa-
tional Design and Construction for Architec-
ture” (IntCDC) at the University of Stuttgart re-
alized the “livMatS Pavilion by using com-
puter-aided design methods and robot-con-
trolled production. The "livMatS Pavilion" rep-
resents a prime example for a bioinspired sus-
tainable construction with a light-weight bi-
obased supporting structure [2].  

References 

[1] T. Speck, T. Cheng, F. Klimm, A. Menges, S. 
Poppinga, O. Speck, Y. Tahouni, F. Tauber & M. 
Thielen (2023): Plants as inspiration for material-
based sensing and actuation in soft robots and 
machines. MRS Bulletin Impact. (in press)  

[2] T. Speck, M.E. Schulz, A. Fischer & Jürgen 
Rühe (2023): Cluster of Excellence Living, Adap-
tive and Energy-autonomous Materials Systems 
(livMatS). – In: K. Dröder & T. Vietor (eds.), Future 
Automotive Production Conference 2022, Zukun-
ftstechnologien für den multifunktionalen Leicht-
bau. Springer-Vieweg. (in press). 
DOI.org/10.1007/978-3-658-39928-3_18 
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Fig. 2: Pine cone actuation, functional morphology and biomimetic self-sufficient compliant hygromorpic systems. (a) A pine 
cone shows sequential seed scale movements during the drying-induced opening sequence. (b) Multi-phase motion of a 
4D-printed scale structure consisting of copolymer strands with embedded cellulose fibrils as the actuating layer and ABS 
polymer strands as the resistance layer. (c) Schematic top view (left) and longitudinal section (right) of a pine cone scale. 
(d) Vision of a modular smart-building skin consisting of shingle-like structures exhibiting tropistic behaviour for sun-tracking 
and nastic behaviour for fast hull closure upon an increase of environmental humidity. (Reproduced from [1] under CC BY-
NC 4.0 license) 

(Micro)Systems for Energy 
Conversion, Storage and Energy-

autonomy  

In this future field, the research focuses on the 
development and construction of material sys-
tems for energy conversion and storage. As 
such, inspired by nature, materials and sys-
tems are developed for the conversion of solar 
energy (solar cells and photoelectrochemical 
cells for artificial photosynthesis), chemical 
energy (fuel cells), thermal energy (thermoe-
lectric generators) and vibrational energy (tri-
boelectric generators). One aspect thereby 
aims to realize material systems with an em-
bedded energy autonomy, i.e. materials sys-
tems which are ideally able to harvest the re-
quired energy from the ambient. In that sense, 
the materials and systems developed in this 

future field range from macro to highly embed-
ded micro systems. As most ambient energy 
forms are intermittent, systems for energy 
storage must also be developed, so that the 
required energy is available on demand. 
Breaking with classical modular approaches, 
one vision is hereby to develop multifunctional 
conversion and storage systems at the highest 
level of integration, realizing a seamless inte-
gration of both functions. In this context, ad-
vanced multifunctional material processing 
techniques are of highest importance to real-
ize this integration challenge. 
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Material systems for energy conversion 
and storage @ FIT 

The largest activities in the future field are 
presently associated with the research activi-
ties in research area A of the livMatS Cluster 
in which novel concepts and systems for en-
ergy autonomous materials systems are de-
veloped. 

Different forms of energy conversion and storage and as-
sociated materials and systems. © Area A of the livMatS
Cluster. 

Solar energy conversion and storage 

Solar energy is converted and stored as elec-
trical charges in SolStore devices; devices, 
which fuse the function of light-induced charge 
carrier generation/separation and charge car-
rier storage at different levels of integrations, 
ranging from 3 electrode systems, in which a 
solar cell shares an electrode with an electro-
chemical energy storing system (supercapac-
itor or battery) to 2 electrode systems, in which 
the light-induced charge carrier genera-
tion/separation and charge carrier storage are 
truly embedded in one multifunctional material 
system. 

This central livMatS research is comple-
mented by other FIT research projects in the 
future field related amongst others to a) solar 
energy conversion with novel tandem solar 
cells or photoanodes for photoelectrochemical 
water splitting, b) electrochemical energy con-
version with bioinspired materials for Pt-free 
fuel cells as well as c) improved electrochem-
ical energy storage with novel battery con-
cepts and materials and interfaces. 

Thermal energy conversion and storage 

This area is anticipated by the development of 
highly efficient thermoelectric generators 
(TEGs) with integrated phase shift materials to 
be used as a storage unit for thermal energy. 
The corresponding project ThermoBatS is 
therefore again aiming at an intricate fusion of 
energy conversion and storage. The thermoe-
lectric materials chosen are fabricated as 
highly nano-micro scale powders and formu-
lated as thermoelectric inks or pastes. Fabri-
cation of TEGs happens via dispensing or 
printing into flexible substrate materials, thus 
creating a versatile multi-material system suit-
able for the ambient temperature range. Other 
projects outside of livMatS will tackle the area 
of high-temperature energy harvesting using 
powder-pressed and sintered or electroplated 
thermoelectric materials. A third direction to be 
followed in all projects is the characterization 
of thermoelectric materials and systems. 

Mechanical energy conversion 

In livMatS, triboelectric generators are the ac-
tual main topic of research in the project Tribo-
Gen. Here, we will do an extensive study on 
the fundamental physical effects of triboelec-
tric charge generation, to gain more insight 
into this phenomenon, which is known for 
thousands of years but still a matter of scien-
tific debate. As a result, optimized materials 
and suitable surface topologies will be devel-
oped for highly efficient triboelectric genera-
tors. Charge extraction will happen through in-
novative concepts and automatic frequency 
tuning will be performed through the mechan-
ical design of self-adaptive triboelectric vibra-
tion harvesters.  

These named projects are exemplary for the 
trend of energy research followed in FIT. Aside 
of the mentioned activities additional related 
projects are planned to widen the research 
platform with additional and highly innovative 
concepts for energy conversion, storage and 
transfer. 

Anna Fischer & Peter Woias 
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New Materials: Societal 
challenges 

Andrea Kiesel1,2, Lore Hühn1,3, Oliver 
Müller1,3, Olga Speck1, Rainer 

Grießhammer1, Martin Möller1, Julius Fenn2, 
Philipp Höfele1,4 

1Cluster of Excellence livMatS @ FIT – Freiburg 
Center for Interactive Materials and Bioinspired 

Technologies; 2Department of Psychology, Univer-
sity of Freiburg; 3Department of Philosophy, Uni-
versity of Freiburg; 4Institute of Philosophy, Freie 

Universität Berlin, Germany 

Project funding: Funded by the Deutsche For-
schungsgemeinschaft (DFG, German Research 
Foundation) under Germany’s Excellence Strategy 
– EXC-2193/1 – 390951807 

Technological advance promises to solve ma-
jor problems. For example, in the context of 
new materials systems the development of 
sustainable, long-living materials systems that 
harvest energy from the environment might 
contribute to reduce human impact on climate 
change. Yet, technological advance chal-
lenges society and this challenge increases 
the faster and broader the technological ad-
vance is. On the one hand, technological ad-
vance is considered sceptical due to concerns 
that depend on the perception of risks and 
benefits as well as ethical concerns and trust 
in technologies per se. On the other hand, 
promises of technological advance are often 
misunderstood or misinterpreted. In the con-
text of biomimetics, humans tend to believe 
that bio-inspired novel technologies are per se 
more sustainable, yet nature or to be more 
precise biological evolution is not goal-ori-
ented and biomimetic products are not auto-
matically sustainable[1].  

Identifying and addressing the societal chal-
lenges of novel technologies requires interdis-
ciplinary and transdisciplinary collaboration 
[2]. In this Future Field, philosophers, psy-
chologists and sustainability researchers work 
together with material scientists (from several 
disciplines like chemistry, physics, engineer-
ing) and biologists to describe and charac-
terice novel materials systems and identify 
their potential use as well as eventual risks 
and benefits. Novel tools are developed to as-
sess and evaluate these materials systems 
and resulting novel technologies both from an 

empirical point of view in terms of societal ac-
ceptance [3] as well as from an analytical point 
of view in terms of sustainable development 
including aspect re-cycling [4]. Further, im-
portant concepts like “nature” and “life” are 
considered in the current discourse to in-
crease inter- and transdisciplinary under-
standing and to identify misconceptions and 
narratives [5]. Feeding back the results helps 
material scientists to understand societal con-
cerns and misconceptions and sustainability 
considerations and hopefully contribute to in-
crease acceptance for the scientific ap-
proaches and novel technologies. 
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CORE FACILITIES 

Imaging of Materials Systems 

 Scientific head: Prof. Dr. Anna Fischer1 

 Responsible manager and scientist:  
Dr. Yi Thomann1 and Dr. Ralf Thomann1,2 

1 Freiburg Center for Interactive Materials and Bio-
inspired Technologies (FIT);  

2 Institute of Macromolecular Chemistry 

The core facility “Imaging of Materials System” 
(CF1) represents a specialized laboratory with 
various electron microscopes (200 kV HR-
TEM/STEM, 120 kV TEM, SEM, FIB/SEM), a 
µ-CT, two atomic force microscopes (AFM) 
and a variety of peripheral devices.  

The facility is accessible to all research groups 
within the university, as long as the projects 
are financed on a non-profit basis. Users can 
do measurements themselves or under super-
vision of the CF1 staff. We also provide ser-
vice measurements, image processing meth-
ods and data analysis for various microscopic 
and tomographic applications.  

Fig. 1: EDX image of modified core-shell silica parti-
cles in an osteoinductive and biodegradable material 
for bone regeneration usage (Sample: group Sei-
denstücker / Bernstein). Image © Ralf Thomann 

Our focuses are 2D and 3D-imaging on multi-
ple length scales as well as microanalysis 
based on Electron Microscopy, X-Ray µ-To-
mography and Atomic Force Microscopy. The 
following Figures show just a few results ac-
complished in the CF1 in the last year. 

Fig. 2: HR-TEM and FFTs on a FIB/SEM lamella 
showing epitaxial crystal growth of ZnO (domain1) 
onto an AlN substrate. The above domains 2 and 3 
show but different crystal orientations. (sample: Maxi-
milian Kolhep / group Prof. Zacharias, IMTEK). Im-
age © R.&Y. Thomann 

Fig. 3: Internal structure of a cryo microtomed am-
phiphilic PS/PDMS block-co-polymer network visual-
ized by AFM phase mode. (sample Prof. Bela Ivan, uni-
versity of Budapest). Image © Yi Thomann 

For an overview of the instruments, methods, 
and the expertise in CF1 please refer to: 

https://miap.eu/miap-unit/core-facility-imaging-of-
materials-systems/ 
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Fig. 4: Bacteria (yellow) infected plant cells (red) – µ-
CT image. (Sample: Dr. Rodriguez / group Prof. Ott, 
plant cell-biology). Image© R.&Y. Thomann 
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Functional Processing 

Manufacturing technique for bioinspired 
materials with focus on nanolithography, 

film technology, and generative  
processes 

 Scientific head: Prof. Dr. Claas Müller1,2 
 Responsible manager: Dr. Jing Becker1 

1FIT Core Facility "Functional Processing", 
2IMTEK Department of Microsystem Engineering, 

Laboratory for Process Technology 

Short description of research goals: Manu-
facturing technique for bioinspired materials 
with focus on nanolithography, macromolecu-
lar foil technology, and 3D-printing technology 

In order to support the research projects run-
ning in FIT, a powerful technology department, 
Core Facility "Functional Processing", is es-
tablished for functional design and efficient 
manufacturing of (micro-) systems and adap-
tive bioinspired materials. 

The Core Facility "Functional Processing" 
concentrates particularly on the fabrication of 
nano- and micro-structures on macromolecu-
lar foils. Besides UV-NIL (UV-nanoimprint-li-
thography) as well as HE-NIL (hot-embossing-
nanoimprint-lithography) technologies, vari-
ous novel manufacturing technologies, such 
as roll lamination, thin film deposition, surface 
modification, aerosol jet printing technology, 
electrophoretic deposition, as well as screen 
printing technology are developed for special 
applications on polymer foils. 

The equipment installed in the Core Facility 
"Functional Processing" is divided into two dif-
ferent categories according to the operation 
complexity. The category 1 includes the Cry-
omill system for material grinding with its inte-
grated liquid nitrogen cooling system, the 
Stork roll laminator and the electrophoretic 
deposition system (EPD) from Permatecs. For 
this equipment category, after the application 
from the users and the evaluation by Core Fa-
cility "Functional Processing" group, the appli-
cants would receive a clearly defined training 
course offered by the CF 2 stuffs.  
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Fig. 1: Arrangement of the process modules in the technology platform 2 (from left): roll laminator, PVD & PECVD sys-
tem, screen printer, electrophoretic deposition system and aerosol jet printer. © Core Facility 2, FIT, Freiburg 

Following the training activities, the applicants 
will be issued a permit to work on the system. 
For the other system in CF 2, due to the oper-
ation complexity and the maintenance require-
ments, the users outside the CF 2 group are 
not allowed to perform alone on the systems. 
The equipment in this category could only be 
operated by the CF 2 stuffs.  

In year 2022, Core Facility “Functional Pro-
cessing” has cooperated with research group 
Speck in Fit on the topic of “A Soft Biomimetic 
Actuator Inspired by the Self-Sealing Motion of 
Succulent Plants”. It belongs to the livMatS 
booster project in the project area C (Longev-
ity and Demonstrators). The goal of this 
booster project is to develop a biomimetic 
bending actuator for soft robots inspired by the 
self-sealing motion of the succulent leaves of 
Delosperma cooperi. By utilizing the shape 
memory effect of the SMP thin films, process-
induced stress was easily built up into the pol-
ymer-based soft multilayer systems. Similar to 
the plant leaf, the multi-layer SMP/elastomer 
material system can bend after an external 
damage. At the end of this booster project, the 
self-sealing functionality was successfully ap-
proved and a paper with the title “Learning 
from self-sealing deformations of plant leaves: 
The biomimetic multilayer actuator” was suc-
cessfully published as a research article in the 
journal of Advanced Intelligent Systems with 
an impact factor of 7.298 (Becker et al. 2022). 
Besides of that, CF2 has also cooperated suc-
cessfully with researchers from Laboratory for 
Micro and Materials Mechanics on the gener-
ation of mold structures for casting processes.  

In year 2022, two project applications have 
been submitted. These planned research pro-
jects are listed below: 

1. livMatS Booster Project “Bio-inspired Hu-
midity-Driven Bending Actuators” (accepted) 

In this project, biologist of the Plant Biome-
chanics Group of the Botanic Garden Freiburg 
and engineers from the Technical Faculty 
(Core facility 2 in FIT) aim to develop a bio-
inspired relative humidity-driven bending actu-
ator inspired by the self-sealing motion of the 
succulent leaves of Delosperma cooperi after 
the injury. In this booster project, we aim to de-
velop a bio-inspired smart bilayer system with 
reversible and programmable actuation func-
tionalities, which is activated by the variation 
of relative humidity (hydraulic movement) in 
the surrounding environment. Two different 
types of materials with different water absorp-
tion properties will be selected in this project, 
e.g. Lliquid Crystalline Polymer (LCP) and 
other kinds of polymer materials with low to 
non-water absorbing capability. Due to the dif-
ferent moisture absorption properties of the 
two monolayers, the humidity induced bending 
curvature of the actuator system could be de-
signed by careful selection of the polymer ma-
terials, the layer thickness, the preparation 
method and the relatively humidity value. 

2. DFG research project “µBlue- Micro fuel cell 
accumulators and charging concepts for envi-
ronmentally friendly energy storage systems” 
(submitted) 

The concrete goal of the project is the devel-
opment of a self-sufficient micro fuel cell accu-
mulator (µBZA) including optimized charging 
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and operating electronics. This µBZA is in-
tended as a long-term vision in conjunction 
with an energy harvester to reliably supply au-
tonomous sensor and actuator systems with 
energy. The centerpiece is a µBZA with inte-
grated hydrogen storage as an environmen-
tally friendly energy converter. The proton-
conducting membrane of the µBZA is applied 
directly to the hydrogen storage unit, which 
makes active components such as pumps or 
pressure regulators superfluous. With the hy-
drogen stored in the storage tank and the ox-
ygen from the ambient air, the stored chemical 
energy is directly converted into electrical en-
ergy. The only waste products are heat and 
water, which can be reused to recharge the 
storage. 

To achieve the largest possible electrochemi-
cally active surface area, the interface be-
tween the PEM and the catalyst layer must be 
maximized. This will be achieved by well-de-
fined nano- or micro-patterns patterned by 
nanoimprint lithography. This nanostructured 
interface increases the "three-phase region" 
between reactant, catalyst and electrolyte. In 
this case, the performance of µBZA should be 
significantly improved compared to conven-
tional fuel cells with a "flat" membrane. In this 
case, it would be possible to adapt the output 
power of the µBZA to the performance data re-
quired for an application through targeted 
nanostructuring of the PEM-catalyst interface. 

By extending a micro fuel cell with an electro-
lyze and charging electronics, the primary ele-
ment "fuel cell" becomes a secondary element 
"fuel cell accumulator". The µBZA system 
does not require any environmentally harmful 
materials and at the same time has higher en-
ergy densities than commercial miniaturized 
battery systems. 

Modelling and Simulation of 
Materials Systems 

 Scientific head: Prof. Dr. Michael 
Moseler1,2,3 

 Responsible manager: PD Dr. Mi-
chael Walter2,1,3 

1Fraunhofer IWM, MikroTribologie Centrum μTC, 
Karlsruhe; 2FIT – Freiburg Center for Interactive 

Materials and Bioinspired Technologies 3Cluster of 
Excellence livMatS @ FIT, 4Institute of Physics, 

University of Freiburg 

Short description of research goals: Con-
cept Development, Modeling and Simulation 
of Interactive Materials Systems. 

Understanding of the complexity of materials 
systems is based on simplification in order to 
be able to grasp the most important aspects of 
the phenomena under observation. We create 
a simplified model of the systems from which 
we derive our expectations. Generally, models 
are based on and formulated in mathematical 
equations. These may be derived from sur-
prisingly few basic relations like the Maxwell- 
or the Schrödinger equations. The complexity 
comes through the vast number of particles in-
volved in real life materials. 

Fig. 1: Partition of computational time used on the full 
NEMO-cluster in the year 2022 for the 10 heaviest pro-
jects. The fraction used by FIT/CF3 is highlighted. © 
RZ University of Freiburg 
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As there are are only a few problems that can 
be solved analytically, numerical treatment of 
the problems is in order. Here, the ever in-
creasing available computational power be-
comes beneficial. The funding granted by the 
Landesstiftung and the German Research 
Foundation was therfore used in 2017 for an 
extension of the NEMO-cluster located at the 
Rechenzentrum of the University of Freiburg. 
The cluster provides 18.000 cores in total and 
is accessible by research groups within Ba-
den-Württemberg. The FIT participates in the 
within the “shareholder” principle providing 
preerential access, where the granted funding 
allowed to contribute to 5.6% of the hardware. 
The synergy obtained by this strategy was a 
large gain in computational resources for FIT. 
The last year’s use of computational re-
sources added up to 14% of the full capacity 
of NEMO making FIT the top user of the clus-
ter (Fig. 1). 

Fig. 2: Relaxed charge-neutral structural models used 
in DFT calculations (C: grey, N: blue, O: red, S: yellow, 
H: white) and Bader charge analysis of the oxidized 
state (cation) from Ref [1] (© 2022 The Authors. Mac-
romolecular Rapid Communications published by 
Wiley-VCH GmbH) 

The Walter research group is mainly con-
cerned about properties of materials on the 
molecular scale. These nevertheless also de-
termine macroscopic effects as in mechano-
chemistry of polymers for example. Here, the 
calculations provide insights about molecular 
level phenomena that can not be achieved by 
experimental means alone [1,2]. The studies 
within the CF3 research group resulted in a to-
tal of 8 peer reviewed publications in the year 
2022. Further investigations are reported in 
the Highlights. 

An example of a successful FIT based collab-
oration are the studies of phenothiazine-based 
donor-acceptor polymers [3]. Here, the simu-
lation reveals redox-potentials and optical 
spectra that can by directly compared to ex-
perimental measurement in order to verify the 

underlying model assumptions. The calcula-
tions also predict the charge distribution within 
the molecule (Fig. 2), a quantity that is usually 
not available by experimental means alone. 
This can clarify structure-property relation-
ships determining macroscopic function. 

On a more basic level of interest for experi-
mental groups, modeling of meso- and macro-
scopic properties are possible with finite ele-
ment methods. These allow solving (coupled) 
differential equations that determine materials 
and their composites or even complex experi-
mental setups. In this respect the software 
COMSOL, available through the technical fac-
ulty, is an easy to use and versatile tool to 
model may different general-purpose simula-
tion software based on advanced numerical 
methods. It allows for fully coupled multiphys-
ics, but also single-physics modeling. An intro-
ductory course on the basic usage of this soft-
ware was provided and will be repeated as in-
troduction to the new LivMatS PhD students in 
2023.  
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MANAGEMENT 

Prof. Dr. Jürgen Rühe 
(Managing Director) 
IMTEK 
Department of Microsystems Engineering 
Chemistry and Physics of Interfaces 
 
Prof. Dr. Thomas Speck 
(Deputy Managing Director) 
Plant Biomechanics Group  
Botanic Garden 
Faculty of Biology 
 
Dr. Stefanie Meisen 
(Administrative Director), FIT 
 
Dr. Olga Speck 
(Scientific Coordinator), FIT 

DIRECTORATE 

The Board of Directors of the FIT consists of 
five full-time professors from the participating 
faculties of the University of Freiburg that must 
also be members of the FIT. These professors 
are appointed by the Rectorate for a term of 
three years on the recommendation of the 
general meeting. The Directorate elects the 
Managing Director and the Rectorate appoints 
him for a term of three years. The Board of Di-
rectors is responsible for managing the busi-
ness and decides on all matters that are not 
assigned to another body of the university. It 
coordinates the tasks to be performed within 
the FIT and draws up an annual research and 
financial plan. The members of the Directorate 
also include the respective Managing Director 
of the FMF and a representative of the young 
scientists. In 2022, members of the Direc-
torate were: 

Prof. Dr. Jürgen Rühe 
(Managing director) 
Faculty of Engineering 
 
Prof. Dr. Thomas Speck 
(Deputy managing director) 
Faculty of Biology 
 
Prof. Dr. Anna Fischer 
Faculty of Chemistry and Pharmacy 
 
Prof. Dr. Peter Woias 
Faculty of Engineering 

 
Prof. Dr. Bastian E. Rapp 
(Managing director of the FMF) 
Faculty of Engineering 
 
Dr. Severin Vierrath / Dr. Can Dincer 
(Representative of young scientists) 
Faculty of Engineering 

MEMBERS 

Laboratories with the corresponding infra-
structure and office space are made available 
to members for a limited period of time. The 
members have access to the three Core Facil-
ities. In 2022, the members included (in alpha-
betical order): 

Dr. Maria Asplund (Faculty of Engineering) 

Prof. Dr. Frank Balle (Faculty of Engineering, 
until 19.07.2022) 

Dr. Céline Calvino (livMatS) 

Dr. Can Dincer (Faculty of Engineering) 

Prof. Dr. Christoph Eberl (Faculty of Engineer-
ing) 

apl. Prof. Dr. Christian Elsässer (Faculty of 
Mathematics and Physics) 

Prof. Dr. Birgit Esser (Faculty of Chemistry 
and Pharmacy, until 21.02.2022) 

Prof. Dr. Anna Fischer (Faculty of Chemistry 
and Pharmacy) 

Prof. Dr. Stefan Glunz (Faculty of Engineer-
ing) 

Dr. Frank Goldschmidtböing (Faculty of Engi-
neering) 

Prof. Dr. Rainer Grießhammer (Faculty of En-
vironment and Natural Resources) 

Dr. Dorothea Helmer (Faculty of Engineering) 

Prof. Dr. Lore Hühn (Faculty of Humanities) 

Prof. Dr. Thorsten Hugel (Faculty of Chemistry 
and Pharmacy) 

Prof. Dr. Henning Jacob Jessen (Faculty of 
Chemistry and Pharmacy) 

Prof. Dr. Andrea Kiesel (Faculty of Economics 
and Behavioral Sciences) 

Dr. Peter Koltay (Faculty of Engineering) 
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Prof. Dr. Ingo Krossing (Faculty of Chemistry 
and Pharmacy) 

Dr. Tom Masselter (Faculty of Biology) 

Prof. Dr. Michael Moseler (Faculty of Mathe-
matics and Physics) 

Prof. Dr. Claas Müller (Faculty of Engineering) 

Dr. Anayancy Osorio (Faculty of Engineering) 

Dr. Charalampos Pappas (livMatS) 

Prof. Dr. Lars Pastewka (Faculty of Engineer-
ing) 

Dr. Uwe Pelz (Faculty of Engineering) 

Dr. Thomas Pfohl (Faculty of Mathematics and 
Physics) 

Prof. Dr. Bastian E. Rapp (Faculty of Engi-
neering) 

Prof. Dr. Günter Reiter (Faculty of Mathemat-
ics and Physics) 

Prof. Dr. Ralf Reski (Faculty of Biology) 

Prof. Dr. Jürgen Rühe (Faculty of Engineering) 

Dr. Viacheslav Slesarenko (livMatS) 

Dr. Olga Speck (Faculty of Biology) 

Prof. Dr. Thomas Speck (Faculty of Biology) 

Dr. Severin Vierrath (Faculty of Engineering) 

PD Dr. Michael Walter (Faculty of Mathemat-
ics and Physics) 

Prof. Dr. Peter Woias (Faculty of Engineering) 

Dr. Uli Würfel (Faculty of Mathematics and 
Physics) 

Prof. Dr. Roland Zengerle (Faculty of Engi-
neering) 

SCIENTIFIC ADVISORY 

BOARD 

The Scientific Advisory Board accompanies 
the scientific work of the FIT and shall provide 
the directorate with suggestions for its further 
development. Members of the Scientific Advi-
sory Board are external university professors 
whose research focus lies in the field of activity 
of the FIT. They are appointed by the rectorate 
for a period of five years. The following profes-
sors belonged to the Scientific Advisory 
Board: 

Spokesperson: Dr. Karine Anselme (Institut de 
Science des Materiaux de Mulhouse (IS2M), 
France) 

Deputy spokesperson: Prof. Dr. Christoph 
Weder (Adolphe Merkle Institute, Fribourg, 
Switzerland) 

Prof. Dr. Eduard Arzt (Saarland University and 
Leibniz Institute for New Materials, Germany) 

Prof. Dr. Clothilde Boulanger (Université de 
Lorraine, France) 

Prof. Dr. Ingo Burgert (ETH Zurich, Switzer-
land) 

Prof. Dr. Peter Fratzl (Max Planck Institute of 
Colloids and Interfaces, Potsdam, Germany) 

Prof. Dr. Oskar Paris (University of Leoben, 
Austria) 

Prof. Dr. Eric Yeatman, Imperial College Lon-
don, UK)  
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INTEGRATIVE BOARD  

The Integrative Board is set up as a university-
internal advisory body and monitors the devel-
opment of the FIT. It works towards the recon-
ciliation of interests of the faculties and institu-
tions involved in FIT. In 2022 the following per-
sons were members of the Integrative Board, 
with the deans always changing to the winter 
semester. 

Prof. Dr. Jürgen Rühe (Managing Director of 
FIT) 

Prof. Dr. Thomas Speck (Deputy Managing 
Director of FIT)  

Prof. Dr. Heiner Schanz (Dean of the Faculty 
of Environmental and Natural Resources) 

Prof. Dr. Sonja-Verena Albers (Dean of the 
Faculty of Biology) 

Prof. Dr. Michael Thoss (Dean of the Faculty 
of Mathematics and Physics) 

Prof. Dr. Andreas Bechthold (Dean of the Fac-
ulty of Chemistry and Pharmacy) 

Prof. Dr. Roland Zengerle (Dean of the Faculty 
of Engineering) 

Prof. Dr. Lutz Hein (Dean of the Faculty of 
Medicine) 

Prof. Dr. Bastian Rapp (Management Director 
of the Freiburg Materials Center) 

Dr. Frank Krüger (Head of Freiburg Research 
Services) 

Dr. Karine Anselme (Spokesperson of the Sci-
entific Advisory Board) 

Dr. Stefanie Meisen (Administrative Manage-
ment of FIT) 

FIGURES AND FINANCES 

The FIT has once again met the challenges 
within its framework and was able to keep both 
the number of projects and the available funds 
constant. In the 32 projects, 83% was spent on 
personnel. This meant that a total of 335 staff 
were active, of which 33 were postdocs, 120 
were doctoral students, 92 were Master's stu-
dents and 10 were Bachelor's students. 

In addition to the expenditure on personnel, 
9% of the budget was spent on material re-
sources and 8% on new investments. In order 
to be able to understand the figures accord-
ingly, you can take further details from the fol-
lowing graphs and tables. 

The Cluster of Excellence livMatS, which is as-
sociated with us as a project group and is 
funded as part of the Excellence Strategy, 
started its fourth funding year in 2022. The 
long-term projects, of a project group at FIT, 
were continued and further projects could be 
taken up and carried out in 2022. Within the 
framework of these projects, a total of 
3,618 k€ was spent on personnel costs, 
1,252 k€ on material costs and 1,014 k€ on in-
vestments. 

Fig. 1: Percentages participation of the FIT-budget 
2022 
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Tab. 1: Budget from 2019 until today in € 

 2019 2020 2021 2022

DFG 1.062.597 828.882 792.305 791.231

Land 0 98.857 112.471 43.164

BMBF 407.970 243.345 552.549 562.775

EU 518.315 576.875 360.206 286.354

Foundations 270.947 777.965 1.714.111 1.218.273

University 82.000 199.446 182.300 196.904

Total 3.012.525 2.725.370 3.713.942 3.098.701

 

 

Tab. 2: Project Overview for 2022 

Leader of the project Project Overall project

Dincer DFG miPAT 366.549

 DFG miRNAs 369.904

 BMBF MERGE 710.520

Fischer Vectorstiftung AlkaCell 201.644

 VW-Stiftung In Situ EC-TEM 952.500

Glunz BMBF PrEsto 498.030

Helmer DFG Dynamisch schaltbare Sipropyran Oberflächen 234.200

Koltay MWK DINAMIK 299.987

 DFG 4D-Bioprinting 204.100

Lienkamp BMBF BioMAMPs 379.680

Pappas DFG Peptid-Systemchemie 193.000

Osorio Emmy-Noether-Overhead 7.500

Pelz DFG MiTEG 321.649

Rapp EU ERC CaLa 1.999.750

Rühe DFG Polymer-modifizierte Papiere 211.400

 DFG PAK 165.800

 DFG Dynamisches Verhalten von Wassertropfen 202.500

 DFG KOMMA 246.250

 DFG PAK (Folgeprojekt) 121.500

 DFG Elastokalorisches Kühlen 272.650

 DFG mTOR2 234.161

Rühe, Rapp at all. Carl-Zeiss IPROM 4.500.000

Speck, T. EU ERC GrowBot 696.166
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Vierrath Vectorstiftung AlkaCell 259.778

 Vectorstiftung CO2-to-X 1.000.000

 Alexander von Humbold  63.600

 BMBF FC CAT 330.000

 BMBF FC RAT 467.864

Walter DFG Donor Akzepter 162.950

 DFG HYBRIDS 159.850

 DFG Synthese , in-operando X-ray 169.550

 DFG IRTG Teilprojekt 11.692

 

 

Tab. 3: Budgets of project groups from 2019 until 2022 in € 

Project group 2019 2020 2021 2022

Asplund 0 0 0 60.771

Dincer 93.407 153.439 286.141 262.021

Fischer 65.373 151.342 116.067 414.418

Glunz 54.468 0 118.617 156.288

Helmer 0 30.104 50.680 111.860

Koltay 0 138.692 166.018 104.179

Lienkamp 507.898 285.240 381.203 120.580

Osorio 0 0 1.919 1.919

Pappas 0 0 0 24.387

Pastewka 0 0 0 48.029

Pelz 0 61.853 77.258 86.259

Rapp 39.077 100.530 22.606 355.767

Rühe 234.350 550.142 1.417.754 477.998

Speck, T. 126.483 98.011 78.254 80.969

Vierrath 31.703 339.089 328.926 358.409

Walter 84.068 66.759 109.159 192.865

Zapp 0 0 0 46.997
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HIGHLIGHTS 

FUTURE FIELD “ADAPTIVE AND ACTIVE 

POLYMER MATERIALS” 

A sustainable approach towards 
aqueous phase peptide synthesis 

Kun Dai, Mahesh Pol and 
Charalampos G. Pappas 

Cluster of Excellence livMatS @ FIT – Freiburg 
Center for Interactive Materials and Bioinspired 

Technologies 

Project funding: Funded by the Deutsche For-
schungsgemeinschaft (DFG, German Research 
Foundation) under Germany’s Excellence Strategy 
– EXC-2193/1 – 390951807 

Biological peptide bond formation is activated 
in water by Adenosine Triphosphate (ATP), 
where sequence control and termination 
mechanisms are achieved by complex bio-
molecular machinery [1], giving rise to aque-
ous polyamides. Inspired by such dynamics 
involving interactions within multicomponent 
systems, systems chemistry focusses on 
mechanisms and pathways that enable cou-
pling of chemical reactions with self-assembly. 
These approaches often involve chemical re-
action networks and the use of activated pre-
cursors to access kinetically trapped struc-
tures and systems that function only by con-
stant supply of energy. In these fully synthetic 
systems, phase changes give rise to supramo-
lecular reconfiguration of different species, en-
abling self-selection of assemblies, template-
driven synthesis and chemically fuelled 
nanostructures [2]. The chemical information 
into these systems is often installed within 
short peptide sequences, which represent 
simplified versions of known biological struc-
tures, involving the construction of helices and 
β-sheets. Such structural conformations often 
emerge from minimal amino acid repeats, 
where aromatic and aliphatic dyads have been 
associated with gelation, while longer repeats 
of hydrophilic and charged residues are now-
adays gaining significant attention towards 
phase separation [3]. The chemical infor-
mation of the repeated residue, the length of 

the repeat and the nature of bordering patterns 
dictates a balance between ordered and dis-
ordered domains. Despite great progress on 
using native chemical ligation strategies fo-
cusing on cysteine residues, the challenges 
associated with the solubility of amino acid 
precursors in water and the unfavourable ther-
modynamics of peptide condensation, pre-
vents us from exploring directly the effect of 
sequence, pathway and self-assembly in oli-
gomerisation processes. 

Fig. 1: Systems chemistry of aminoacyl phosphates: 
(a) Pathway-dependent oligomerisation. (b) Chemical 
structure of aminoacyl phosphates involved in sponta-
neous phase changes and (c) Continuous peptide syn-
thesis in water, emerging from self-assembling events. 
(@Pappas Research Group) 

Herein, we utilize aminoacyl phosphates - sol-
uble activated amino acid precursors, which 
contain enough chemical information to trigger 
phase changes during spontaneous peptide 
oligomerisation. This strategy leads to the for-
mation of a pool of oligomers, where aqueous 
phase peptide synthesis occurs, in which short 
oligomers are prevalent in the solution phase, 
while more hydrophobic residues are self-se-
lected in the aggregated phase. We managed 
to control the pathway of reactive intermedi-
ates through pH changes, leading to continu-
ous sequence elongation, by furthermore re-
ducing diketopiperazine formation - a common 
issue on protecting-group-free synthesis. By 
continuous addition of activated monomers, 
oligomers of different length and composition 
were self-protected, capable of forming highly 
ordered supramolecular structures. The 
chemical nature and the length of the amino 
acid repeat is directly related to the hydropho-
bicity of the monomers, which in turn affects 
selectivity and the distribution in different 
phases. Overall, these approaches could be 
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potentially automated, through the fabrication 
of a microreactor, which encapsulates auto-
matically injected amino acids inside droplets 
containing the phosphate precursors, leading 
to programmable aqueous peptide synthesis 
coupled to material screening.  
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Transition between wetting states 
using physical gels with 

adjustable softness 
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Surface softness has a major effect on droplet 
state and three-phase contact line (3PCL) in 
static and dynamic droplet analysis. When a 
droplet is placed on a stiff surface, no defor-
mation is observed in the substrate. However, 
on a softer substrate, the droplet can pull the 
surface upwards at the 3PCL (Fig. 1). This de-
formation at the 3PCL is referred to as a wet-
ting ridge. On very soft substrates where elas-
ticity is negligible, the droplet forms a liquid 
lens shape and deforms the whole interface 
between the droplet and the substrate. 

Fig. 1: Schematic representation of wetting states de-
pending on the softness. The softer the substrate, a 
droplet caused larger substrate deformations at the 
contact line. (© HelmerLAB, IMTEK) 

For the study of soft wetting and for droplet 
manipulation, reversibly switchable surfaces 
that can be switched in terms of their stiffness 
are of high interest. Different materials such as 
silicone gels [1], polymer melts [2], and poly-
mer brushes [3] have been employed for soft 
wetting studies. However, their softness can-
not be altered later on demand and softness 
patterns remain static. Here, we introduce a 
physical gel as a soft substrate whose soft-
ness can be tuned by light to investigate the 
effect of on-demand softness changes at 
3PCL. 

Fig. 2: Effect of UV exposure on rheological behavior 
of the photoswitchable gel. A) Dynamic behavior of the 
gel before (black) and after (red) exposed to UV. B) 
Decrease in gel viscosity as the UV exposure started 
at t = 7 min. (© HelmerLAB, IMTEK) 

We utilized spiropyran-containing photorheo-
logical fluids [4] which show a significant de-
crease in viscosity upon UV irradiation. How-
ever, they suffer from a liquid-like and time-de-
pendent rheological behavior, and the com-
mon solvents for their fabrication such as cy-
clohexane or n-decane are highly volatile. To 
engineer them for soft wetting studies where 
time-independent stable soft materials are re-
quired, 30 wt.% of silica nanoparticles with the 
size of 200-300 nm was added to the samples 
(referred as Si30 in this report) and the solvent 
ws replaced with isopropyl palmitate. Upon in-
troduction of the particles, the photorespon-
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sive properties were preserved, so that the be-
havior switched from a solid-like dominant to 
liquid-like dominant behavior with lower mod-
ulus and lower viscosity after UV exposure 
(Fig. 2) 

Fig. 3: Transition of wetting state from soft wetting to 
liquid/liquid interaction as the UV irradiation softens the 
substrate. Confocal microscopy images in xz plane ex-
hibit: A) wetting ridge formation at 3PCL before UV ex-
posure, B) the deformation of the interface of the drop-
let and the substrate as UV light softened the sub-
strate. C) Surface profiles of wetting ridges in A and B. 
(© HelmerLAB, IMTEK) 

The modified physical gels were coated as a 
thin film (800 µm) on a glass slide and a 2 µl 
fluorinated oil droplet was placed on top of the 
surface. The wetting ridge at the 3PCL was 
visualized using confocal microscopy in a xz 
plane. Samples with 30wt% of silica nanopar-
ticles and modulus of 579 ± 67 Pa formed a 
wetting ridge of about 15 µm height (Fig. 3.A) 
which is representative of a soft wetting state. 
Using the UV light, the physical gel became 
softer, i.e. with less elasticity and a modulus of 
24 Pa. Hence, the droplet state started to 
change towards the liquid/liquid interaction 
(Fig. 3.B) and the interface of the droplet and 
substrate was deformed. The surface outlines 
were extracted and plotted to elucidate the 

change in contact lines before and after UV ir-
radiation (Fig. 3.C).  

The UV-softening of the gel has a very high 
resolution: the switching of the gel could be in-
duced using a maskless lithography system 
with a resolution of <500 µm (Fig 4).  

Fig. 4: High resolution and reversibility of the switch 
could be used for creating patterns (magenta) with high 
resolution using a maskless lithography system. 
Switching is reversible and patterns can be consecu-
tively erased with green light. (© HelmerLAB, IMTEK) 

This high resolution switch can be used for 
droplet manipulation, as a softness gradient 
induces the movement of droplets to softer 
area (durotaxis) [5] By softening the substrate 
on one side of the droplet, the 3PCL moved 
which resulted in the asymmetric spreading of 
the droplet (Fig. 5). 

Fig. 5: Droplet manipulation employing the high reso-
lution of the UV-softening of the substrate. A) sche-
matic representation of the experiment showing du-
rotaxis of the droplet towards softer areas, B) a 2 µl 
fluorinated oil droplet on the gel, C) the droplet moves 
towards the UV-softened area. (© HelmerLAB, IMTEK) 

In this work, we have successfully engineered 
a physical gel with tunable softness to create 
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on-demand softness changes. The gel was 
employed to present an on-demand transition 
between wetting states depending on the soft-
ness. The softness change features a color 
change to magenta, which was used to show 
the high resolution of the switch. Droplet du-
rotaxis was shown by using the high resolution 
switching to manipulate the droplet to move to 
areas of the substrate that were softened by 
UV light.  
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Macroscopic devices are well suited to be 
technological demonstrators for public out-
reach and science communication of novel bi-
oinspired materials systems, which are being 
developed in the livMatS cluster. Grippers, on 
a familiar macroscopic scale, are particularly 
suitable for this purpose due to their ubiquity 
in everyday life and accordingly their proximity 
to real-life applications. In the “Demonstrator” 

research area of the livMatS Cluster, we are 
researching such a gripper inspired by elastic 
movements found in animals and plants. 

In technology and nature, grippers of any kind 
are vitally important for manipulating and inter-
acting with the environment, and are accord-
ingly found quite frequently in both domains. 
With hands, claws, tentacles, suckers, 
tongues, prehensile tails or proboscises, ob-
jects can be grasped, held, moved or even 
modified. Hands even give some animals, and 
especially humans, the ability to create spe-
cialized tools from inanimate objects. A culmi-
nation of such tools are machines, such as in-
dustrial robots, which often far surpass their 
biological counterparts in terms of the specific 
task for which they were designed. However, 
due to this specialization, they can often only 
be used in a narrow (industrial) application do-
main with predictable circumstances and suf-
ficient safety measures, and are even com-
pletely unsuitable for some tasks. Such tasks 
can be manipulating objects with varying prop-
erties or in environments with rapidly changing 
conditions, such as in the interaction with liv-
ing beings (e.g. human-machine interaction) 
or fragile objects. 

It is in this variability and adaptability that na-
ture's grippers are far superior to technical so-
lutions, which are usually made of solid and 
predictable but less flexible materials. The hu-
man hand, for example, can grasp almost any 
conceivable object (in the right size and tem-
perature range) and can adapt to its proper-
ties, such as shape, weight or fragility, and 
grasp it with appropriate force. Rooted in the 
high selection pressure that acts on motile or-
ganisms, this universality is achieved while re-
quiring little energy compared to state-of-the-
art pneumatic soft robotic solutions. For in-
stance, like animals themselves, prehensile 
organs consist not only of muscles and often 
bones, but also of a variety of other tissues, 
such as tendons, ligaments and fascia. 
Through their passive elastic properties, these 
tissues not only influence movement, but are 
also designed to support and modulate it.  

Often, the influence of passive tissues allow 
living beings to achieve peak performances 
that would otherwise not be possible through 
purely muscular strength. Popular examples 
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have so far mostly been described in relation 
to locomotion. Insects use the resonance 
properties of their thorax to beat their wings 
faster than the frequency of the electrical stim-
ulus [1], and kangaroos only achieve energy 
efficient jumping through the storage of energy 
in their pre-stretched jump tendons [2]. Even 
humans are only able to run enormous dis-
tances in a single stretch because of the very 
low energy consumption of the upright gait, 
which it partly reaches due to the elastic prop-
erties of the myofascial system [3]. Similar in-
fluences of passive components, albeit less 
spectacular, can also be found in prehensile 
organs. 

Fig. 1: Comparison of a classically designed soft ro-
botic pneumatic network (PneuNet) bending actuator 
(A) with the human hand (B). A1: The actuator is ex-
tended without pneumatic actuation and only bends 
while energy input is supplied by pressurized air (A2). 
B1: Muscular contraction extends fingers and opens 
the hand. B2: Releasing the contraction induces a my-
ofascial relaxation, which partly closes the hand and 
generates a movement, which is sufficient to grasp, 
and hold light objects such as a lacrosse ball (mass ≈ 
140 g). (© Plant Biomechanics Group) 

When relaxed, muscles assume a resting 
state—a length in the middle range of their 
movement amplitude. That they do not stretch 
out completely is due to the strain resistance 
of the musculature itself transverse to the lon-
gitudinal axis as well as the strain resistance 
of passive tissues connected in parallel [4]. 
The fingers assuming, for example, due to this 
relaxation a curved posture at rest and the en-
tire hand thus assuming a concave posture 

that supports grasping (Fig. 1). The active 
contraction of the extensor muscles of the 
hand not only leads to the extension of the fin-
gers, but also simultaneously to a pre-stretch-
ing of counteracting passive components of 
this materials system. Thus, the relaxation of 
the musculature already generates a force, 
which alone can be enough to grasp and hold 
objects [5]. This force is already sufficient to 
grip light and fragile objects, while active con-
traction of the flexor muscles is only necessary 
for a more firm grip on heavier objects.  

In the demonstrator research area, we are cur-
rently researching novel gripper systems that, 
inspired by such elastic components of biolog-
ical gripping organs, have an improved ability 
to grip a wide variety of objects. Applying the 
relaxation principle enables energy-free 
grasping, which means no additional energy 
input is needed for grasping and holding, but 
rather is only needed for releasing the grip. 
Furthermore, reducing energy requirements 
should make it possible to integrate livMatS’ 
energy-harvesting systems, thus contributing 
to the goal of obtaining autonomously func-
tioning systems. The livMatS multi-material 3D 
printer was developed for rapid prototyping of 
such pneumatic actuators from flexible fila-
ment [6, 7]. In an application-related ap-
proach, we compared the FDM printer with an-
other state-of-the-art printing process, photo-
polymer material jetting [8]. This comparison 
was made using a pneumatic comparative 
bending actuator designed for this purpose 
and revealed new insights into the advantages 
and disadvantages of both printing processes. 
The results revealed a high tensile strength of 
the FDM material and a resulting robustness 
and reliability of the actuators. These results 
helped us decide to use this printing process 
to develop and test the macroscopic gripper 
with passive components. 
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“The blob” – Physarum polycephalum – is an 
impressive example of a single-celled system 
composed of a microchannel network, capa-
ble of solving complex problems, such as mov-
ing through a maze, minimizing distances in its 
network between food sources and respond-
ing to external triggers. The fluid flows in its 
network are critical for transporting information 
from one part of "the blob" to another.[1] To 
replicate this intelligent microchannel network, 

mechanisms must be created for the network 
to interact with fluids and its environment. 

One possible approach for introducing interac-
tions in fluid networks is the mechanical defor-
mation of soft elastic elements by buckling. To 
investigate the controlled shape-dependent 
deformation of soft elements, we designed 
patterned microstructures using polydime-
thylsiloxane (PDMS), consisting of several 
parallel membranes embedded in microchan-
nels (Figure 1). The membranes have a length 
of 𝑎 ൌ 10 mm, a width of 𝑏 ൌ  100 µm and a 
height ℎ ൌ 10 or 20 µm. All micrographs of the 
membranes in Figure 1 were taken on the 𝑥𝑦-
plane and the focal plane was set to 𝑧 ൌ 𝑏. 

Fig. 1: a) Schematic side view of the lamellar micro-
structure. b) Schematic top view on the 𝑥𝑦-plane of the 
lamellar micro-structure. c) Micrographs of the 𝑥𝑦 -
plane of the membrane with 𝑏 ൌ  100 µm. Top to bot-
tom: dry membrane with ℎ ൌ  10 µm and ℎ ൌ  20 µm, 
membranes immersed in isopropanol with ℎ ൌ  10 µm 
and ℎ ൌ  20 µm. © Pfohl Group 

When a straight, unbent membrane comes 
into contact with binary isopropanol-water mix-
tures, the membrane material PDMS swells as 
a function of the volume fraction of isopropa-
nol 𝜙୧ୱ୭. The boundary conditions of the mem-
brane at its lower edge prevent lateral move-
ments, but allow out-of-plane deformations. 
Moreover, lateral stress rises along the 
𝑥z-plane. As the swelling increases, the lateral 
stress increases, and for a certain volume 
fraction of isopropanol 𝜙୧ୱ୭ the bending stiff-
ness of the membrane is lower than the 
stretching stiffness, resulting in energy minimi-
zation by buckling of the membrane.[2,3] 

The dependence of the amplitude 𝐴 on the as-
pect ratio 𝑏/ℎ  of the buckled membrane is 
shown in Figure 2: as 𝑏/ℎ increases, 𝐴 slightly 
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increases. Another way to increase 𝐴 of the 
buckled membranes is to change the swelling 
ratio of PDMS; a decreasing of 𝐴  is found 
while lowering 𝜙୧ୱ୭ of the aqueous isopropanol 
mixture. 

Fig. 2: Amplitude 𝐴 of membranes structures of differ-
ent 𝑏 ℎ⁄ , exposed to 𝜙୧ୱ୭ fractions of 1.000, 0.992 and 
0.976. For 𝜙୧ୱ୭ ൌ 0.976 no buckling pattern was ob-
served for 𝑏 ℎ ൏ 8⁄ . © Pfohl Group 

The dependence of the wavelength 𝜆 of the 
buckles on ℎ 𝑏⁄  at different 𝜙୧ୱ୭ are shown in 
Figure 3. In contrast to 𝐴 , 𝜆  of the buckled 
membranes are almost independent of 𝑏/ℎ . 
Furthermore, it is stable against changes in 
𝜙୧ୱ୭ as 𝜆 mainly determined by its width 𝑏.[2] 

Fig. 3: Wavelength 𝜆 of membrane structures of differ-
ent 𝑏 ℎ⁄  exposed to solutions of 𝜙୧ୱ୭ ൌ 1.000,
0.992 and 0.976. For 𝜙୧ୱ୭ ൌ 0.976 no buckling pattern 
was observed for 𝑏 ℎ ൏ 8⁄ . © Pfohl Group 

The stress (normalized by the Young’s modu-
lus) at which a membrane buckles depends on 

the geometry of the membrane and is mainly 
determined by 𝑏/ℎ.[3] To analyze the 𝑏 ℎ⁄ -de-
pendency, we designed a membrane of 𝑎 ൌ
 10 mm, 𝑏 ൌ 100 µm and ℎ, which has a grad-
ual linear change from ℎ୫ୟ୶ ൌ 50 µm  to 
ℎ୫୧୬ ൌ 8 µm along the length 𝑎 (Figure 4). An 
initially straight and perpendicular to the sub-
strate standing membrane shows deflections 
after immersing in isopropanol (𝜙୧ୱ୭ ൌ 1.000). 
The onset of buckling can be observed at a 
position with 𝑏 ℎ⁄ ൎ 3.4. At positions of 𝑏 ℎ⁄ ൐
3.4, buckles become more pronounced and 
the amplitude 𝐴 is increasing with increasing 
𝑏 ℎ⁄  (Figure 4b). 

Fig. 4: a) Membrane with position-dependent 𝑏 ℎ⁄  in 
contact with air (micrograph is stretched by a factor of 
4 in height – see scale bars). b) Membrane with posi-
tion dependent 𝑏 ℎ⁄  immersed in isopropanol (micro-
graph is stretched by a factor of 4 in height – see scale 
bars). c) 𝑏 ℎ⁄  of the membrane with ℎ linearly decreas-
ing from ℎ୫ୟ୶ ൌ 50 µm at 𝑥 ൌ 0 to ℎ୫୧୬ ൌ 8 µm at 𝑥 ൌ
10 mm. © Pfohl Group 

Using the relationship between the swelling 
properties of the solvent and the membrane 
dimensions determined by 𝑏 ℎ⁄ , controlled 
buckling of membranes can be generated in 
order to build microresistors, which can spa-
tially and temporally change the hydrodynamic 
properties within fluidic networks.[4] In addi-
tion, the selective buckling of specific ele-
ments in fluidic networks allows for the incor-
poration of logical elements for material and 
information transport in microfluidic chips.  
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The Cluster of Excellence “Living, adaptive 
and energy-autonomous Materials Systems 
(livMatS)” at the University of Freiburg devel-
ops novel materials systems displaying dy-
namic, life-like and non-equilibrium (energy-
autonomous) features. In the livMatS research 
area “Demonstrators” bioinspired demonstra-
tors like an artificial Venus flytrap are envis-
aged demonstrating the feasibility of the novel 
materials systems. Natural material systems 
and their functionality serve as idea genera-
tors and "biological models" for bioinspired 
material systems. Our research aims to trans-
late the functions of animate nature into engi-
neering applications, enabling novel functions 
such as embodied intelligence and embodied 
energy. For example, current artificial Venus 
fly traps (AVF), which represent plant-inspired 
(soft) robotic systems are based on various 

plant motion and actuation principles, and ad-
aptation modes, using, for example, the prin-
ciples of carnivorous snap trap plants for fast 
movements [1–5].  

In this project. through metamaterial design 
strategies and adaptation of the mechanical 
metamaterial unit cell design of “Kinetix” unit 
cells by Ou et al. [6], we created a unit cell 
based artificial Venus flytrap (UC AVT) [5]. 
These unit cell systems are produced using 
the polyjet 3D printer available at the FIT. The 
basic structures are rotating polygonal auxetic 
structures simplified as four-bar connections 
of rigid plates and elastic or rotating pin 
hinges. This allows planar and spatial shape 
changes by varying the angles and positions 
of plates and hinges, creating uniformly scal-
ing, shearing, bending or rotating unit cells. 
Our combination of these different unit cells 
into one unit cell with two sets of angled rigid 
plates allows not only bending, but also curved 
movement of the designed surface. This novel 
design enables the creation of doubly curved 
surfaces, which can create a convex or con-
cave shape, like the trap lobe of Venus flytrap 
(Dionaea muscipula) [7]. Connecting two of 
these surfaces via a basic unit cell creates the 
UC AVF [5]. Compressing the central unit lat-
erally results in a closure motion of the trap 
lobes via kinematic coupling of the unit cell 
walls (Fig.1). Characterizing the UC AVT de-
monstrators in terms of motion kinematics and 
actuation forces shows a fast closure within 
300 to 600 ms and lobe speeds up to 1.36 m/s 
depending of the actuation speed and force. 

The characterization showed that the force 
drops abruptly down to 0.5 N when passing 
the zero degree curvature line (Fig. 1 B). If the 
closing motion is stopped before the steric hin-
drance of the geometry occurs, the actuation 
force required to fully close the UC AVT can 
be maintained at the first maximum of the cur-
vature inversion. This first peak can thus be 
considered as the minimum force requirement 
for a possible actuator, so that it "only" needs 
to overcome the internal frictional forces of the 
joints at the beginning of the movement of the 
joints, which averages at 2 N.  
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Fig. 1: UC AVT closure motion. Manual actuation of the 
central unit is followed by closure motion (A-D). Due to 
kinematic coupling of the trap lobe to the central unit, is 
their curvature inverted from concave (A) to convex (D). 
The UC AVT closes within 300 to 600 ms with lobe tip 
speeds of up to 1.32 m/s (C). © Plant Biomechanics 
Group Freiburg 

The analysis of the force-displacement meas-
urements shows that an internal force maxi-
mum - due to the internal joint resistance and 
friction - must first be overcome in order to in-
itially set the trap halves in motion and reach 
the horizontal alignment of the 0° curvature. 
After passing the 0° curvature point, a local 
force minimum occurs when the closing move-
ment starts, followed by a force increase dur-
ing further closing and reaching its maximum 
when the steric hindrance due to the geometry 
occurs. 

In the livMatS UC AVT, the basic snap-trap ge-
ometry of the plants was abstracted to a 3D 
printed mechanical metamaterial model. Us-
ing pin joints and kinematic coupling of the 
central unit a one dimensional compression 
motion resulted in a 3D curvature inversion of 
the trap lobes. 

Identifying the force requirements and kine-
matics allows us to select a suitable actuator 
for autonomous actuation in the next step. The 
novel UC AVT enables us to build unit cell 
based autonomous grippers and support 
structures for soft machines in the future that 
perform complex motion sequences. These 
are regarded as guideline values for future 
materials systems and AVTs currently under 
development within livMatS. 
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The general concept of the microfluidic lab-on-
a-chip device used within the scope of this pro-
ject has been validated by previous works of 
our group, amongst other purposes employing 
the biosensor for the detection of ß-lactam an-
tibiotics [1], or biomarkers for pediatric medul-
loblastoma [2]. In this study, the platform was 
further developed and paired with an opti-
mized CRISPR-powered assay for the detec-
tion of SARS-CoV-2 genetic material as well 
as an existing ß-lactam bioassay. Engineers 
of the Disposable Microsystems Group from 
the Faculty of Engineering (PI: Dr. Can 
Dincer), biologists of the Cluster of Excellence 
CIBSS – Centre for Integrative Biological Sig-
nalling Studies (PI: Prof. Wilfried Weber) and 
clinicians from the Institute of Virology of the 
University Medical Center Freiburg (Dr. med. 
Daniela Huzly) contributed to this project. 

With decreasing temperatures and more time 
spent indoors COVID-19 infections are back 
on the rise. Considering the recent decisions 
of four federal states to end isolation require-
ments for infected individuals as well as the vi-
rus constantly evolving and mutating (and 
thus, escaping detection by commercially 
available lateral flow devices) rapid and sensi-
tive testing opportunities, ideally targeting viral 

RNA to keep pace with new variants, again 
gain major significance for the containment of 
the disease. 

Similar to the current gold standard for RNA 
detection, rt-qPCR, our bioassay targets short 
sequences which are characteristic to the 
SARS-CoV-2 single-strand RNA genome. In 
contrast, however, our system omits reverse 
transcription of these snippets into DNA by uti-
lizing the Leptotrichia buccalis CRISPR asso-
ciated protein 13a (LbuCas13a), that directly 
binds its RNA target sequences and thereby 
activates to collaterally cleave RNA strands in 
its surrounding. 

In brief, a sample solution, obtained by oro- or 
nasopharyngeal swab sampling, is added to a 
reaction mix containing the effector 
(LbuCas13a), the reporter RNA (reRNA: 20 
uracils labelled with a biotin and a 6-FAM mol-
ecule on each end, respectively) CRISPR-
RNA (crRNA), designed reverse complemen-
tary to the RNA sequence of interest and an 
RNase inhibitor to prevent unspecific cleavage 
of reRNA. After incubation at 37°C, the reac-
tion solution is applied to the immobilization 
area of the microfluidic channel that has been 
pre-incubated with neutravidin and subse-
quently blocked with casein to prevent unspe-
cific binding of biomolecules to the surface of 
the chip. The biotin molecules on the reRNA 
attach themselves to the immobilized neu-
travidin and, if still uncleaved, can be read out 
via the glucose-oxidase (GOx) conjugate on 
the anti-6-FAM antibody incubated in the last 
step of the immobilization procedure (Fig. 1). 
The enzyme is herein used to catalyse the 
conversion of the substrate (glucose) into the 
electrochemically active species (hydrogen 
peroxide) that is then flushed over the electro-
chemical cell, located directly behind the im-
mobilization area within the microfluidic chan-
nel, and separated from the latter by a hydro-
phobic stopping barrier. The peak in meas-
ured current density corresponds to the viral 
load detected within the sample in an inversely 
proportional manner. 

We were able to reduce the incubation time re-
quired for the Cas13a-mediated reporter 
cleavage to only 5 minutes (compared to our 
previous work with 3 hours) while still achiev-
ing a limit of detection in the femtomolar range 
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(~10,000 copies/µl) without prior amplification 
of the genetic material. Taking into account an 
overall sample-to-result time of approximately 
30 minutes, our system positions itself 
squarely among the top performers in the field 
[3]. 

Fig. 1: Working principle of the CRISPR-powered bioas-
say. LbuCas13a (beige: inactive; red: active) and crRNA 
form a complex within the reaction mix and if activated by 
binding to the target RNA (yellow) trans-cleave the reR-
NAs (labelled with biotin (grey) and 6-FAM molecules 
(green)). Following application to the biosensor, the 
reRNA binds to neutravidin (light green) and, if still intact, 
is detected by a GOx (orange)-conjugated anti-6-FAM an-
tibody that catalyses the conversion of the glucose sub-
strate to hydrogen peroxide. Unspecific adherence of bio-
molecules is prevented by blocking with casein (dark 
green) prior to and biotin after introduction of the reaction 
mix. (b-d) Calibration curves measured with synthetic 
SARS-CoV-2 E, RdRP, and a combination of both genetic 
sequences, respectively (crRNA: CRISPR-RNA, reRNA: 
reporter RNA, 6-FAM: 6-Carboxyfluorescein, GOx: glu-
cose-oxidase, WE: working electrode, RE: reference elec-
trode, CE: counter electrode. N=4, error bars represent ± 
SD). Adapted with permission from [3] Copyright 2022, 
Elsevier. 

In order to guarantee the meaningfulness of 
each test result we made use of the multiplex-
ing capacity of the platform by implementing 
CRISPR-assays for the detection of the enve-
lope (E) gene (a relatively stable genetic re-
gion of the virus that is common to members 
of the SARS-related Betacoronavirus family), 
the RNA-dependent RNA polymerase (RdRP) 
gene (a region specific to SARS-CoV-2), a 
positive and a negative control for the assay 
on one single chip. We then supplemented 
these CRISPR-powered assays with a ß-lac-
tam antibiotic detection complete with its own 
control assay to facilitate simultaneous moni-
toring of the viral load alongside the blood an-
tibiotic levels of patients that are being treated 
for a bacterial co-infection (Fig. 2). 

To further improve the point-of-care applicabil-
ity of our system, we performed measure-

ments using a credit card sized near field com-
munication (NFC) potentiostat and a microp-
eristaltic pump, kindly provided by Silicon 
Craft Technology PLC and Jobst Technolo-
gies, respectively. 

Fig. 2: Design of the multiplexed microfluidic biosensor 
for 6 targets. (a) Explosion diagram showing the layers 
that constitute the device. (b) Each of the six immobiliza-
tion areas is equipped with its own electrochemical cell. 
The areas marked in blue were used to immobilize the 
CRISPR-powered SARS-CoV-2 assays while the areas 
marked in grey and black were incubated with the ß-lac-
tam detection assay. (c, d) Measurement results of two 
simulated COVID-19 patients undergoing antibiotherapy. 
Low signals indicate high viral load or antibiotic levels, re-
spectively. Adapted with permission from [3] Copyright 
2022, Elsevier. 

Although the platform sets itself apart from 
other methods employing different Cas effec-
tors by omitting nucleic acid amplification, only 
necessitating non-toxic, shelf-stable and inex-
pensive reagents and performing within a rel-
atively short sample-to-result time, it is still 
prone to errors due to several hands-on steps 
that could introduce RNase contamination. In 
future work, we aim at reducing these steps as 
far as possible and elaborate on the point-of-
care applicability, cost-effectiveness and ease 
of setup by further experiments with the minia-
turized measurement components. 
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Despite their sessile nature, plants do move a 
lot, especially climbing plants. Instead of pro-
ducing a solid, self-supporting stem, these 
plants climb upwards relying on support struc-
tures. Passion flowers for example climb by 
using tendrils, which are long, filamentary or-
gans that attach to a support either via adhe-
sive discs (e.g. Passiflora discophora) or by 
“grasping” slender supports and coiling 
around them (e.g. Passiflora caerulea). Even-
tually, the tendrils coil along their length axis 
and form a spring-like structure.  

We investigated the ontogenetic development 
of tissue anatomy of P. caerulea tendrils dur-
ing coiling [1, 2], to identify the driving principle 
behind the motion. We found that while in 
young, straight tendrils, only the primary ves-
sel elements are lignified (fig. 1), during coil-
ing, the tendril’s central cylinder lignifies uni-
laterally between the vessel elements (fig. 1). 

This indicates, that unilateral tissue maturation 
contributes to the coiling. In mature tendrils, 
the entire tendril center is lignified. 

Fig. 1: Ontogenetic development of tendril anatomy. 
Cross-sections of a straight tendril, a coiling tendril and a 
coiled mature tendril of P. caerulea. Cross-sections are 
free hand sections, stained with phloroglucinol-hydrochlo-
ric acid, which indicates lignin in red. (© Plant Biomechan-
ics Group) 

The coiling movement leads to shortening of 
the tendril, and thereby generates a tensional 
force that pulls the plant to its climbing sub-
strate. This force has already been measured 
before, however only as a momentary snap-
shot (e.g. [3]) or by accepting interference 
from self-weight forces. In order to continu-
ously measure the change of tensional force 
generated by the tendrils during the coiling 
process, we developed a novel testing setup 
(fig. 2) [1], consisting of a 2 N 3-axis force sen-
sor, mounted to a metal frame, so that the sen-
sor can be positioned freely in a 2D plane. The 
sensor is equipped with a small handle that is 
brought in contact with a climbing plant tendril, 
which coils around it. The stem at the tendril 
base is restrained with a clamp, so that the 
plant’s own weight does not influence the 
measurement. Tendril coiling is documented 
by time lapse photography, so that the force 
can be correlated with the tendril movement. 
First experiments indicate, that the tendrils of 
P. caerulea generate tensional forces ranging 
between several millinewtons and more than 
100 mN. 
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Fig. 2: Coiling force measurement setup. A tendril of 
P. caerulea attaches to a small handle, mounted to a 
3-axis force sensor. The force is measured over time 
during coiling of the tendril axis. The plant stem is re-
strained in a clamp so as to isolate the measured force 
from the plants own weight. (© Plant Biomechanics 
Group) 

The conspicuous, spring-like shape of climb-
ing plant tendrils acts as an energy-dissipating 
element in the climbing plant’s attachment 
system, as we have shown for example by de-
tailed mechanical analysis of individual ten-
drils of P. discophora [4]. The tendrils of P. dis-
cophora are positioned alternatingly along the 
plant stem (fig. 3). We complemented our tests 
on individual tendrils with pull-off tests on stem 
segments comprising several tendrils, and 
found that the tendrils are not loaded sequen-
tially one after the other, but are acting as par-
allel system, so that load and energy-dissipa-
tion is distributed between multiple tendrils [2]. 

Climbing plant movements and attachment 
strategies such as the ones discussed above 
will inspire the development of artificial attach-
ment devices and foster the emergence of the 
new field of plant-inspired soft robots [e.g. 2, 
5]. 

Fig. 3: Pull-off tests of P. discophora stem segments, 
comprising multiple tendrils. Axillary tendrils attach al-
ternatingly on each side of the plant stem (several 
leaves removed for photography). A segment of the 
plant stem attached to wooden substrate was excised 
and mounted in a material testing system. Note that 
the stem segment is mounted upside down and that 
the pull-off force was applied towards the stems basis 
(corresponding to downwards in natura). (© Plant Bio-
mechanics Group) 
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This project aims to implement bio-inspired 
principles into hygroactive demonstrators for 
improving their resistance and resilience, and 
thereby the longevity of hygroactive bending 
actuators. 

In recent years, passive and energy-autono-
mous façade shading systems have increas-
ingly become a focus in architecture and con-
struction engineering. A cooperation between 
the Plant Biomechanics Group Freiburg and 
the Cluster of Excellence Living, Adaptive and 
Energy-autonomous Materials Systems 
(livMatS) at the University of Freiburg with the 
Cluster of Excellence Integrative Computional 
Design and Construction for Architecture 
(IntCDC) at the University of Stuttgart resulted 
in 3D-printable, passive hygroactive bending 
actuators inspired by the hygroscopic move-
ments of pine cone scales [1]. Due to the dif-
ferent hygroscopic expansions of the layers of 
this multilayer system, these actuators can 
perform bending movements in multiple direc-
tions. Currently, the long-term usability of such 
actuators is limited due to possible delamina-
tion between the different hygroactive and re-
sistance layers, which finally may result in a 
loss of function. 

To contribute to the solution of this problem, 
analyses were performed on the repetitive mo-
tion and mechanical wear of pine cone scales 
and tissues building them up. In these scales 
a bending motion is generated by the different 
longitudinal expansion of their tissues when 
they are exposed to humidity. The sclereid 
cells of a scale represent the (main) active 

layer and the sclerenchyma fibers the restrict-
ing layer. The unequal extension in the longi-
tudinal direction of these layers seems to de-
pend on the different angles of the microfibrils 
in the cells of which these two tissues consist 
of [2]. While the scales were initially described 
as a bilayered system, the importance of the 
brown tissue as an intermediate layer and gra-
dients inside the tissues was recently high-
lighted [3,4]. With the ability of some tissues 
(the sclerenchyma fibers) to bend on their 
own, without the contribution of the other tis-
sues [5], the pine cone scale seems to be 
much more complex than previously thought. 
Even in more than 10 million years old fossil 
conifer cones a hygroscopic bending motion 
could be observed [6]. This raises the question 
of how the complex interaction of the different 
pine cone scale tissues contributes to delami-
nation resistance and resilience to maintain 
functionality. 

 

Fig. 1: A) Isosurface rendering of a pine cone from Pinus 
jeffreyi based on the reconstruction data of a µCT scan. 
B) Section from the lower third of a pine cone. The colori-
zation represents the density based on the grey values 
from the µCT reconstruction. Yellow: high density, blue: 
low density. (© Plant Biomechanics Group) 

A 

B 
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In order to answer this question, ten pine 
cones from Pinus jeffreyi and Pinus nigra (five 
of each species) were scanned in a µCT 
(Fig. 1). Additionally, we measured the activa-
tion force of selected scales by blocking them 
in an open position with a force sensor and in-
itiating the closing of the scales by submerging 
the cones completely in water. In the next 
step, these cones were placed in a custom-
made testing device where they can be repet-
itively submerged in water and then air-dried. 
During this repeated opening and closing of 
the cones, the scale tip displacement during 
drying is monitored. Thereby changes in the 
opening range of multiple scales across a 
cone can be described based on the distance 
between the cone mounting and the scale tip. 
After a set time period of frequent repetitions, 
the samples will be taken out of the device and 
scanned in the µCT again. Additionally, the 
blocking force of the same scales is measured 
once more. 

By comparing the reconstructions of the µCT 
images before and after the period of repeated 
hydration-induced bending of the scales, we 
can localize delamination and other damages 
between and inside the scale tissues (Fig. 2). 
In order to analyse if and to what extent this 
damage influences the functionality of the 
scales, we additionally take the results of the 
force measurements and the scale tip dis-
placements into account. 

Fig. 2: Cross-section of a pine cone scale of Pinus jef-
freyi (µ-CT scan reconstruction). Red arrow: Visible 
delamination between the sclerenchyma fibers and the 
brown tissue. (© Plant Biomechanics Group) 

As the project progresses, the analyses of 
pine cones and their mechanical behavior will 
deepen the understandind of tissue properties 
and interaction and allow to abstract principles 
for delamination resistance and resilience. To-
gether with the results from other biological 
models that will be analyzed in the future, 
those principles will then be implemented in 

hygroactive technical material systems to 
show how delamination resistance and resili-
ence can be improved in passive, energy-au-
tonomous façade shading systems. 
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The livMatS research area “Demonstrators” 
researches on and builds technical prototypes 
like an artificial Venus flytrap [1–5] and auton-
omous adaptive grippers [6], which highlight 
the potential of the developed material sys-
tems. These bio-inspired demonstrators are 
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supposed to respond to environmental 
changes triggered by material embedded de-
cision-making. Unlike classic machines, these 
devices are not based on rigid metal compo-
nents but consist of compliant mechanisms 
and soft elastomers. One popular actuation 
approach for such soft robots is the use of 
pneumatic actuators. These muscle-like struc-
tures expand or bend via pressurization with 
air and provide a natural adaptivity which mo-
torized gripper made of “hard” components 
could never reach. 

As a contribution to faster test cycles of vary-
ing complex geometries made of novel mate-
rial combinations, we constructed and pro-
grammed an innovative multi-material 3D 
printing platform [7,8]. This system switches 
tools during a print allowing the integrated pro-
cessing of substances with different mechani-
cal properties. As the printheads are inde-
pendent, there is no interaction and cross con-
tamination. Since each tool is loaded with a 
specific material, it can be adapted to the indi-
vidual requirements of this substance. This 
way the platform potentially covers a wide 
range of extrudable compounds like polymers, 
gels and waxes.  

To characterize the developed device we pre-
viously manufactured multiple kinds of soft ac-
tuators [6-9]. By pushing the system to its lim-
its, we were able to optimize the print param-
eters and object geometries. Thanks to the 
adapted tools, the platform handles the most 
flexible TPU filaments available and creates 
airtight walls and membranes of just 0.5 mm 
thickness. The system is able to bridge gaps 
of up to 10 mm, which enables creation of hol-
low structures without the need of support ma-
terial. The resulting actuators are highly de-
formable and expand or bend under changing 
pressure as demanded by design. Loaded 
with weight, they proved their ability to grab 
and lift objects [6-8]. 

Based on this experience we were able to go 
a step further and to 3D print a robotic arm with 
an integrated soft pneumatic muscle [9]. The 
arm itself is made of two rigid PLA struts rep-
resenting upper arm and forearm (Fig. 1 A). A 
compliant hinge and the soft TPU actuator 
connect both pieces. As the bending arm re-
quires the actuator to change its angle, both 

sides provide an attachment joint that allows 
the actuator to rotate freely (Fig. 1 B). The arm 
is manufactured in one simultaneous printing 
process involving about 180 tool changes. To 
ensure a consistent flow rate after each switch 
the printer builds a prime tower next to the arm 
that is printed first on each layer. This strategy 
ensures a reliable airtight print quality for the 
thin actuator walls. With 20 mm height, the 
arm is 5 mm taller than the muscle. To locate 
it symmetrically the actuator is supported by a 
PLA platform of 2.5 mm that is easily removed 
after printing due to the poor chemical bonding 
between both materials. 

Fig. 1: Multi-material FDM 3D printed soft robotic arm 
(SRA). A: Sliced SRA made of PLA (red) and TPU 
(green) (PrusaSlicer 2.4.0). Print time color marked 
(Tool changes in blue). B: SRA overstretched state 
(+1.0 bar). C: SRA in actuated state (-0.996 bar). [9]  

In characterizing experiments the arm was 
connected to a vacuum pump and loaded with 
weight. The arm was able to lift a mass of up 
to 270 g when evacuated (Fig. 1 C) and over-
stretched at 1 bar pressure (Fig. 1 B). A de-
tailed analysis of the fabrication process addi-
tionally revealed that tool changes and prime 
tower consumed only 28 % of the print time. 



Highlights 

FIT-Report 2022 41 

That is a promising result for a procedure, 
which involves elaborate mechanical move-
ment. 

Based on the developed design and print pa-
rameters we are now able to investigate the 
integrated manufacturing of more complex ob-
jects. A simultaneous print of rigid hinge con-
nected structures actuated by multiple soft ro-
botic muscles would be a great advantage for 
the rapid prototyping within livMatS. Especially 
the research on the adaptive gripper systems 
[6] will profit from the possibility to 3D print air-
tight flexible demonstrators with no need for 
manual support removal. A second focus will 
be on our continuous development of com-
pletely soft pneumatic logic gates that have 
the potential not only to control the adaptive 
behavior of the gripper but also to contribute 
to the aspired artificial Venus flytrap and to 
drive upcoming demonstrator projects for 
more autonomous machines. Such electron-
ics-free demonstrators are an important step 
towards the material embedded intelligence 
livMatS is aiming for. 

References 

[1] Ellison AM, Adamec L (2019) Carnivorous 
plants: Physiology, ecology, and evolution. Oxford 
University Press, Oxford, United Kingdom. 

[2] Esser F, Scherag FD, Poppinga S, 
Westermeier A, Mylo MD, Kampowski T, Bold G, 
Rühe J, Speck T (2019) Adaptive Biomimetic Ac-
tuator Systems Reacting to Various Stimuli by and 
Combining Two Biological Snap-Trap Mechanics. 
Springer, Cham, pp. 114–121. 

[3] Poppinga S, Joyeux M (2011) Different me-
chanics of snap-trapping in the two closely related 
carnivorous plants Dionaea muscipula and Al-
drovanda vesiculosa. Physical review. E, Statisti-
cal, nonlinear, and soft matter physics 84(4 Pt 
1):41928. 

[4] Sachse R, Westermeier A, Mylo M, Nadasdi J, 
Bischoff M, Speck T, Poppinga S (2020) Snapping 
mechanics of the Venus flytrap (Dionaea muscip-
ula). Proceedings of the National Academy of Sci-
ences of the United States of America 
117(27):16035–42. 

[5] Westermeier AS, Sachse R, Poppinga S, 
Vögele P, Adamec L, Speck T, Bischoff M (2018) 
How the carnivorous waterwheel plant (Al-
drovanda vesiculosa) snaps. Proceedings. Biologi-
cal sciences 285(1878). 

[6] Kappel P, Kramp C, Speck T, Tauber FJ (2022) 
Application-Oriented Comparison of Two 3D Print-
ing Processes for the Manufacture of Pneumatic 

Bending Actuators for Bioinspired Macroscopic 
Soft Gripper Systems. Springer, Cham, pp. 54–67. 

[7] Conrad S, Speck T, Tauber F (2020) Multi-ma-
terial 3D-Printer for Rapid Prototyping of Bio-In-
spired Soft Robotic Elements. Springer, Cham, pp. 
46–54. 

[8] Conrad S, Speck T, Tauber FJ (2021) Tool 
changing 3D printer for rapid prototyping of ad-
vanced soft robotic elements. Bioinspir. Biomim. 
16(5):55010. 

[9] Conrad S, Speck T, Tauber FJ (2022) Multi-
material FDM 3D Printed Arm with Integrated 
Pneumatic Actuator. Springer, Cham, pp. 27–31. 

Transition zones between rod-
shaped and planar elements: A 
technical challenge solved by 

plants? 

Max Langer1,2, Thomas Speck1,2, 
Olga Speck1,2 

1Plant Biomechanics Group (PBG) Freiburg,  
Botanic Garden of the University of Freiburg; 

2Cluster of Excellence livMatS @ FIT – Freiburg 
Center for Interactive Materials and Bioinspired 

Technologies 

Project funding: Funded by the Deutsche For-
schungsgemeinschaft (DFG, German Research 
Foundation) under Germany’s Excellence Strategy 
– EXC-2193/1 – 390951807 

In the context of longevity of biological and 
technical materials systems, damage control 
in terms of damage prevention and damage 
repair is a crucial concept [1]. Damage result-
ing from discontinuities in geometric and/or 
mechanical properties can be compensated 
by gradual transitions. Suitable biological 
models for a later transfer into technical appli-
cations are plant leaves with a rod-shaped and 
U-shaped petiole and a planar lamina con-
nected by a damage-resisitant and smooth 
transition zone. During biological evolution a 
variety of concepts evolved, that guarantee 
the structural and mechanical integrity of all 
leaf parts.  

In a comparative study, we investigated mor-
phology, anatomy and biomechanics of plant 
leaves with different body plans and spatial 
configuration in terms of damage resistance to 
bending and torsional loads. In foliage leaves 
rod-shaped petioles and planar laminae are 
connected by various types of transition 



Highlights 

42  FIT-Report 2022 

zones. In order to study similarities and dis-
similarities, we selected four leaf models 
(Fig. 1) that differ in the spatial configuration of 
petiole and lamina (3D-configuration: peltate 
leaves and 2D-configuration: stem connected 
to the basal region of the lamina) and in the 
3D-arrangement of the involved tissues (body 
plan of monocotyledons and dicotyledons) 
[2-4].  

Fig. 1: Selected foliage leaves with various body plans 
(monocotyledons and dicotyledons) and stapial config-
urations of the petiole and lamina (2D-configuration: 
stem connected to the basal region of the lamina and 
3D-configuration: peltate leaves). © Plant Biomechan-
ics Group 

The investigations include a quantitative anal-
ysis of the internal tissue arrangements using 
serial thin-sections and μCT scans and a 
quantitative description of size, cross-sec-
tional geometry and shape of the transition 
zones. We found that the gradients of all these 
variables overlap and integrate with each 
other, where some features depend more on 
the body plan and others more on the spatial 
configuration.  

Since the flexural rigidity and torsional rigidity 
are composed of geometric properties (axial 
and polar second moment of area) and me-
chanical properties (bending elastic modulus 
and torsional modulus), all necessary varia-
bles for a later mechanical application are 
taken into consideration. Furthermore, the di-
mensionless twist-to-bend ratio allows a com-
parison between the studied plant leaves and 
technical objects [5]. The twist-to-bend ratios 
of the selected petioles ranged from 12 to 39 
[3]. 

In addition, we subjected peltate leaves of the 
Ufo plant (Pilea peperomioides) to mechanical 
stimuli (wind, touch, wind and touch) for six 
weeks. We determined the twist-to-bend ratios 
of both the petioles and the transition zones 
between the rod-shaped petiole and the pla-
nar lamina. The petioles of the control group 
and of all treatment groups were stiffer in 
bending than in torsion. In contrast, the transi-
tion zones of all groups revealed that they are 
stiffer in torsion than in bending, reflected by a 
twist-to-bend ratio of less than 1.0. Although 
we did not find significant thigmomorphoge-
netic changes in geometric and mechanical 
properties, the twist-to-bend ratio increased 
for all mechanically stimulated petioles and 
transition zones (with the exception of the 
wind-stimulated group). Based on these twist-
to-bend ratios, we hypothesise that bending 
loads are accommodated by the petiole, while 
torsional loads are shared between the transi-
tion zone and the petiole [4]. 

Overall, the insights gained from the study of 
the four transition zones of the selected leaves 
can be considered a template for the design 
and optimisation of more resilient and diverse 
technical transition zones between rod-
shaped and planar structures. 
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The evergreen European mistletoe (Viscum 
album) is one of the most striking and fre-
quently found plant parasites in Central Eu-
rope (Figure 1A). As a hemi-parasite, it is pho-
tosynthetically active, i.e. it produces its own 
glucose, but it draws water and solved nutri-
ents from its host, which most plants uptake 
via roots. For this purpose, parasites grow the 
so-called "haustorium", a transformed organ 
with which they establish a mechanical and 
physiological connection with their host [1]. 
Once this connection is established, mistletoe 
and host grow together, and mistletoe can live 
for over 20 years and grow more than 2 meters 
tall. Despite the resulting additional mechani-
cal loads on the tree, mechanical failure of the 
interface has not been observed in nature. The 
aim of our project was the functional morpho-
logical and mechanical analysis of this dam-
age-resistant connection of soft mistletoe tis-
sue (parenchymatic cells) with much stiffer 
wood tissue (lignified cells). The gained under-
standing of this plant role model can contribute 
as a biological basis to Area C of the Cluster 
of Excellence livMatS for the development of 
bioinspired multi-materials systems with a 
high longevity potential. 

A total of 130 mistletoe samples (ranging from 
3 to 21 years of age) were harvested from a 
yellow buckeye tree (Aesculus flava) from the 
Botanic Garden Freiburg and measured mor-
phometrically, with special regard to the hy-
pertrophic attachment site. Three selected 

samples of different age groups (young, mid-
dle-aged, old) were chosen for morphological 
examination by X-ray microtomography 
(µ-CT) and additional samples were analyzed 
microscopically at the cellular level using 
stained thin sections. Seventy samples were 
tested under uniaxial tensile loading to obtain 
mechanical properties of the interface (Figure 
1C&D). The resulting fracture areas were 
quantified using digital microscopy (in cooper-
ation with the group of Frank Balle, INATECH 
Freiburg). A group of plain wood samples from 
the same tree and with the same fiber orienta-
tion were tested as control samples. 

Fig. 1: A: Trees parasitized by several dozen mis-
tletoes captured during winter time in southern Ger-
many. B: Segmented µ-CT scan of a young mistletoe 
(colored green) inside a host branch (colored transpar-
ent brown). Mechanical test setup of a uniaxial tensile 
test on intact (C) and sliced (D) mistletoe-host sam-
ples. ©Plant Biomechanics Group Freiburg. 

The maximum increase in thickness of the 
host branch as a result of mistletoe ingrowth 
was found to be about 50%, occurring already 
at early stages of mistletoe development and 
remaining approximately constant during fur-
ther growth. Tissue segmentation based on 
the µ-CT scan of the young mistletoe sample 
(4 years old) showed that the haustorium is 
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composed by a large number of small, redun-
dant sinkers that maximize the contact area 
with the host and thus the possible water up-
take. In addition, mistletoe tissue was shown 
to have grown several centimeters along the 
host branch already at this young stage (Fig-
ure 1B). The comparisons with the µ-CT scans 
of the older samples showed that the individ-
ual sinkers gradually merge, presumably to 
withstand the internal growth stresses of the 
host, and form a single, large and wedge-
shaped sinker in older mistletoes. Microscopic 
analyses showed that a clear cellular separa-
tion is evident between the two species at all 
age stages of the mistletoe. At the interface 
between mistletoe and host, there is no abrupt 
transition between non-lignified and lignified 
tissue, but a lignification gradient towards the 
inside of the sinkers became apparent. Along 
the dividing line, misaligned woody fibers were 
visible (e.g. arranged in swirls), presumably as 
a result of internal growth stresses and com-
petition between the species [2]. 

The mechanical properties of the mistletoe-
host samples were, as anticipated, lower than 
those of the plain wood samples. However, 
due to an increased roughness of the fracture 
surfaces and the successive failure of individ-
ual sinkers (visible through pre- and post-fail-
ure events of the force-displacement curves), 
the resulting failure energy of the mistletoe 
samples increased and was only about 80% 
lower than that of the plain wood samples. 
Analysis using digital image correlation tech-
nique showed that local strains of more than 
30% are necessary to initiate fissures, which 
then mostly propagate along the interface or 
slightly offset into the interior of the mistletoe 
sinker. Furthermore, correlation analyses with 
mistletoe age revealed that both tensile 
strength and failure energy are age-independ-
ent. This enables a damage-resistant, me-
chanical and physiological anchorage of the 
mistletoe in the host over the span of more 
than two decades [3]. 

Our results provide exciting insights into how 
the longevity of interfaces between two com-
posite materials with different mechanical 
properties could be increased by a geomet-
rical materials arrangement and the use of 
gradient structures along the interface. 
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Leaf unfolding is present throughout the plant 
kingdom: be it leaves of trees unfolding from a 
bud [1], grasses with their long and slender un-
furling leaf blade [2], or floating waterlilies un-
folding on the water surface [3]. This diversity 
makes leaves promising biological models for 
bioinspired packaging and unpackaging sys-
tems [1].  

The assessment of leaves’ structural and bio-
mechanical properties is crucial for imple-
menting their unfolding principles into technol-
ogy. We therefore perform biomechanical 
analyses (1) during natural leaf unfolding, (2) 
during artificially induced leaf unfolding in a 
tensile testing machine, and (3) on isolated 
leaf areas. Syngonium podophyllum (Ara-
ceae) serves as a first model species for these 
three approaches of biomechanical analyses.  

(1) Forces that arise during natural leaf unfold-
ing will be quantified via a load cell (Fig. 1). 
The folded lamina is positioned next to the 
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force sensor and the stalk is fixed in order to 
maintain the leaf in a firm position while unfold-
ing. 

Fig. 1: Illustraion of force measurement during natural 
leaf unfolding in Syngonium podophyllum. (A) Leaf 
fully folded. (B) One leaf half unfolded. (© Plant Biome-
chanics Group) 

(2) For mechanical “artificial” leaf unfolding, an 
inflatable and dilatable catheter will be in-
serted into the folded leaf. Catheter inflation 
will cause the lamina to unfold whereupon the 
required force to do so will be determined. 
Comparing natural and mechanical leaf un-
folding will allow to quantify lamina response 
in each experiment and thus to assess its 
properties. 

(3) In a micro-tensile testing machine isolated 
leaf areas and leaf veins will be tested in ten-
sion (Fig. 2). 

 

Fig. 2: Illustraion of leaf preparation for tensile experi-
ments on isolated leaf areas. (A) Sample preparation 
parallel to unfolding, as well as parallel and perpendic-
ular to leaf venation. All three sample orientations will 
be performed in ervery leaf area (apical, central and 
basal). (B) Vein sample preparation in the three differ-
ent leaf areas. (© Plant Biomechanics Group) 

With these three approaches, we aim to estab-
lish reliable and reproducible methods for bio-
mechanical analyses during leaf unfolding. 
This will allow comparison of different leaf spe-
cies, independent of their unfolding principle, 
their habitat or environmental conditions. 

Once a better understanding of leaf unfolding 
is achieved, a step towards technical imple-
mentation can be made. 
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In recent years, 3D-bioprinting of artificial tis-
sues has become an important field of re-
search. This involves the use of living material 
in the form of a cell suspension or cell-laden 
hydrogels known as a bioinks. As the architec-
ture and required precision of the bioprinted 
tissues increase, the complexity of the used 
bioinks and the number of printing technolo-
gies increases. The process parameters and 
the material properties of the bioinks need to 
be finely adjusted to achieve cell biological 
functionality and printing accuracy of the 3D-
printed artificial tissue [1].  

In the last report, a hybrid bioprinting process 
using polycaprolactone (PCL) as a supporting 
scaffold was presented, which could be pub-
lished in the meantime [2]. In analogy, an ex-
trusion-based hybrid bioprinting process was 
developed based on a more physiological cal-



Highlights 

46  FIT-Report 2022 

cium phosphate cement (CPC). By varying ge-
ometric printing parameters, the influence on 
the mechanical properties of CPC scaffolds 
was investigated with the aim of producing 
tunable scaffolds that approximate the me-
chanical requirements of the native microenvi-
ronment of bone tissue. The morphological 
and mechanical investigations of single fila-
ments of CPC provided a basis for better eval-
uating the results of the scaffolds. In addition 
to the tensile strength of single filaments, the 
influences of the type of dosing needle, as well 
as the extrusion value on the morphology of 
the print results were investigated. Both, the 
printing width of the filaments and the printing 
accuracy in dependence on the extrusion val-
ues were evaluated. The results obtained en-
abled CPC scaffolds of different configurations 
to be designed, printed and also assessed 
based on their morphological and mechanical 
properties. The influence of different geomet-
ric and printing parameters, such as printing 
design, extrusion value and filling degree of 
the scaffolds, was investigated (Figure 1).  

Fig. 1: Representative CPC constructs after extrusion 
printing varying different printing parameters such as 
filament width (A) or the number of filaments per layer 
(B). (© Laboratory of MEMS applications) 

Therefore, the individual parameters were an-
alyzed and evaluated in context to determine 
their influence on the fabrication of constructs 
that are as mechanically and dimensionally 
stable as possible. As a result, the parameters 
for a scaffold with the highest mechanical sta-
bility and printing accuracy and lowest number 
of breaks are an alternating printing design 
(scaffold type 1), a filling degree of the scaffold 
of 26 % and an extrusion value of 0.04 mm, 
resulting in a filament width of 352 μm (Fig-
ure 2). 

Fig. 2: Elastic moduli of CPC constructs for a scaffold 
type 1 with different filament widths and different filling 
degree. n=6. (© Laboratory of MEMS applications)  

Based on the results of the 18 different scaf-
fold variations, a weighting of the individual pa-
rameters could be applied according to their 
influence on the mechanical properties of the 
scaffolds. By this, the extrusion value has the 
highest and the filling degree of the scaffold 
the lowest influence. Thus, it could not only be 
confirmed that the geometry of the scaffolds 
has a significant influence on the mechanical 
properties of the structures [3] but also the ex-
tent of the influence of the individual parame-
ters could be described in more detail. The re-
sulting CPC scaffolds yielded Young’s moduli 
of up to 15.5 MPa and are thus within the 
range of mechanical properties of bone. The 
developed hybrid 3D-bioprinting method also 
confirmed the influence of hydrogel on the me-
chanical properties of CPC scaffolds [4], and 
also showed the influence of the proportion of 
hydrogel in a hybrid scaffold. Despite a reduc-
tion in the compressive strength of the CPC 
scaffolds due to the hydrogel, the hybrid scaf-
folds yielded Young’s moduli that were within 
the Young’s modulus ranges of bone. With the 
developed hybrid 3D-bioprinting method, it 
was also possible to both print and subse-
quently culture cells. The influence of a direct 
contact with CPC on the cells was investigated 
and the importance of the distance of the bio-
ink to the CPC could be shown (Figure 3).  

Finally, by designing a prototype for an ortho-
topically implantable bone replacement con-
struct, the flexibility and adaptability of the 3D-
bioprinting process, as well as the CPC scaf-
folds, could be demonstrated. This work was 
carried out by Mark Cedric Kelbel in the course 
of his master's thesis. The knowledge gained 
here is an important step towards enabling a 
variety of implementation options of specific 



Highlights 

FIT-Report 2022 47 

tailored anatomical models for bone regener-
ation and thus the fabrication of individualized 
implants that meet the necessary require-
ments of a graft. 

Fig. 3: Live/Dead staining of CPC/hydrogel hybrid con-
structs featuring immortalized mesenchymal stem cells 
(iMSCs). Red dots indicate dying cells in proximity of 
the CPC scaffold (yellow) and green dots living cells at 
a greater distance. (© Laboratory of MEMS applica-
tions) 
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Parts of the following article have already been 
incorporated into a manuscript preprint availa-
ble on chemrxiv.com.1 For further in-depth in-
formation about this study, we kindly refer to 
this preprint. 

Fig.1: Polarization curves (a) and the high-frequency 
resistances (b) of the MEAs with UM50, ReCatalyst 
and UM30 at 0.25 mgPt cm-2 loading and 0.4 mgPt cm-2 
loading under H2/air, 80 °C, 96 % RH and ambient 
pressure. (© Electrochemical Energy Systems Group) 
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Due to their high power density, low operating 
temperature and quick refuelling times, proton 
exchange membrane fuel cells (PEMFCs) pre-
sent themselves as a promising and environ-
mentally friendly technology for power source 
applications in the automotive heavy duty and 
energy industries.2 The high cost of PEMFCs, 
with the typical platinum-based electrocatalyst 
accounting for a sizable amount of the price, 
is a significant impediment to large-scale com-
mercialization. In search of possibilities to re-
duce the precious metal content, PtM/C alloy 
catalysts (M e.g. Co, Fe, Ni) have demon-
strated increased activity for the desired oxy-
gen reduction reaction (ORR), resulting in a 
significant performance improvement when 
compared to pure Pt/C based systems.3 

Fig. 2: Representive TEM micrographs of the three 
catalysts UM50 (black), UM30 (blue) and ReCatalyst 
(red). Scale bars represent 20 nm (top) and 50 nm 
(bottom). (© Electrochemical Energy Systems Group) 

To gain a deeper fundamental understanding 
of this performance increase, and to facilitate 
the development and optimization of suitable 
electrocatalysts, two state-of-the-art commer-
cial PtCo/C catalysts and a promising novel 
electrocatalyst based on a double passivation 
galvanic displacement method (provided by 
the collaborating research group led by Dr. 
Matija Gatalo and Dr. Nejc Hodnik from the 
National Institute of Chemistry, Ljubljana, Slo-
venia, and denoted as ReCatalyst) were inten-
sively studied. In that regard, electrochemical 
performance in the cathodes of membrane-
electrode-assemblies (MEAs) was used to de-
rive electrochemical parameters and com-
pared to morphological aspects of the cata-
lysts obtained by statistical transmission elec-
tron microscopy (TEM).4 The commercial 

PtCo/C catalysts were purchased from Umi-
core N.V. and are denoted UM50 for Elyst 
Pt50 0690 and UM30 for Elyst Pt30 0690. 

Polarization curves (H2/air, 80 °C, 96 % RH, 
ambient pressure) of the electrocatalysts em-
ployed in MEAs reveal that although all sam-
ples exhibit significant ORR activity, especially 
the novel ReCatalyst shows superior perfor-
mance at high current densities for both tested 
cathode loadings (0.25 and 0.4 mgPt cm-2, re-
spectively).  

A possible explanation for this phenomenon 
would be that the PtCo nanoparticles sup-
ported on carbon are used more efficiently in 
the case of ReCatalyst than in the case of the 
reference materials. From 2D TEM micro-
graphs (Fig. 2), it is evident that all three elec-
trocatalysts feature PtCo nanoparticles that 
are distributed quite homogeneously on the 
respective carbon support.  

 

Fig. 3: Violin plots of the particle size distribution for 
the three PtCo/C catalysts. (© Electrochemical Energy 
Systems Group) 

A more detailed evaluation of the obtained mi-
crographs by measuring at least 2000 individ-
ual nanoparticles on several support particles 
shows that very large PtCo particles are 
mostly absent, especially in the ReCatalyst 
sample (Fig. 3). Although there are only small 
differences in the mean size of the diameters, 
decreasing from 4.8 nm for UM50 and 4.5 nm 
for UM30 to 4.1 nm for ReCatalyst, very large 
particles due to their volume disproportion-
ately strongly lead to a loss of activity as the 
innermost atoms do not significantly contribute 
to the ORR. For the ReCatalyst sample, sta-
tistically most nanoparticles show the perfect 
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size for ORR activity, which is believed to be 
in the range of 4-5 nm.5 

Although this finding could already provide an 
explanation for the better MEA performance, 
STEM tilt series were taken of the UM30 and 
ReCatalyst sample for tomographic 3D recon-
struction (Fig. 4). Recent research suggests 
that the nanoparticle position (exterior or inte-
rior to the carbon support) may also have a 
crucial influence on the ORR activity.6 

From preliminary results, it can be estimated 
that 35 % of PtCo nanoparticles remain exte-
rior on the carbon support surface for the Re-
Catalyst sample, while only 17 % of PtCo na-
noparticles are found on the exterior for the 
UM30 sample. This could potentially explain 
the difference observed at high current densi-
ties. Further studies are necessary to evaluate 
the importance of the nanoparticle position in 
respect to the MEA performance. 

Fig. 4: Raw STEM images (left) and reconstructed 3D 
models (right) of individual PtCo/C particles. (© Elec-
trochemical Energy Systems Group) 
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The electrochemical reduction of CO2 is a piv-
otal technology for a fossil-free production of 
feedstocks for the chemical industry. Although 
first electrolyzers producing carbon monoxide 
(CO) are already reaching pilot scale [1], they 
still face major hurdles in achieving the dura-
bility needed for industrial commercialization, 
due to the formation of precipitates in the CO2 
reduction electrode. In a recent publication in 
the journal nature communications we investi-
gated these processes [2]. 

The most common cell design is a zero-gap 
arrangement, where the anode and cathode 
are in direct contact with an anion conductive 
membrane, as it offers high energy efficiency 
[3]. Fig. 1a shows the idealized reactions and 
water transport processes taking place in a 
zero-gap electrolyzer. On the cathode side 
gaseous CO2 is being reduced under the con-
sumption of water, producing CO and OH- 

ions. The OH- ions partially react with the pre-
sent CO2, forming bicarbonate and carbonate 
ions. These anions can pass the anion ex-
change membrane to the anode side. The an-
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ode is typically supplied with an aqueous po-
tassium hydroxide solution, and oxygen is re-
leased in the oxygen evolution reaction. 

Over time, potassium ions from the liquid elec-
trolyte can migrate from the anode and accu-
mulate at the gas-fed cathode. When the sol-
ubility limit is exceeded, salts will eventually 
precipitate in the gas diffusion electrode and 
impede transport of gaseous CO2 to the active 
catalyst sites. This can lead to rapid perfor-
mance decrease, pressure build up and even 
to total cell failure [4].  

Fig. 1: Transport processes and cell components. (a) 
Water management highlighted in schematic of reac-
tions and transport processes during operation. (b) en-
larged section of a normalized neutron radiographic 
image of the CO2 electrolysis cell with approximate di-
mensions of the components. (adapted from Disch et 
al. [2] CC BY Copyright © 2022) 

The zero-gap cell design makes it particularly 
difficult to investigate such processes in-oper-
ando without significant modifications to the 
membrane electrode assembly, as the utilized 
components are generally opaque for typical 
analysis methods. We therefore, used high-
resolution neutron imaging for the first time to 
investigate a zero-gap CO2 electrolyzer pro-
ducing CO at application relevant current den-
sities in cooperation with scientists from the 
Heinz Maier-Leibnitz Zentrum. Fig. 1b shows 

an enlarged section of a neutron radiographic 
image of the electrolyzer during operation. 

While hydrogen atoms show strong neutron 
attenuation, other elements like carbon or ox-
ygen are transparent for the neutron beam on 
the relevant sample sizes of a few centime-
ters. Thereby, it is possible to quantify small 
changes in water content even inside the flow 
fields made from titanium. Due to the strong 
neutron attenuation of hydrogen atoms, the 
anode compartment filled with aqueous elec-
trolyte appears dark compared to the gas-fed 
cathode compartment. The dark dent reaching 
from the gas diffusion electrode into the cath-
ode channel, is caused by hygroscopic precip-
itates.  

To illustrate the changes at different reduction 
rates we recorded neutron images at different 
current densities and normalized them to the 
image of the cell at zero current, as shown in 
Fig. 2. 

Fig. 2: Neutron radiography of the CO2 electrolysis 
cell. The relative change in intensity normalized to the 
intensity of the zero current cell, which corresponds to 
a change in water content. (adapted from Disch et al. 
[2] CC BY Copyright © 2022) 
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The images show that the cathode (left) gets 
dryer with rising current density up to 
200 mA cm-2 as the water consumption by the 
reaction increases. At the same time, the an-
ode side gets “dryer” as oxygen gas bubbles 
evolve and force out the liquid electrolyte. At 
300 mA cm-2, however, the precipitation of hy-
groscopic and hydrogen containing bicar-
bonates increases significantly resulting in a 
slightly brighter (i.e. wetter) cathode area com-
pare to 200 mA cm-2. By these measure-
ments, we found that there are significant dif-
ferences between channel and land regions 
for both salt precipitations and water transport. 
Furthermore, we pointed out that there might 
also be spatial variations in local current den-
sities. Our work stresses the need for the de-
velopment of further mitigation strategies for 
salt precipitation and suggests including flow 
field design and electrode compression in fu-
ture works. 
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The functional integration of a solar-cell ab-
sorber with a Lithium-ion battery in one halide 
perovskite material is a conception of harvest-
ing and storage of energy for portable smart 
electronic devices. The device with the highest 
degree of integration uses the photovoltaic ab-
sorber as an electrode in the electrochemical 
storage unit. This requires absorber materials 
having not only a suitable optical band gap, 
but also a good ionic conductivity and storage 
capacity of Lithium. 

Halide perovskites are a family of materials 
that have the potential for high photovoltaic 
performance and low fabrication cost in solar 
cells. CsPbI3 is a well-studied prototype for 
such halide perovskites. A recent report [1] 
proposes that Li ions can penetrate into and 
migrate across the perovskite crystal struc-
ture. Thus, CsPbI3 is a potential candidate ma-
terial for an integrated device combining light 
harvesting and lithium storage. 

In this work, the stability of crystalline CsPbI3 
with interstitial Li ions is investigated together 
with the effect that Li has on the electronic 
structure of the resulting compound LixCsPbI3. 
Using computational methods of density-func-
tional theory (DFT) we analyze the stability 
and the band gap of two structural models for 
LixCsPbI3 at room temperature, the cubic α 
phase and a distorted structure analogous to 
the γ phase (γ’ structure) of the halide perov-
skite. The hypothetical α phase does thermo-
dynamically not allow an uptake of Li and is 
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likely to be structurally unstable for x > 1/4, 
while adding Li up to x = 1 in the γ’ structure 
turns out to be energetically favorable. In all 
cases, Li promotes structural distortions of the 
perovskite crystal, namely tilting of Pb-I-Pb 
bond angles ΔPb-I-Pb and Cs off-center dis-
placements ΔrCs, which lead to a decrease of 
the solution energy and an increase of the 
concentration of Li ions in the perovskite (see 
Figures1a and 1b).  

Fig. 1: Relation of Li solution energy Esol and angle 
distortion ΔPb-I-Pb with varying Li concentration x in a) 
α phase and b) γ’ structure. Fig. c) displays the relation 
between the band gap Eg and the angular distorsion 
angle ΔPb-I-Pb caused by the insertion of Li ions into 
the two perovskite phases. © C. Elsässer's Group 

Furthermore, interstitial Li has the following ef-
fects on the electronic structure of CsPbI3: i) 
the induced structural distortion reduces the 
band dispersion, which leads to a significant 
increase of the band gap; ii) depending on the 
electronic charge (Li being considered as neu-
tral atom or charged ion), the screening by mo-
bile electrons in the conduction band leads to 
a small change in the band gap; iii) Li 2s states 
hybridize with I and Pb states, but the effect on 
the band edges and band gap is negligible. Al-
together, the change of the band gap is domi-
nated by the ΔPb-I-Pb angles, i.e., stronger dis-
tortion caused by increasing Li content is ac-
companied by a (linear) increase of the band 
gap, as plotted in Figure 1c. 

Overall, the insertion of Lithium into the halide-
perovskite crystal led to an increase of the 
band gap of LixCsPbI3 compared to CsPbI3. 
The continuously increasing band gap must 
be taken into account for potential photobat-
tery applications. It may also provide a sensi-
ble measure for the content of Li in (hybrid) 
halide-perovskite compounds. 
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The livMatS project ThermoBatS is part of re-
search area A and aims at harvesting thermal 
energy by developing a micro-thermoelectric 
generator (µTEG) with two different phase 
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change materials (PCM) on both sides, acting 
as heat reservoirs. The concept and idea be-
hind this package – called a ThermoBatS – 
has been described extensively in previous re-
ports [1,2].  

The project can be broken down into two 
halves: (1) the development and fabrication of 
the µTEG part and (2) the addition of the 
PCMs on both sides of the µTEG, forming the 
ThermoBatS unit. The first part (1) involved 
synthesis of the thermoelectric materials – n- 
and p-type, based on Bismuth telluride – and 
its formulation as a printable ink as well as the 
whole multi-step process of using the ink to 
fabricate µTEGs in pre-structured substrates. 

Fig. 1: ThermoBatS µTEG (10 x 10 mm²) on a PCB 
substrate (© IMTEK/Laboratory for Design of Mi-
crosystems)  

The whole process along with characterization 
results has been published in 2021 [3] and an 
extension/update is prepared at the moment. 
With the first half of the project successfully 
finished (Fig. 1), the second half (2) was 
started in 2021. This involved identification 
and selection of suitable PCMs as well as 
overcoming PCM thermal conductivity limita-
tions. The first results and the reasoning be-
hind the PCM selection have been communi-
cated in last years FIT report [4]. The selected, 
non-toxic and non-corrosive organic PCMs 
suffer from an intrinsically low thermal conduc-
tivity in both liquid and solid state with a maxi-
mum approaching only 0.2 W/mK. Prior to any 
possible integration into a ThermoBatS, the 
low thermal conductivity had to be addressed. 

In order to reliably measure thermal conduc-
tivity of paraffin wax PCMs and later its in-
crease, the TACS (temperature adjustmen 

and control setup) has been developed in-
house (Fig. 2). 

Fig. 2: TACS with THB (see text for details) 
(© IMTEK/Laboratory for Design of Microsystems)  

The TACS and is able to maintain a certain 
temperature at its copper plates to within 
0.1 K. For thermal conductivity measurements 
at different temperatures, the TACS was com-
bined with a THB (transient hot bridge) system 
from the company Linseis, which uses wired 
probes immersed/embeedded in the liq-
uid/solid. The whole setup can measure ther-
mal conductivities at different temperatures 
with high precision and has been presented at 
the PowerMEMS conference 2022 in Salt 
Lake City (Utah, USA) [5].  

Fig. 3: Solidified PCM-Cu-wool composite 
(© IMTEK/Laboratory for Design of Microsystems) 

In order to increase the thermal conductivity of 
PCMs, composites with different metal shav-
ings and wools have been fabricated and 
tested (Fig. 3). A PCM-Cu-wool composite 
with only 2.8 % Cu is able to enhance the ther-
mal conductivity of a pure PCM +290 % and 
+125 % in liquid and solid state respectively. 
Currently the addition of finer graphite or Cu 



Highlights 

54  FIT-Report 2022 

powders to this composite is under investiga-
tion to further increase the thermal conductiv-
ity towards 1 W/mK. 

While the ThermoBatS project itself came to 
an end in 2022, its work continues in a multi-
tude of successor projects. A short overview: 

A livMatS MasterLab student is currently 
working on further enhancing the thermal con-
ductivity of the PCM-Cu-wool composites in 
order to finally integrate TEGs with PCM res-
ervoirs, forming ThermoBatS prototypes. His 
project also involves exploring the possibility 
of using ThermoBatS as actuators. 

The direct livMatS follow-up project of Ther-
moBatS is called ThermoMetaS. This project 
will finish the ThermoBatS development and 
use them to develop a “self-contained material 
system” which is 3D printable and able to (1) 
harvest thermal energy and (2) can act auton-
omously to external temperature changes.  

In ThermoBatS-RF, a collaborative project 
with Pennsylvania State University, funded by 
livMatS and the LiMC² (Convergence Center 
for Living Multifunctional Material Systems), 
the application of ThermoBatS in responsive 
facades (RF) of large buildings is investigated 
both in different theoretical concepts as well as 
an experimental demonstrator. 
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Mobility is shifting toward zero-emission elec-
trical powertrains. Fuel cells will be an im-
portant component of electric powertrains due 
to their short refuelling times and high energy 
density. These two benefits are especially im-
portant for heavy-duty applications. However, 
when used in trucks, the lifetime requirement 
for fuel cells must be increased by a factor of 
4 - 8 when compared to the current state of the 
art for light duty-vehicles. [1-4] 

The project "FC-RAT" aims to significantly im-
prove and expand understanding of aging and 
degradation processes. The aim of the project 
is to develop models for realistic lifetime as-
sessments under real load profiles in collabo-
ration with the Fraunhofer Institute for Solar 
Energy Systems (ISE) and AVL Deutschland 
GmbH,. The goal of the sub-project worked on 
in FIT, is to characterize and comprehend the 
aging and degradation mechanisms of various 
key components of the fuel cell. For the time 
being, the sub-projects' focus is on membrane 
aging and degradation. 

Membrane electrode assemblies (MEAs) are 
aged with established accelerated stress tests 
(ASTs) to improve the understanding of aging 
processes within a reasonable period. Each 
AST is selected based on the component and 
degradation mechanism being examined. 

To study membrane degradation with respect 
to chemical and mechanical degradation, the 
MEA is held at the open circuit voltage while 
the relative humidity is varied [3]. The opera-
tion at open circuit voltage accelerates chemi-
cal degradation, whereas relative humidity 
variation causes swelling and shrinking of the 
membrane and thus puts the membrane under 
mechanical stress. The membrane integrity is 



Highlights 

FIT-Report 2022 55 

measured in-situ at regular intervals while the 
AST is conducted. 

First experiments indicated that mechanical 
degradation is the main aging mode for the 
tested membranes (Fig. 1). In this figure, the 
H2 crossover is plotted over time as an indica-
tor of the mechanical integrity of the mem-
brane. 

Fig. 1: Gas cross-over versus experimental time for 
FS-715-RFS membrane combined chemical-mechani-
cal aging (red) versus chemical aging (black), Solid 
lines: pressure on anode and cathode side is the same, 
dashed lines: Anode with 50 kPa overpressure against 
cathode. Cross-over from anode to cathode is meas-
ured. Hence, increasing the pressure at the anode in-
creases the cross-over. (© Electrochemical Energy 
Systems Group) 

However, further investigations showed that 
all membranes show the same failure mecha-
nism in mechanical aging testing. The mem-
branes always tear at the edges of the GDL. A 
failure point that does only exist in small test-
ing setups but not in larger cells and commer-
cial stacks as there the CCMs are typically 
framed and the GDL edge is then on the more 
robust polymer frame instead of the CCM. A 
framing system for the combinations with our 
CCMs and flow fields was developed to elimi-
nate this failure point (see Fig. 2a). For lami-
nation, a PEN-foil (Polyethylene naphthalate) 
with a layer of hot glue on a polyether base 
was chosen. For good reproducibility, the foils 
are cut out with a laser. The CCM is then 
placed between two lamination sheets in a 
hot-press to seal. The GDL is cut out larger 
than the active area, so the edges lie on the 
lamination foil. Tests showed that the lifetime 
of cells under mechanical aging conditions 
can be increased by a factor of 3 (compare 

Fig. 2b) and that the edge of the membrane is 
not the failure point anymore. 

To investigate chemical changes in the mem-
brane during aging, confocal Raman micros-
copy was used. Previous work of this group 
showed that Raman microscopy is a good tool 
to investigate local changes in ion exchange 
capacity and water content in a membrane. 
Furthermore, confocal Raman microscopy can 
resolve different layers of the membrane with-
out the need to cut the membrane, allowing for 
2D cross-sections and even 3D chemical 
maps [5]. As taking 2D images can take multi-
ple hours, it has to be made sure that the sam-
ple does not change over time. Therefore, a 
sample holder is developed in which the sam-
ple is submerged in water of controlled tem-
perature. 

Fig. 2: a) Sketch of the new cell assembly with lamina-
tion-foil; b) Comparison of gas crossover during aging 
test for a sample with old cell assembly (red) and new 
cell assembly (black). Solid lines: pressure on anode 
and cathode side is the same, dashed lines: Anode 
with 50kPa overpressure against cathode. (© Electro-
chemical Energy Systems Group)  

Future work will focus on evaluating local 
changes in chemistry and water management 
in different membranes after chemically aging 
them with the help of the above mentioned and 
now developed methods. 
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Within the inorganic SolStore (iSolStore) pro-
ject we aim at developing multifunctional and 
autonomous photocharging electrochemical 
energy storage systems, able to harvest and 
convert solar energy into electrical energy as 
well as store and release it at the same time 
and place. Additionally, such systems should 
feature the highest possible functional level of 
integration.  

State-of-the-art integrated iSolStore devices 
are based on the so called three-electrode in-
terconnection scheme, with a shared elec-
trode between the photovoltaic (PV) part, a so-
lar cell, and the electrochemical storage unit, 
a supercapacitor or battery – referred as inte-
gration mode II. In this scenario on type of 
charge carriers photogenerated by the solar 
cell migrate to and through the shared elec-
trode, which acts simultaneously as a charge 
acceptor for the storage device. The two re-
maining electrodes, one at the solar cell and 
one at the electrochemical unit, close the cir-
cuit in the photovoltaic cell and the storage 
unit, respectively. Here two types of electro-
chemical photostorage devices can be tar-
geted, namely photobatteries or photosuper-
capacitors, based on either on batteries or su-
percapacitors (incl. electrochemical double 
layer capacitors (EDLCs), pseudocapacitors, 
hybrid capacitors). 

Up to date, as a first proof of concept we suc-
cessfully developed a photosupercapacitor in 
the integration mode II based on a solar cell 
integrated with an EDLC. On the PV side, 
large area (1 cm2) 
FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite solar cells 
(PSC) with an optimized layer sequence pro-
tecting the sensitive absorber from the super-
capacitor electrolyte was implemented (Glunz 
group). As an active material for the EDLC we 
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used mesoporous N-doped carbon nano-
spheres (MPNCs) produced via a hard-tem-
plating (Fischer group).1,2 This resulted in a 
peak overall photoelectrochemical energy 
conversion efficiency (calculated according to 
the protocols taken from the literature3) of 
11.5 %.4 As a result of this work, all the neces-
sary integration and processing steps were 
established, incl. (i) the design and processing 
of the shared electrode interphase between 
the solar cell and the EDLC; (ii) developing a 
proper capacitive material for high perfor-
mance EDLC, including its synthesis, charac-
terization and optimization; (iii) designing and 
processing the supercapacitor electrodes; and 
(iv) identifying the proper electrolyte that 
would provide high ion conductivity and at the 
same time would be compatible (in terms of 
stability) with the chosen solar cell.4,5 

Motivated by the outstanding performance of 
the perovskite-MPNC-based photosuperca-
pacitor, we extended our approach for the in-
tegration of the MPNC-based EDLCs with a 
crystalline silicon (Si) solar cell - a highly effi-
cient, mature and robust PV technology allow-
ing to aim for reliable and long-lasting de-
vices.6 Indeed, Si solar cells offer the required 
chemical stability, enabling the use of aque-
ous electrolytes which are nontoxic, eco-
friendly and cost-effective. Additionally, using 
Si-based solar cells makes any housing 
and/or encapsulation unnecessary, which re-
duces the device’s cost and, most importantly, 
facilitates scaling-up and commercialization.  

The electrodes of the electrochemical double 
layer supercapacitor (EDLC) were assembled 
out of MPNC particles synthesized by a hard-
templating approach. This approach, yielding 
highly defined MPNC nanospheres, is based 
on the oxidative polymerization of aniline in the 
presence of SiO2 nanoparticles as templates 
followed by carbonization and template re-
moval (etching) and was reported by us previ-
ously for EDLCs and other electrochemical 
energy applications.1,2 In this work, highly 
monodisperse MPNC particles carbonized at 
1000°C with a particle size of 320 ± 22 nm and 
a well-defined continuous porous structure 
made of 23 nm mesopores (denoted as 
MPNC-23-1000, where 23 stands for the Silica 
template size in nm, and 1000 stands for the 

carbonization temperature in °C) were used 
(Figure 1 a). The obtained particles have a 
large specific surface area of 628 m2/g and 
pore volume of 1.35 cm3 g-1, which is a prereq-
uisite for a high capacitive performance of the 
EDLC. The well-defined porous structure and 
monodispersity of the MPNC nanospheres 
(see particle size distribution in Figure 1 a, in-
set) allowed to produce homogeneous elec-
trode coatings with homogeneously packed 
MPNC nanospheres along the whole elec-
trode thickness achieving high intra- and in-
terparticle percolation (Figure 1 b).  

Fig. 1: SEM images of the MPNC-23-1000 (a) and a 
cross-section (b) of the MPNC-electrode. SEM image 
MPNC with a diameter of 320 nm and pore size of 
23 nm and the particle size distribution in the inset. 
Scheme of the integrated photosupercapacitor device 
(b) and photocharge-discharge at low light intensities 
(f). Reproduced with permission from6  

The EDLCs were assembled in a symmetric 
configuration using the produced MPNC elec-
trodes and a semi-solid gel electrolyte, which 
overall reduced the device complexity making 
unnecessary any housing or packaging and 
allowing freestanding structures. The assem-
bled MPNC-EDLC showed a large capaci-
tance (224 F/g at 0.5 A/g), energy densities up 
to 7.7 Wh/kg with power densities up to 
2.4 kW/kg. 

As the photovoltaic part, we used an n+pp+ c-
Si solar cell which showed a high efficiency of 
20.5 %, high open-circuit voltage of 0.652 V, 
short circuit current of 38.8 mA cm-2 and fill 
factor of 81 %. The cell features an excellent 
illumination linearity and high performance 
even at low light illumination. 
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To assess the photoelectrochemical perfor-
mance of our devices, a test station comprised 
of a potentiostat/galvanostat together with a 
solar simulator was utilized to design and per-
form a set of measurements such as photo-
charging, photo-assisted charging as well as 
charging and discharging of the device. 

The monolithic integration of the Si solar cell 
with the MPNC-EDLC resulted in a free-stand-
ing photosupercapacitor that could be photo-
charged upon illumination to its maximal volt-
age of 0.62 V in less than 2 s and discharged 
on demand, achieving an areal capacitance of 
47 mF cm-2. The device could be photo-
charged and discharged for more than 15 
times, confirming good operation stability. As 
a result, the photosupercapacitor could deliver 
an energy density up to 1.25 μWh/cm2 at a 
power density of 59.4 µW/cm2 and 
0.5 μWh/cm2 at 595 µW/cm2.  

More importantly, the photosupercapacitor 
could be photo-charged even at low light in-
tensities up to its maximal voltage without per-
formance deterioration (43 mF cm-2). These 
results point out that even under weak illumi-
nation conditions the solar cell delivers suffi-
cient current to fully charge the supercapaci-
tor. This only demonstrates the efficiency of 
our materials, integration approach and result-
ing devices, paving the way towards new en-
ergy autonomous iSolstore and oSolStore de-
vices. 
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Within the inorganic SolStore (iSolStore) pro-
ject, we aim at developing multifunctional solar 
photocharging electrochemical energy stor-
age systems, able to harvest, convert, store 
and release energy at the same time and 
place. Additionally, one goal is to achieve the 
highest possible and functional level of inte-
gration for these systems. One way to achieve 
this goal is to design a 2-electrode system, in-
volving one multifunctional photo battery elec-
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trode capable of energy conversion (PV-func-
tionality) and storage (battery functionality) at 
the same time and place, which is called inte-
gration mode III (Figure 1c). 

Fig. 1: Schematic of different integration modes. (a) 
Mode I integration with 4 external contacts, where the 
energy conversion unit (solar cell) is connected to the 
energy storage unit (battery) via external wiring. The 
switch is shown in a closed position. (b) Mode II inte-
gration with 3 external contacts, where the p contact of 
the energy conversion unit (solar cell) and the cathode 
(positive) contact of the energy storage unit (battery) 
are merged. The switch is shown in a closed position. 
(c) Mode III integration with 2 external contacts, where 
a multifunctional material is used, that is can both con-
vert solar energy and store charges at the same time 
and place. The switch is shown in an open position (re-
produced from [1] under CC BY-NC 4.0 license). 

The obvious challenge, especially for a fully in-
tegrated 2 electrode mode III device is finding 
a suitable material providing all the above-
mentioned functionalities at once. One candi-
date proposed are organic-inorganic lead hal-
ide perovskites. These materials are known to 
be very promising and contribute to the fast 
development of perovskite solar cells (PSC), 
which after only little more than 10 years of de-
velopment outperform classic Si-solar cells on 
a lab scale.[2] 

Recently 2-(1-cyclohexenyl)ethyl ammonium 
lead iodide (CHPI) has been reported as mul-
tifunctional photoelectrode material for the de-
sign of highly integrated Li-ion photo batter-
ies.[3] 

In the present work and based on the some-
how conflicting literature reports on organic-in-
organic lead halide perovskites for Li-ion re-
chargeable batteries and Li-ion rechargeable 
photobatteries[4-7], we revisited the 
(photo)electrochemical behavior of CHPI and 
reexplored it’s applicability as a multifunctional 
photoelectrode material for highly integrated 
Li-ion based mode III photobatteries. We 
investigated its (photo)electrochemical behav-
ior in very polar carbonate based electrolytes, 
typically used in LIBs (and previous reports) 
and a newly developed low polarity electrolyte 
based on ortho-difluorobenzene (o-DFB), to 

probe CHPI-stability against dissolution, 
possible Li-intercalation and photo-assisted 
deintercalation (photo charging). In addition, 
the general behaviour of CHPI under 
illumination and in contact with liquid 
electrolyte was assessed. 

Model CHPI electrodes on FTO coated glass 
slides (CHPI-FTO) were prepared via spin-
coating precusor solutions containing 2-(1-cy-
clohexenyl)ethyl amin (CHAI) and lead iodide 
(2:1 molar ratio) dissolved in a DMF:DMSO 
(4:1, v:v) solvent mixture (experimental de-
tails, see [1]). For comparison CHPI-carbon 
black (CHPI-CB-FTO) composite electrodes 
were also prepared. 

For the (photo)electrochemical characteri-
zation a potentiostat/galvanostat and a solar 
simulator was used. The electrochemical 
characterizations were performed with a spe-
cifically self-designed photobattery electro-
chemical cell (see Figure 2b, d). As electrolyte 
1M LiPF6 in ethylene carbo-
nate:dimethylcarbonate (1:1, v:v, LP30) and 
0.2M Lithium perfluorobutoxyaluminate (Li[pf] 
= Li[Al(ORF)4], RF = C(CF3)3)Li[pf] in ortho-
difluorobenzene (o-DFB): dimethoxyethane 
(DME): fluoroethylene carbonate (FEC) 
(59.0:2.6:1.0, v:v:v, = Li[pf]-o-DFB) were used 
in combination with a non-woven polymer sep-
arator from Freudenberg and a a lithium metal 
counter electrode.  

CHPI-FTO and CHPI-CB-FTO electrodes 
were the samples investigated. All samples 
had the same dimensions of 2 cm x 2 cm. All 
cells were assembled inside an Argon-
glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) fol-
lowing the same procedure. In case of photo-
electrochemical characterizations, controlled 
illumination of these cells was realized with a 
LED-solar simulator (Wavelabs, LS2, 
AM 1.5 G, 100 mW cm–2, AAA). 

Our study demonstrates that the 2D organic-
inorganic lead halide perovskite CHPI is fully 
soluble in polar carbonate based electrolytes, 
typically used for lithium ion batteries (LiB) 
(see Figure 2d). When a suitable low polarity 
electrolyte stabilizing the material is chosen, 
such as the previously described Li[pf]-o-DFB 
based electrolyte, no electrochemical 
evidence for Li+ intercalation was found for the 
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CHPI electrode. Instead purely capacitive 
behavior was revealed (see Figure 2a, b, c). 
Attempting an illuminated galvanostatic 
“charge” of the CHPI-FTO electrode in the 
specifically designed photobattery setup, 
while in contact with the electrolyte, leads to 
photo corrosion and subsequrent dissolution 
of the CHPI phase. This oxidative corrosion 
can also be achieved by simply oxidizing the 
material in dark or just illuminating the material 
without any external voltage. 

Fig. 2: (a) Cyclic voltammogram (scan rate 1 mV s-1) 
of spin coated CHPI on FTO as working electrode with 
a Li counter electrode, Freudenberg non-woven poly-
mer separator and Li[pf]-o-DFB electrolyte; (b) Zoom 
in of (a); Inset in (b): Picture of CHPI on FTO before 
(left) and after (right) contact with Li[pf]-o-DFB electro-
lyte. (c) CV (scan rate 0.1 mV s–1) of blank FTO as 
working electrode with a Li counter electrode, 
Freudenberg non-woven polymer separator and Li[pf]-
o-DFB electrolyte. (d) spin coated CHPI on FTO as 
working electrode; Inset in (d): Picture of CHPI on FTO 
before (left) and after (right) contact with the electrolyte 
(reproduced from [1] under CC BY-NC 4.0 license). 

These dissolved species give rise to faradaic 
plateaus, but these are neither indicating any 
Li-ion-intercalation in a solid CHPI phase nor 
do they correspond to a photo or photo-
assisted charging. As such our results 
contradict the results reported so far on these 
systems. 

The inherent chemical, electro-chemical and 
photochemical instability of halide perovskites 
(especially iodide, and bromide containing 
compounds) and their incompatibility with a Li-
ion based intercalation chemistry in our eyes 
disqualify these materials for any usage in 
mode III photobattery systems and further its 
use in direct combination with any polar liquid 
electrolyte based battery systems, at least if 
intercalation chemistry is targeted (Figure 3). 

Fig. 3: Schematic of CHPI behavior for different sce-
narios. (a) Simplified schematic CHPI structure. (b) 
CHPI dissolution in polar solvents. (c) Stable CHPI in 
low polarity electrolyte, but no quantitative Li+ interca-
lation needed for relevant energy storage, occurs. (d) 
Reductive electrochemical degradation of CHPI with 
Pb0 formation. (e) Photo corrosion of CHPI under illu-
mination (reproduced from [1] under CC BY-NC 4.0 li-
cense). 
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The SolStore is held within the framework of 
the livMatS Cluster of Excellence at the Uni-
versity Freiburg and is part of the Research 
Area A (Energy Autonomy).  

The SolStore project tackles the integration of 
solar cells with the electrochemical energy 
storage system into one hybrid monolithic de-
vice where the solar energy is harvested, con-
verted, stored and released on demand. To re-
alize such self-sufficient photostorage device 
with a high level of integration, one of the most 
promising way up to date is the three-elec-
trode design where the respective solar cell is 
coupled with the storage device via a shared 
electrode.  

Thus far, in the SolStore we developed two 
types of such photosupercapacitors where the 
electrochemical double layer capacitors 
(EDLC, storage units) was integrated either 
with (i) large area FA0.75Cs0.25Pb(I0.8Br0.2)3 per-
ovskite solar cells (PSC), or (ii) highly linear 
and robust silicon solar cells.1,2  

The results of these works served not only as 
the proof of concept but also allowed us to es-
tablish all the necessary integration and pro-
cessing steps, incl. (i) the design and pro-
cessing of the shared electrode and its inter-
faces with the solar cell and the EDLC; (ii) de-
veloping a proper capacitive material for high 
performance EDLC, including its synthesis, 
characterization and optimization; (iii) design-
ing and processing the supercapacitor elec-
trodes; and (iv) identifying a proper electrolyte 
that would provide high ion conductivity and at 
the same time would be compatible (in terms 
of stability) with the chosen solar cell. 

However, despite the successful integration of 
the photosupercapacitors, there were still no 
clear measurment and characterization proto-
cols for performance evaluation of such hybrid 
devices, which renders a fair comparison 
among different photostorage devices difficult. 
Thus, in this work we developed a new ap-
proach to evaluate the performance of an inte-
grated solar energy conversion and storage 
system and applied it to an integrated photo-
supercapacitor composed of a EDLC mono-
lithically assembled with an organic solar cell 
(OSC).  

As an electroactive material for the EDLC 
electrodes we used mesoporous N-doped car-
bon nanospheres (MPNC) with a pore size of 
23 nm. The synthesis approach is based on 
the oxidative polymerisation of aniline in the 
presence of Silica template (with 23 nm diam-
eter in this case), followed by carbonisation 
(1000 °C in this case) and template etching.1-4 
This resulted in highly monodisperse 320 ± 22 
nm MPNC particles with well-defined porous 
structure with 23 nm mesopores (denoted as 
MPNC-23-1000, where 23 stands for the Silica 
template size in nm, 1000 – stands for the car-
bonization temperature in °C). The obtained 
MPNCs have large specific surface area of 
628 m2 g-1 and pore volume of 1.35 cm3 g-1, 
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which is essential for an efficient charge ac-
commodation and hence for high capacitive 
performance of the EDLC. At the same time, 
the MPNCs feature well-defined mesoporous 
structure and homogeneous particle size dis-
tribution, which is important while processing 
the particles onto electrodes. This results in 
3D porous and accessible electrodes with 
fixed intraparticular diffusion pathways and 
maximized electrode percolation.  

As the solar cell, we used a highly efficient 
OSC based on the absorber blend D18:Y6. 
Under “1 sun” illumination (AM1.5G, corrected 
for spectral mismatch), the OSC showed high 
open-circuit voltage of 0.84 V and large short-
circuit current density of 24.9 mA cm-2 result-
ing in high power conversion efficiency (PCE) 
of 14%. This was the main trigger for fast 
photo-charging of the OSC-MPNC photosu-
percapacitor (when integrated) of up to 0.84 V. 
Additionally, excellent capacitive performance 
(with the areal capacitance up to 120 mF cm 2) 
of the MPNC-EDLC enabled to efficiently store 
the charge delivered by the solar cell, favoring 
high storage efficiency of 98.5 %. The resulted 
OSC-MPNC photosupercapacitor delivered 
0.01 mWh cm-2 and 4.6 mW cm-2 energy and 
power density, outperforming reported works.5  

As widely reported in the literature, the effi-
ciency of the integrated photosupercapacitors 
is calculated using a photoelectrochemical en-
ergy conversion efficiency definition:5 

𝜂 ൌ 𝜂ୡ୭୬୴ୣ୰ୱ୧୭୬ ∙ 𝜂ୱ୲୭୰ୟ୥ୣ ൌ
𝐸ୱ୭୪ୟ୰ ୡୣ୪୪

୭୳୲୮୳୲

𝐸୪୧୥୦୲
∙

𝐸ୱ୲୭୰ୟ୥ୣ
୭୳୲୮୳୲

𝐸ୱ୭୪ୟ୰ ୡୣ୪୪
௢௨௧௣௨௧

ൌ
0.5 ∙ 𝐶 ∙ 𝑉ଶ

𝑃୧ ∙ ∆𝑡 ∙ 𝐴ୱ୭୪ୟ୰ ୡୣ୪୪
 

Eq.1

Where C is the capacitance, V is the voltage 
when charged, Pi is the power input, ∆t is the 
photocharging time, and Asolar cell is the active 
photosensitive area.  

This summed up to an unprecedentedly high 
overall photoelectrochemical peak energy 
conversion efficiency (η) of 17.3%, which out-
performs photosupercapacitors reported in the 
literature so far.6,7 

However, this equation implies that all the en-
ergy provided by the solar cell is actually 
stored in the supercapacitor. In real devices 

however, losses are expected due to the cir-
cuitry and non-ideal supercapacitor behavior. 
Additionally, the energy stored is not the same 
as the energy output for non-ideal superca-
pacitors. 

Thus, we proposed a new definition (ηphotostor-

age) to accurately calculate the efficiency of the 
photosupercapacitor (Eq. 2) which includes 
the losses occurring during the illumination. It 
gives the instantaneous ratio of the energy 
stored in the supercapacitor to the energy in-
put: 

𝜂୮୦୭୲୭ୡ୦ୟ୰୥ୣ ൌ
𝐸ୱ୲୭୰ୣୢ

𝐸୪୧୥୦୲

ൌ
׬ ሺ𝑉ୡୟ୮ሺ𝑡ሻ 𝐽ୱ୭୪ୟ୰ ୡୣ୪୪ሺ𝑡ሻ െ  𝐽ୱ୭୪ୟ୰ ୡୣ୪୪

ଶ ሺ𝑡ሻ𝑅୪୭ୱୱሻ 𝑑𝑡
௧೎

଴

׬ 𝑃୧
௧೎

଴
ሺ𝑡ሻ 𝑑𝑡

 
Eq.2

Where, Elight is the energy of the incoming 
light, Vcap(t) is the measured voltage between 
the supercapacitor terminals, Jsolar cell(t) is the 
current between OSC and EDLC, tC is the illu-
mination time, and Rloss is the measured over-
all resistance of the losses in the system, i.e., 
circuitry, solar cell, and supercapacitor series 
resistance. 

Nevertheless, Eq. 2 does not include the su-
percapacitor characteristics apart from the se-
ries resistance, and thus is only valid to evalu-
ate the illuminated cycle. To calculate the 
complete efficiency of a photocharge and dis-
charge cycle, the energy delivered during dis-
charge should also be considered. Thus, we 
introduced a new figure of merit – a cycle effi-
ciency (ηcycle), which takes into account these 
parameters in a correct manner (Eq. (3): 

𝜂ୡ୷ୡ୪ୣ ൌ 𝜂ୡ୭୬୴ୣ୰ୱ୧୭୬ ൈ 𝜂ୱ୲୭୰ୟ୥ୣ

ൌ  
𝐸ୱ୭୪ୟ୰ ୡୣ୪୪
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𝐸୪୧୥୦୲
ൈ

𝐸୭୳୲୮୳୲

𝐸ୱ୲୭୰ୣୢ

ൌ  
׬ 𝑉ୱ୭୪ୟ୰ ୡୣ୪୪ሺ𝑡ሻ 𝐽ୱ୭୪ୟ୰ ୡୣ୪୪ሺ𝑡ሻ

௧೎

଴
 𝑑𝑡
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଴
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ൈ
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Eq.3 

Where td is the discharge time, Vsolar cell(t) is the 
voltage of the solar cell, and JGD(t) is the cur-
rent density applied during the discharge. 

The performance evaluation using our new 
definition resulted in a complete cycle effi-
ciency of 2%. This is a much more realistic fig-
ure of merit for the overall device performance 
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as it includes the cycle energy utilization of the 
complete device.8 

We believe this new definition will help in the 
future to benchmark new photosupercapaci-
tors and enable a reliable comparison among 
different systems. 
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For achieving the best results in system de-
sign and manufacture of micro thermoelectric 
generators (µTEGs), electrical and thermal 
characterization is the essential part. This 
study describes a fully integrated in-situ meas-
urement setup for determining contact re-
sistance and characterizing the thermoelectric 

properties of thermoelectric materials and 
thermoelectric thermolegs used in a µTEG. 
Printing technology is a popular process for 
TEG and thermoleg manufacture and dis-
penser printing is the simplest technique in this 
field [1]. As a result, dispenser printing was 
employed in this work for µTEG manufactur-
ing, based on a prior µTEG fabrication idea es-
tablished in printed circuit board (PCB) mate-
rial [2]. To evaluate the effect of the paste dis-
pensing process, compacting, and the pres-
sure and temperature during the hot-pressing 
processes of previously dispensed µTEG ther-
molegs, a measurement setup was imple-
mented in a PCB substrate similar to the one 
carrying the entire µTEG, allowing measuring 
the contact resistance between the TE mate-
rial and the PCB substrate. The traditional 
transfer length technique (TLM) is employed 
for contact measurement in this arrangement, 
however it is applied in an unconventional ver-
tical way alongside the thermo-legs. Based on 
this configuration, a full measuring platform 
(ZT-Card) is designed and ready to be manu-
factured to assess all important thermoelectric 
material parameters as well as contact re-
sistance [3]. 

 

Fig. 1: Top view of contact resistance measurement 
units, each unit consists of a of single thermoleg in the 
middle and surrounding electrical Cu contacts. © 
IMTEK/Laboratory for Design of Microsystems 

A 10 × 10 mm² FR4-based 4-layer PCB sub-
strate serves as the measuring platform for 
contact resistance measurement. Vertical 
TLM structures are made up of four 110 µm 
thick Cu layers with three 260 µm thick FR4 
layers in between. A single cylindrical cavity in 
the middle is surrounded by four copper ring 
contacts and is filled with p-type or n-type TE 
material (Fig. 1). The contact resistance is cal-
culated using the authorized TLM technique 
by measuring the varying resistances between 
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the copper layers and graphing the results with 
relation to the distance between the Cu layers 
(Fig. 2). The linear regression extrapolated to 
zero distance gives double the contact re-
sistance RC as in a regular TLM system (Fig. 2). 
The simulation study with COMSOL 5.6 is also 
applied for the desined electrical contact re-
sistance measurement setup and the fluctua-
tion of contact resistances under hot-pressing 
conditions used for thermoleg manufacturing 
is investigated. More information and discus-
sion can be found in the published literature 
[2]. 

Fig. 2: Contact resistance calculation for a measure-
ment platform filled with n-type TE material at its re-
spective distance alongside the thermoleg. Red data 
points data are corresponding to the simulation values 
and blue data points are corresponding to the meas-
urement values. © IMTEK/Laboratory for Design of Mi-
crosystems 

The whole ZT-Card is designed as a FR4-
based multilayer PCB substrate with dimen-
sions of 20 × 10 mm² (Fig. 3). In order to char-
acterize both p-type and n-type TE material, it 
combines the previously explained electrical 
contact resistance measurement at the manu-
factured thermolegs with a Seebeck measur-
ing setup. The same method is employed to 
fabricate both samples and the final µTEG, 
therefore the outcomes of material characteri-
zation may be directly correlated with process 
variables. Additionally, a four-point measure-
ment for determining electrical conductivity 
may be used with this measuring platform, 
which is currently under manufacturing, by re-
using the TLM connections. Thermocouples 
from the top and bottom, along with the heat-
ing system on board (Fig. 3), will make it pos-
sible to measure the Seebeck voltage of each 
leg. The ZT of the n- and p-type materials can 

be calculated using only the ZT-Card [3]. Cur-
rent work focuses on getting results and eval-
uating this fully integrated measurement plat-
form. 

Fig. 3: 3D view of the design of the ZT-Card consists 
of contact resistance measurement together with the 
TE material characterization [3]. © IMTEK/Laboratory 
for Design of Microsystems 
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The ultimate goal of this project from Research 
Area D of livMatS is the design of a new, tiered 
methodological framework (TAPAS) for a pro-
spective assessment of the sustainability as-
pects of novel technologies and materials sys-
tems. TAPAS aims to detect associated bene-
fits and challenges. Hence, the approach 
serves both as an “early warning system” for 
less sustainable options and as an “early en-
couraging system” for favorable paths of inno-
vation. Within this context, TAPAS operation-
alizes relevant normative frameworks for the 
sustainability assessment, with particular fo-
cus on the 2030 Agenda [1] and the concept 
of Planetary Boundaries [2]. 

Important basic work was dedicated to the 
methodological interface between biomimetics 
and sustainability research. By using the plant 
growth form of lianas as an example, existing 
biological concepts were analyzed in close 
collaboration with Research Areas B, C and 
the Demonstrator line of livMatS in order to 
sharpen the three sustainability strategies of 
efficiency, consistency and sufficiency and to 
derive practical design principles for more sus-
tainable products in the technosphere [3]. 

Based on this methodological groundwork, 
TAPAS was designed to allow users to ana-
lyze potential impacts of their development 
work by themselves [4]. Depending on the ma-
turity of the analyzed object as well as on the 

data available, different low-threshold instru-
ments are applied: In the first stage, qualitative 
online surveys are used to obtain an overview 
of, e.g., the functions and materials used in the 
analyzed object. In the second stage, “Cogni-
tive-Affective Maps” as a method from social 
sciences come into play for analyzing social 
acceptance. In the third stage, a prospective 
screening of chemicals and an analysis of the 
criticality of raw materials are carried out. The 
fourth stage is followed by detailed benefit 
analyses with an indicator set derived from the 
2030 Agenda. In this respect, new methodo-
logical ground was broken and a set of indica-
tors was developed that allows for the first time 
the assessment of societal benefits with re-
gard to the 2030 Agenda, its 17 Sustainable 
Development Goals (SDG) as well as the 
169 SDG targets [5]. In the case of more ad-
vanced technologies or materials systems, life 
cycle oriented approaches, e.g. in the form of 
a life cycle assessment, are performed in a 
fifth stage. At any stage, TAPAS develops rec-
ommendations in order to accompany and en-
hance the livMatS developments. 

In order to evaluate the practical applicability 
of TAPAS, two case studies were carried out 
in which selected instruments of TAPAS were 
applied and tested in cooperation with two 
livMatS projects (SolStore and ThermoBatS) 
from Research Area A. The testing covered 
the tools of prospective chemicals assess-
ment, benefit analysis as well as orienting life 
cycle assessments. These case studies 
showed that the developed tools are generally 
suitable for projects in the field of basic re-
search. Furthermore, their application also 
provided concrete suggestions for the substi-
tution of solvents of toxicological concern 
(e.g., DMF) [6]. 

With the completion of the TAPAS project, it 
can be summarized that a field-proven ap-
proach for early sustainability assessment of 
novel technologies and materials systems is 
now available. Due to its consistent alignment 
with the 2030 Agenda, TAPAS combines a 
high degree of commitment with regard to its 
indicators with the pragmatic approach of self-
reflection. By locating the steps of analysis 
and assessment in the hands of scientists as 
the actors of the innovation process, it is not 
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only possible to provide the best possible da-
tabase; further advantages also arise in terms 
of “capacity building”, i.e. strengthening the 
methodological knowledge and skills for a sus-
tainability assessment among the users. 
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Since the societal and ecological implications 
of new technologies are too complex to be 
suitably overseen by any scientific discipline 
alone, interdisciplinary research now is more 
necessary than ever. Thereby, the term ‘sys-
tem’ is a core concept in various disciplines in-
volved in livMatS, and in the current discourse 
on sustainability and the socio-ecological 
transformation of society. It is used to describe 
properties of nature, technology, and society 
alike, as well as their interactions (see e.g. Fig-
ure 1 to demonstrate different types of sys-
tems as identified in systems theory). Hence, 
the mutual understanding of the concept ‘sys-
tem’ is highly relevant for interdisciplinary re-
search. Because humanity is identified as the 
driving force behind ostensibly natural events 
like climate change and mass extinction, not 
even the combined expertise of the natural sci-
ences is sufficiently equipped to understand 
all relevant dimensions of such phenomena. 
As they are the result of historically specific in-
teractions between nature, society, and tech-
nology, their analysis can't be reduced to ei-
ther of these spheres and is reliant on con-
cepts that illuminate such interactions [1].  

Based on these considerations, we assume 
that a thorough analysis of the concept of ‘sys-
tem’ and its different meanings is an important 
contribution to the research on the origins of 
and possible solutions to the multiple ecologi-
cal crises. An assumption affirmed by the lat-
est report of the IPCC, which explicitly calls for 
systemic solutions and a systemic perspective 
on the development of new technologies [2].  
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Fig. 1: “Konzepte der Systemtheorie” by Günter 
Ropohl is licenced under CC BY-NC-ND 4.0.  

This assumption of system as both essential 
part and intermediary between realms nor-
mally separated in western thinking, poten-
tially allows for the declared aim of livMatS to 
achieve a “systemic transfer of functional prin-
ciples of biological models into technical appli-
cations” [3]. This transfer can only succeed if 
the functional biological principle fits the re-
specitive technical system, which again re-
quires some sort of systemic familiarity be-
tween the biological model and its technical 
application. In this project, we would like to 
take this hypothesis of an ontological fitting 
even one step further: From the perspective of 
systems theory, new technologies only suc-
ceed in being sustainable in the threefold 
sense of the 2030 Agenda if they fit into vari-
ous already existing systems: Into other tech-
nical systems, in the sense that they need to 
become an integral part of an already existing 
infrastructure to have an impact; into social 
systems, in the sense that they need to be 
considered useful, affordable and just to be-
come accepted by the respective societies (or 
at least a relevant part of it); and into the re-
spective ecosystems and the earth system as 
a whole, in the sense that they need to be part 
of the material and energy cycle in a way that 
supports rather than harms life on earth. 

For scientists to collaboratively facilitate those 
systemic transfers and integrations, it is indis-
pensable that all participating actors have a 
mutual understanding of the systems terminol-
ogy. Because even if the language of systems 
theory is used by natural, social, and engineer-
ing sciences alike, the semantics can vary pro-
foundly. Hence, this project aims to help clari-
fying the different meanings of ‘system’ and 
strives to thereby strengthen its utility as an in-
terdisciplinary concept and mediator. 
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Cognitive-Affective Mapping (CAMing) is a 
novel method that can be used for exploring 
individual assessment e.g. for technology ac-
ceptance by displaying relevant concepts, 
their affective connotation and their relation-
ship to each other in a network [1] [2]. Cogni-
tive-Affective Maps (CAMs) can be used in 
large-scale online surveys by asking partici-
pants to draw a Cognitive-Affective Map 
(CAM) online with several possible software 
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packages called EMPATHICA [1], Valence [3] 
or C.A.M.E.L. [4]. An example how a CAM can 
look like is shown in Figure 1. In recent years, 
the implementation of the method of CAMing 
advanced, quantitative as well as qualitative 
analysis methods were explored concerning 
CAMing and CAMing was applied successfully 
on several research questions [5] [6] [7].  

Fig. 1: This is an exemplary CAM out of our prestudy 
dataset. As CAM-Architecture, we can observe a neu-
tral axis which serves as kind of a semantic scaffold for 
the further assessment by the participant. Positive con-
cepts are sorted left, while negative concepts are 
sorted right. In addition, this CAM is rich in connections 
and causal chains. (© Wilhelm Gros @ livMatS) 

In this project, we aim to gain further 
knowledge of the core quality criteria of CAM-
ing, which are objectivity, reliability and valid-
ity. Objectivity means that a measurement 
method delivers equal results no matter which 
user (here researcher) applies it. Reliability 
estimates how much of the observed score on 
the one hand is due to the true underlying topic 
of measurement and on the other hand due to 
measurement errors. Validity considers 
whether a measurement method measures 
what its supposed to measure (e.g. technol-
ogy acceptance) or rather something else 
(e.g. preference for specific design or colors). 
Since we use a standardized instruction (ob-
jectivity) and the participants draw the CAMs 
on their own (validity), we have the most con-
cerns on reliability right now (which doesn’t 
mean, that objectivity and validity can be as-
sumed without further research). 

To assess the reliability of CAMing we apply a 
test-retest reliability approach. We measure a 
psychological measurement object, which is 
justifiable stable, at a first measurement time 
point and at a second measurement time point 

one week later. Since values are known to be 
very stable even over larger periods of time 
[8], we use them as measurement object op-
erationalized with the Portrait Value Question-
naire [9]. In a prestudy, we recruited 27 stu-
dents of psychology. For the main study we 
computed a demand of 67 participants and 
add a 20% potential dropout.  

CAMs deliver different parameters such as 
mean valence (averaged valence of all con-
cepts, where positive concepts are quantified 
from 1 to 3 and negative concepts are quanti-
fied from -3 to -1, see Figure 2), density (total 
drawn connections in relation to total possible 
connections) and the number of drawn con-
cepts. Statistically, we correlate pre and post 
measurements of these CAMing parameters. 
The resulting coefficients can range between 
0 and 1 with the former meaning no reliability 
and the latter meaning perfect reliability. By 
convention, a correlation above .7 is “accepta-
ble”. Preliminary results of the pre-study are 
shown in Figures 2, 3 and 4. 

Fig. 2: Scatter plot of the correlation between the pre 
and post measurements concerning the mean valence 
from our pilot study (N = 27) with regression line and 
confidence intervals. The graph indicates a significant 
“acceptable” Pearson reliability of .76 after one week. 
The mean valence could range between -3 (strongly 
negative) and +3 (strongly positive). (© Wilhelm Gros 
@ livMatS) 

In addition, we aim to assess reliabity in terms 
of content of the CAMs. For this, we identified 
value-related concepts confirming that we 
measured the stable measurement object as 
intended. A comparison of individual CAMs re-
vealed that there are CAMs with almost per-
fect test-retest reliability as well as CAMs with 
almost 50% different concepts at the second 
measurement timepoint. Next steps will be to 
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compare reliability depending on parameters 
and content-wise. 

Fig. 3: Scatter plot of the correlation between the pre 
and post measurements concerning the density from 
our pilot study (N = 27) with regression line and confi-
dence intervals. The graph indicates a significant “ac-
ceptable” Spearman reliability of .79 after one week. 
The density could range between 0 (no connections) 
and 1 (each concept connected to all other concepts). 
(© Wilhelm Gros @ livMatS) 

Fig. 4: Scatter plot of the correlation between the pre 
and post measurements concerning the number of 
drawn concepts from our pilot study (N = 27) with re-
gression line and confidence intervals. The graph indi-
cates a significant “good” Spearman reliability of .83 
after one week. The number of drawn concepts ranged 
between 8 and 27. (© Wilhelm Gros @ livMatS) 

Taken together, the described prestudy gives 
a first hint at an acceptable reliability of CAMs 
when considering CAMing parameters. It thus 
is a first step on the three goals of our project: 
(1) consider the reliability of CAMing with es-
tablished methods, (2) formulate a CAMing-
tailored quantitative-qualitative definition of re-
liability and (3) give advice on how to best im-
plement CAMing for high reliability. This will 
help to better understand and implement this 
method. In the end, the assessment of the ac-
ceptance of living materials systems via CAM-
ing in general becomes more credible.  

The authors wish to thank the students Julia Sprich, 
Roman Sulger and Mirjam Wörz for their contribu-
tion to this prestudy. 
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Mechanochemistry is the chemistry under the 
influence of external forces. External forces 
may enable or promote reactions that are not 
feasible by thermal or photonic sources. There 
are accurate single polymer chain experi-
ments under force control [1], but the correct 
theoretical description of the corresponding ef-
fects is still challenging. Here we present a 
simplified viewpoint that nevertheless allows 
to predict experimentally observed rupture 
forces to good accuracy. 

Generally, theoretical modeling can help to 
comprehend mechanochemical processes 
that are difficult to witness directly in experi-
ments. A popular and facile approach in this 
direction is the constraint geometry simulates 
external force (CoGEF) method [2] that can be 
used to explore the nature of force-induced re-
sponses. However, certain important short-
comings of the CoGEF approach were also 
found. In general, rupture forces computed us-
ing the CoGEF approach are consistently 
larger than experimentally observed values 
[3], owing to the disregard of temperature ef-
fects. 

Here we address the mechanical activation for 
ring opening of two isomers, namely syn-
chloro-gem-chlorofluorocyclopropane (syn-Cl-
gCFC) and anti-chloro-gem-chlorofluorocyclo-
propane (anti-Cl-gCFC), which are depicteded 

in Fig. 1. Previous experimental as well as the-
oretical studies [1] revealed similarities as well 
as differences. The single-molecule force 
spectroscopy experiment on the mixture of 
two isomers observed that anti-Cl-gCFC re-
quires less force for ring opening reaction as 
compared to syn-Cl-gCFC. It was shown the-
oretically that both isomers undergo disrota-
tory outward reaction during ring opening, 
where the difference of the corresponding bar-
riers in the absence of force𝐷௘is quite large (> 
0.35 eV). 

a) b)

c) 

  

Fig. 1: Initial structure of a) syn-CI-gCFC (Cl in front) 
and b) anti-CI-gCFC (Cl at the back) and c) the final state 
for a disrotatory outward ring opening reaction for both 
isomers (© Functional Nanosystems Group) 

Our goal is to predict the experimentally meas-
ured rupture force purely by computational 
methods. Bonds are broken by temperature 
that allows to overcome (force dependent) 
barriers. This is a stochastic process, such 
that a most probable force can be given only. 
Some of us have previously shown that the 
force dependent barrier 𝛥𝐻‡ሺ𝐹ሻ to break a 
bond depends mainly on two quantities to 
good accuracy [4]: the force required for spon-
taneous bond break𝐹௠௔௫and dissociation en-
ergy in the absence of force𝐷௘ . The force de-
pendent barrier then follows 

𝛥𝐻‡ሺ𝐹ሻ ൌ 𝐷௘ ൬1 െ
𝐹

𝐹௠௔௫
൰

ଶ

 (1) 

to good accuracy. 
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Table 1: DFT barriers and 𝐹௠௔௫  using CoGEF and NEB 
approaches. 1eV=96 kJ/mol. 

Structure 

CoGEF NEB 

𝐷௘ (eV) 
𝐹௠௔௫ 
(nN) 

𝐷௘ (eV) 

syn-CI- 
gCFC 

3.67 3.4 1.97 

anti-CI- 
gCFC 

1.72 3.36 1.59 

We perform our calculations within density 
functional theory (DFT) susing the GPAW 
package co-developed at FIT. In the first ap-
proach, both the barrier𝐷௘as well as the maxi-
mal force 𝐹௠௔௫ are obtained from CoGEF as 
was done in Ref. [3] and the results are pre-
sented in Table 1. We also calculate 𝐷௘ using 
the nudged elastic band (NEB) method [5]. 
The 𝐷௘ from NEB is much lower than the value 
from CoGEF as the latter contains contribu-
tions from elastic region of molecule [4]. The 
value of𝐹௠௔௫from CoGEF is in accordance with 
force dependent NEB results (not shown), 
however. 

Fig. 2: Force dependent barrier obtained from activa-
tion energy formula (Eq. (1)) © Functional Nanosys-
tems Group) 

Using 𝐷௘from NEB and 𝐹௠௔௫from CoGEF, the 
variation of the expected activation enthalpy 
with external force according to Eq. (1) for two 
isomers is depicted in Fig. 2. We see the dif-
ference in barrier between two isomers at 𝐹 ൌ
0 is 0.38 eV in agreement with previous results 
[1]. 

The most probable force depends on experi-
mental temperature and also on the rate of 
force increase, the loading rate𝛼. We assume 
room temperature and estimate 𝛼  based on 
the experimental force extension curves [1]. 

The most probable force𝐹*is obtained via the 
probability for an intact bond at given external 
force𝑃ሺ𝐹ሻas [6] 

𝐹* ൌ ׬ 𝐹
ஶ

଴
ௗ௉ሺிሻ

ௗி
𝑑𝐹, (2) 

where
ௗ௉ሺிሻ

ௗி
ൌ

௞బ

ఈ
𝑒൫ି௱ு‡ሺிሻ ௞ಳ⁄ ்൯𝑃ሺ𝐹ሻ,𝑘଴is the Ar-

rhenius prefactor and𝑘஻ is the Boltzmann con-
stant. 

 

Table 2: Most probable force comparison with experi-
mental measurements [1]. 

 Exp 𝐹*(nN) Our𝐹* (nN) 

syn-CI- 
gCFC 

1.5±0.07 1.49±0.02 

anti-CI- 
gCFC 

1.29±0.07 1.21±0.03 

The comparison of our predictions with the ex-
perimental rupture force is shown in Table 2. 
First of all, the experimental values are sub-
stantially lower than the 𝐹௠௔௫from CoGEF (c.f. 

Table 1). In contrast to that, our 𝐹*are in excel-
lent agreement with experimental measure-
ments. We thus have shown the possibility to 
predict measure forces from single molecule 
force spectroscopy experiments purely from 
DFT calculations. 
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Lithium-sulfur (Li-S) batteries are a highly 
promising energy storage technology due to 
their light weight, abundant active material, 
high theoretical capacity, and high energy 
density relative to existing Li-ion batteries.1 Or-
ganic polymers with isolated redox-active sites 
are attractive materials for battery electrodes 
because of their structural tunability, solution-
processability, the absence of heavy metals 
and possible commercial scale production.2,3 
Such redox polymers feature redox reactions 
at distinct potentials and, consequently, ena-
ble the construction of organic batteries with 
stable charge/discharge voltages. However, 
limitations exist in terms of stability, specific 
capacities and energies.  

Our project involves the design, synthesis, 
characterization (Chemnitz University of Tech-
nology) and theoretical modelling (University 
of Freiburg) of novel materials for Li-S batter-
ies with additional organic redox couples, and 
their investigation using highly advanced op-
erando X-ray spectroscopy methods4 
(Physikalisch-Technische Bundesanstalt, 
PTB). Inverse vulcanization of sulfur with re-
dox active divinyl monomers of varying redox 
potential will be done to produce sul-
fur/comonomer networks in which additional 

charge can be stored on the redox active 
comonomer. The University of Freiburg con-
tributes to these investigations by using den-
sity functional theory (DFT) simulations to 
probe the stability and the electronic structure 
of the various species involved, as well as the 
prediction of near edge X-ray absorption fine 
structure (NEXAFS) spectra on an absolute 
scale. With this joint theoretical and experi-
mental project we hope to gain an enhanced 
mechanistic understanding as well as more 
stable, and eventually more efficient, materials 
for both Li-S and organic batteries.  

For workflow management we employ the 
Atomic Simulation Environment (ASE)5. All 
calculations were based on density functional 
theory (DFT) and were done using GPAW6,7. 
Both packages are actively co-developed in 
our group. 

Fig. 1: Dimethyl disulfide x-ray absorption spectra by 
different methods. black - experimental spectrum, blue 
- PBE transition potential, green - PBE full core hole, 
yellow - PBE0 with unoccupied orbitals, red - PBE0 
IVO. Calculations without spin polarization are shown 
as thin, dark lines, spin polarized shown as thick, 
lighter lines. © Functional Nanosystems Group and 
PTB Berlin 

The experimental (black) and theoretical spec-
tra of dimethyl disulfide (DMDS) are shown in 
Figure 1. Our chosen method, calculation by 
the transition potential method and the PBE 
functional, is shown in blue. An excellent 
agreement with experiment is observed in the 
peak shapes, as well as energies. The latter is 
accomplished by the use of a semiempirical 
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correction to the transition energies developed 
in our group8. 

In the transition potential method, half a core 
hole is applied to the atoms. In the full core 
hole method (green) a full electron is removed 
from a core orbital. The agreement with exper-
iment is quite poor for this method – the differ-
ence in energy between the main transitions is 
too small, especially with spin polarization. A 
hybrid functional (very computationally expen-
sive in GPAW), PBE09, was also investigated. 
The yellow spectra correspond to PBE0 calcu-
lated with the convergence of a number of un-
occupied orbitals. Without spin polarization a 
good agreement is achieved with experiment, 
but when spin polarization is included the gap 
between the peaks is grossly overestimated. 
The red spectrum corresponds to PBE0 with 
improved virtual orbitals (IVO)10. Here, a good 
agreement is observed when the calculation is 
spin polarized. We were not able to converge 
the calculation without spin.  

Fig. 2: Dependence of energy on the C-S-S-C dihe-
dral angle in DMDS © Functional Nanosystems 
Group 

 

We also investigated the dependence of peak 
position with conformation for DMDS (Fig-
ure 2), specifically the C-S-S-C dihedral angle. 
Two minima occur at dihedral angles of 90 and 
270°. A local maximum occurs at 180°, and the 
global maximum is at 0°.  

Fig. 3: Spectra of DMDS in different conformations. 
black – experimental spectrum, green – minimum en-
ergy, orange – local maximum, red – global maximum. 
© Functional Nanosystems Group and PTB Berlin 

Spectra of different conformations are shown 
in Figure 3, along with the experimental spec-
trum in black. The spectrum for the lowest en-
ergy conformer is shown in green. In orange is 
shown the local maximum, and in red the 
global maximum, in which the carbon atoms 
are in an eclipsed configuration. The spectra 
clearly show a clear dependence on the dihe-
dral angle. Flat and eclipsed configurations 
have their maximum peak well below that of 
the lowest energy structure. 

While this is not relevant for gas-phase mole-
cules that can freely relax to the minimum of 
the potential (Fig. 2), additional constraints, 
e.g. by the connection to rigid partners through 
inverse vulcanization, might be able to force 
such a configuration. Our calculations show 
that even such structural detail may be detect-
able by NEXAFS spectra. 
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Highly sensitive optical biosensors can detect 
molecules through effects of their polarizability 
[1-3]. The biosensing technique relies on the 
resonance properties of an optical whispering 
gallery mode (WGM) confined to a spherical 
micro-resonator, which can be studied analyt-
ically using the WGMode MATLAB toolbox . 
Figure 1 shows the results from a WGMode 
simulation, corresponding to an optical WGM 
confined to a 45 micro-meter glass microcav-
ity. Molecules at the surface of the biosensor, 
in the vicinity of the evanescent field, are de-
tected through a shift in the WGM resonant 
wavelength. It is predicted that the shift is pro-
portional to the polarizability of the molecule 
and depends on the magnitude of the evanes-
cent field at the position of the molecule [1].  

 

Fig. 1: Simulation of the optical whispering gallery 
mode biosensor using the WGMode MATLAB toolbox 
[5]. The whispering gallery mode is confined to a glass 
microsphere with a radius of 45 micro-meters. The sim-
ulation results show the variation of the normalized 
electric field as a function of the radial position. Most of 
the mode volume is contained within the cavity, but 
there is an evanescent tail that extends outside of the 
boundary of the glass cavity, highlighted on the plot in 
orange. The inset shows that the electric field is ap-
proximately constant in the first 10 nm from the surface 
of the microcavity but is dramatically reduced by 100 
nm from the surface. Molecules in the evanescent field 
of the biosensor are detected through effects of their 
polarizability. (© Modelling and Simulation of Materi-
als Systems Group) 

This technique has been used to study pho-
toinduced transformations of bacteriorhodop-
sin, a protein responsible for light detection in 
bacteria. The photoactive part of bacteriorho-
dopsin is the retinal chromophore, which 
transforms from all-trans to 13-cis isomers 
upon the absorption of photon at 532 nm 
(2.33 eV) [4]. Topolancik and Vollmer [2] de-
tected a change in average polarizability be-
tween the all-trans and 13-cis isomers, which 
they attributed to the photoinduced isomeriza-
tion of retinal in its complex proteolipid envi-
ronment. The open questions relating to the 
biosensing experiment are whether the orien-
tation of the molecule with respect to the bio-
sensor plays a significant role in these meas-
urements.  

(a) 

 
(b) 

 

Fig. 2: Model structure of retinal in the a) all-trans ground-
state and b) 13-cis photo-excited structure.  
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In order to test this hypothesis, we apply dif-
ferent polarizability models to study the rela-
tionship between molecular structure and po-
larizability, focusing on the all-trans and 13-cis 
retinal isomers model structures. The struc-
tures for all-trans retinal and 13-cis retinal are 
downloaded from the PubChem database [11] 
and are shown in Fig. 2. 

Additive atomistic polarizability models and 
electronic structure calculations can be used 
to quantify the change in polarizability due to 
photoisomerization and to decode the signals 
measured in biosensing experiments. As a 
first approximation, we calculate the the sum 
of Hirshfeld-partitioned atomic polarizabilities 
[6], which accounts for the effect of local 
chemistry. We then include the effect of inter-
acting atoms, either through the modified point 
dipole interaction model (Thole model) ]7] or 
the quantum Drude oscillator (QDO) model 
[8]. We further compare the results from the 
above additive atomistic models with finite 
field calculations of the static polarizability us-
ing density functional theory code. As a final 
comparison, we include the results from Al-
phaML; a machine learning algorithm trained 
on coupled cluster (CCSD) polarizability data 
[9, 10].  

The Hirshfeld volume ratios and finite field cal-
culations are calculated using the open-
source GPAW density functional theory code 
co-developed at FIT [12, 13]. We calculate the 
Thole molecular polarizability tensor using a 
local python script that will be added to a future 
release of the Atomic Simulation Environment 
(ASE) co-developed at FIT [14]. The QDO mo-
lecular polarizability tensor is calculated using 
the code in Libmbd [15].  

Table 1: Change in isotropic polarizability, ∆𝛼 , and 
change in longitudinal component of polarizability, ∆𝛼∥ , 
upon photoisomerization from all-trans to 13-cis retinal. All 
units are in atomic units (Bohr3). 

 ∆𝛼 ∆𝛼∥ 
Hirshfeld atoms 0 n/a 
Interacting atoms  
(Thole model) 

-1 -15 

Interacting atoms  
(QDO model) 

0 -8 

Finite field -15 -61 
AlphaML (CCSD trained) 0 -17 

 

The anisotropy of retinal changes significantly 
depending on how the tail of the molecule is 
oriented. The eigenvalue along the longitudi-
nal axis of retinal, 𝛼∥, is reduced in the case of 
the 13-cis isomer because the tail of the mol-
ecule turns away from the long axis, effectively 
reducing the length of the molecule.  

Our computational results are presented in 
Table 1. All approaches that consider anisot-
ropy predict that all-trans retinal has larger an-
isotropy than 13-cis retinal. The AlphaML re-
sults are also in good agreement with the 
above observations. The result for the change 
in isotropic polarizability, ∆𝛼, is not so unani-
mous between the different models. Whilst the 
Thole model, QDO model and AlphaML do not 
predict a significant change in ∆𝛼 , the finite 
field calculation and the electronic structure 
calculations by Junior et al. [16] suggest that 
the isotropic polarizability of 13-cis retinal is 
approximately 2 – 4% reduced than for all-
trans retinal. This may be an effect that can 
only be captured by electronic structure calcu-
lations because in the atomistic picture, the 
main contributions to the polarizability are the 
atomic species and the number of atoms. 
Since the isomers have, by definition, the 
same number and types of atoms, the atomis-
tic models may not be able to distinguish be-
tween the isotropic polarizabilities of all-trans 
and 13-cis retinal. 

The results from the polarizability models sug-
gest that a large change is observed for the 
longitudinal component of the polarizability, 
𝛼∥, between all-trans and 13-cis retinal, which 
may account for the large change in polariza-
bility measured by the biosensor. The reasons 
for the quantitative differences between the 
different models are not clear currently. 

An open question from the simulation side is 
whether including the protonated Schiff base 
between the retinal chromophore and the rest 
of the bacteriorhodopsin molecule. Whether 
this will significantly affect the polarizability re-
sults is under current investigation. Finding the 
answer to these questions will help us to un-
derstand the signals and detection mecha-
nisms of the optical WGM biosensor.  
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faces, Department of Microsystems Engineering 
(IMTEK), University of Freiburg; 3Laboratory of 

Process Technology (Neptun Lab), Department of 
Microsystems Engineering  

Project Funding: Carl Zeiss Foundation 

www.fit.uni-freiburg.de/iprom 

One of the core principles in the design of 
technical objects is the static nature of the ma-
terials: They have more or less unchangeable 
properties. In nature, on the other hand, the 
(bio-)materials used by living systems are 
geared towards enabling the best possible ad-
aptation to the respective environmental con-
ditions in order to be best react to changes in 
the surrounding. The aim of the Research 
Cluster "Interactive and Programmable Mate-
rials (IPROM)" funded by the Carl Zeiss Foun-
dation is the development of innovative tech-
nical materials that respond to changing envi-
ronmental conditions with a response, which is 
preprogrammed into the material and thus trig-
gers a material adaptation to changes in the 
surrounding and the load conditions. In order 
to do so, they have to be able to change their 
internal structure and/or their external shape 
as a consequence of an external stimulus, e.g. 
by adapting the adhesion, wettability or me-
chanical properties of the materials. This con-
cept opens up new opportunities for the pro-
duction of complex objects in many areas such 
as optics, medical technology or architecture. 

“The IPROM cluster will bring forth a paradigm 
shift in materials research from static to dy-
namic materials. The novel materials gener-
ated will dynamically adapt their properties to 
the constantly changing conditions of their en-
vironment in a previously programmed man-
ner.” 

Fig. 1: IPROM – Interactive and Programmable Materials
(www.fit.uni-freiburg.de/iprom)  

IPROM projects include the following topics:  

TP 1:  Bio-inspired programmable material 
systems (PI: Thomas Speck) 

TP 2:  Multiparameter / Multimaterial 4D 
Printing (PI: Bastian E. Rapp) 

TP 3:  Light-responsive surfaces (PIs: Jür-
gen Rühe & Bastian E. Rapp) 

TP 4:  Nonlinear micromechanics of pro-
grammable materials (PIs: Christoph 
Eberl & Lars Pastewka) 

TP 5:  Sustainable materials for 4D printing  
 (PI: Dorothea Helmer) 
TP 6:  Programmable Tribology (PIs: Jürgen 

Rühe & Lars Pastewka) 
TP 7:  Biocompatible, programmable materi-

als for soft micro-robots (PI: Karen 
Lienkamp) 

TP 8:  Bioelectroactive Interfaces for dy-
namic interaction with biology (PI: Ma-
ria Asplund) 

TP 9:  Autonomous and reconfigurable met-
amaterials and soft robots (PI: An-
dreas Walther) 

TP 10: Digitized dynamic illumination (PI: 
Hans Zappe) 
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GROWBOT—TOWARDS A NEW GENERA-

TION OF PLANT-INSPIRED GROWING ARTE-

FACTS 

T. Speck1,2, M. Thielen1,2, F. Klimm1,2 

1Plant Biomechanics Group Freiburg, Botanic Gar-
den, University of Freiburg; 2Freiburg Center for 

Interactive Materials and Bioinspired Technologies 
(FIT)  

Project funding: This project has received funding 
from the European Union’s Horizon 2020 research 
and innovation programme under the grant agree-
ment No 824074. 

www.growbot.eu 

GrowBot proposes a disruptively new para-
digm of movement in robotics inspired by the 
moving-by-growing abilities of climbing plants.  

 

Fig. 1: GrowBot - Towards a new generation of plant-
inspired growing artefacts. Figure from www.grow-
bot.eu. 

 

Fig. 2: Tendrils of the passion flower Passiflora caerulea in the pre-mature state, i.e. uncoiled (left) and in the mature 
state showing contact and free coiling (right) (a). Passiflora discophora stem attached via multiple tendrils showing ad-
hesive pads (b) that act together when the stem is placed under tension (c). This structure allows the plant to sustain 
higher forces before failing/detaching than would be the case for individual tendrils (d, e). Thick black arrows indicate 
direction of force application. Figure from [2]. 
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Plants are still a quite unexplored models for 
robotics and soft machines, as their sessile 
nature leads to think that they do not move. 
Instead, they move considerably, however, on 
a different time scale. To move from one point 
to another, plants must grow and continuously 
adapt their body to the external environmental 
conditions. This continuous growth is particu-
larly evident in climbing plants. 

By mimicking them, the GrowBot objective is 
to develop low-mass and low-volume robots 
capable of anchoring themselves, negotiating 
voids, and more generally climbing, where 
current climbing robots based on wheels, legs, 
or rails would get stuck or fall. Specifically, the 
ability to grow will be translated by additive 
manufacturing processes inside the robot, 
which creates its body by depositing new ma-
terials with multi-functional properties, on the 
basis of the perceived external stimuli (without 
a pre-defined design). Perception and behav-
iour will be based on the adaptive strategies 
that allow climbing plants to explore their envi-
ronment. GrowBot is based on a strongly in-
terdisciplinary approach and can open the way 
for a new technological paradigm around the 
concept of growing robots, fostering a Euro-
pean innovation eco-system for several high-
tech sectors [1]. The Plant Biomechanics 

Group Freiburg is contributing to this task 
based on their long experience on eco-biome-
chanics and stem structure of climbing plants 
and on the various attachment systems exist-
ing in climbing plants.  

A main focus is on the sophisticated anchoring 
system(s) of various Passiflora species. Since 
these plants do not have a massive solid trunk, 
they are not self-supporting and thus depend 
on support structures to which they must 
somehow anchor themselves. Many species 
have evolved tendrils for this purpose, which 
are able to "grasp" thin supports (so-called 
contact coiling) (figure 2a), while other species 
develop adhesive pads at the tendril tips that 
enable them to adhere to a wide range of dif-
ferent substrates (figure 2b) [2]. In addition to 
the performance of individual tendrils or even 
individual adhesive pads [3], the interaction of 
multiple tendrils is currently the main target of 
investigation (figure 2 c & e) [2]. Using the ex-
ample of Passiflora discophora, it could be 
shown that, while being loaded, the adhesive 
pads of several tendrils act together (and do 
not snap off one after the other). The plant can 
thus withstand relatively large external forces 
before it is ripped off its substrate. 

 

Fig. 3: Experimental set-up for measuring the tensile forces generated during the 
coiling process in Passiflora caerulea. 
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What all Passiflora tendrils have in common is 
that they coil around their length axis during 
maturation, thus shortening themselves. The 
resulting forces lash the plant stem firmly to its 
support structure. Using an in-house devel-
oped experimental set-up (figure 3), we were 
able to measure for the first time the forces in 
vivo during this coiling process and even relate 
them to the hydration status of the plant [4]. 
Along with anatomical studies, these meas-
urements allow for a profound understanding 
of the form-structure-function relationship and 
thus for a transfer into first biomimetic artificial 
tendrils that can be actuated by various exter-
nal stimuli [5]. 
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MOUS MATERIALS SYSTEMS (LIVMATS) 
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The Cluster of Excellence “Living, Adaptive, 
and Energy-autonomous Materials Systems” 
(livMatS) develops bioinspired materials sys-
tems that adapt autonomously to various envi-
ronments and harvest clean energy from their 
surroundings. The intention of these purely 
technical – yet in a behavioral sense quasi-liv-
ing – materials systems is to meet the de-
mands of humans with regard to pioneering 
environmental and energy technologies. The 
societal relevance of autonomous systems 
and their sustainability thus plays a crucial role 
in their development within the framework of 
livMatS. The cluster receives funding from the 
German Research Foundation (DFG) under 
Germany’s Excellency Strategy – EXC-2193/1 
39051807 since January 2019. 

Goal of the Cluster is that bioinspired materi-
als, efficient energy materials systems (har-
vesting, conversion, and storage), and interac-
tive, self-repairing materials with different and 
often even contradictory properties and func-
tional conditions all meet to form a quasi-living 
materials system. Energy autonomy, adaptiv-
ity, longevity, and sustainability are the core 
properties of the materials systems to be de-
veloped in livMatS. These challenging topics 
are investigated and combined with each 
other in four research areas: A – Energy Au-
tonomy, B – Adaptivity, C – Longevity, and D 
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– Sustainability (cf. Fig. 1). Research from all 
four areas feeds into demonstrator projects 
[1]. 

Fig. 1: Interplay of the closely interconnected Re-
search Areas in livMatS (A – Energy Autonomy, B – 
Adaptivity, C – Longevity, D – Sustainability and Soci-
etal Implications). © livMatS / Daniel Hellweg. 

Research area A – Energy Autonomy - studies 
novel methods of energy harvesting and/or 
energy storage within a single highly inte-
grated system, i.e. aims for the development 
of materials systems with embedded energy 
and energy management. Light, temperature 
differences, and vibrations are used as poten-
tial sources of energy. Once harvested, the 
energy is either consumed directly or stored 
for later use. Another important factor is the 
transformation of energy to make it available 
in mechanical, chemical, or thermal form or as 
light energy for adaptive processes within a 
materials system. 

Research area B – Adaptivity - develops new 
concepts for adaptive materialls systems with 
complex energy landscapes that recognize 
and can react to sensory input from their envi-
ronment. The recognition of the sensory input 
and the reaction to it are not performed by a 
sensor/computer combination but directly by 
the material or the materials system itself, us-
ing energy harvested from the environment. 
The goal of the research in area B is to de-
velop a materials system with a “memory” that 
can adapt to its environment and improve it-
self. 

Research area C – Longevity - develops strat-
egies that focus on the longevity and “self-con-

trol” of complex materials systems, drawing in-
spiration from living nature, particularly plant 
life, i.e. aims for the development of materials 
systems with embedded intelligence. Mecha-
nisms for self-repair, the shedding and re-
placement of damaged parts, or also a train-
ing-based strengthening of system parts un-
der special stress help to prevent minor dam-
ages from leading to a loss of functioning of 
the entire system.  

Research area D – Sustainability - considers 
the societal dimension of autonomous, quasi-
living materials systems and their sustainabil-
ity. A societal discourse on disruptive technol-
ogies, such as autonomous driving or expert 
systems, is often conducted only after the de-
velopment and introduction of these technolo-
gies. In livMatS, this discourse is initiated even 
as the technologies are being developed. The 
goal is to strengthen the development of the 
materials systems by means of concurrent 
sustainability analyses and to actively explore 
their societal dimension by engaging in critical 
philosophical reflection and conducting psy-
chological studies. 

There are myriad potential applications for the 
materials systems developed in livMatS. Ex-
amples are “soft” machines that can recognize 
and grasp objects by feeling them, without the 
help of a computer, or can autonomously walk 
controlled by pneumatic logic gates. The ca-
pability of a materials system to adapt itself to 
temperatures, lighting conditions, or pressure 
opens up perspectives in a wide range of ap-
plication areas, such as protective clothing like 
helmets and back protectors or prostheses 
that can adjust themselves to fit the wearer au-
tomatically, autonomously and without need-
ing external energy supply – for instance 
through the use of body heat. Other ideas in-
clude packaging materials that grow stronger 
automatically when placed under stress and 
building envelopes that level out temperature 
differences, for example to prevent overheat-
ing. 

livMatS is based at the Freiburg Center for In-
teractive Materials and Bioinspired Technolo-
gies (FIT) and unites researchers from the 
Faculty of Engineering, the Faculty of Chem-
istry and Pharmacy, the Faculty of Biology, the 
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Faculty of Mathematics and Physics, the Fac-
ulty of Economics and Behavioral Sciences, 
and the Faculty of Humanities. Our institu-
tional composition reinforces the university’s 
strategic alliance with Freiburg’s Fraunhofer 
Institutes, with the Fraunhofer Institute for So-
lar Energy Systems (ISE) and the Fraunhofer 
Institute for Mechanics of Materials (IWM) as 
partner institutions within the Cluster and is 
complemented by the Institute for Applied 
Ecology (Öko-Institut e.V.). 

livMatS uses the ideas factory (IDEASfac-
tory@FIT) to implement new forms of scientific 
exchange and interdisciplinary cooperation. 
Three Shared Laboratories, one for the Re-
search Areas A, B and C each, foster close 
collaboration between researchers within and 
across research areas. Shared Lab A provides 
equipment for synthesis, modification, and 
processing (2D and 3D) of energy materials as 
well as advanced photo-, electrochemical and 
microscopic characterization. In 2022, the fa-
cilities of Shared Lab A have been comple-
mented by two atomic layer deposition (ALD) 
reactors that allow for interface and interphase 
optimization in energy materials in both pow-
der and planar (‘wafer’) samples. Shared Lab 
B focuses on microscopy, spectroscopy and 
rheology, with additional equipment for wet lab 
chemistry and sample preparation, and also 
provides an X-ray photoelectron spectroscopy 
system (XPS) for surface analysis with micro-
scopic resolution and depth profiling. In 2022, 
the Shared Lab B has been complemented by 
an ultrahigh performance liquid chromatog-
raphy time of flight mass spectrometry system 
(UHPLC/MS/QTOF) for adaptive peptide anal-
ysis. Shared lab C provides additional options 
for microscopy and imaging but has its main 
focus on materials testing from macro- to mi-
croscale, 3D printing, and sample preparation. 
Core equipment includes a MicroCT system 
with an integrated mechanical testing device 
for the quantitative structural analysis of bio-
logical structures and biomimetic materials 
systems, and an electrospinning setup for the 
processing of polymer and polymer-composite 
materials into porous felts, among others.  

Since 2019, the Cluster has developed and set 
up three different types of projects to provide 
flexible formats for the implementation of its 

research agenda. Doing so has allowed us to 
strike a balance between long-term projects 
(36 months) and complementary booster and 
impulse projects (six to eight and three months 
respectively). Within the livMatS Call for Pro-
jects 2022, 16 new long-term projects were se-
lected that will start in January and February 
2023. In addition, 21 booster projects will be 
carried out in 2023, adding to the cluster’s sci-
entific positioning and research output. The 
livMatS Call for Projects 2023 has been pub-
lished in December 2022. The final round of 
long-term projects within the cluster’s first 
funding period are currently being conceptual-
ized and will start in summer 2023. 

Over the past 4 years, livMatS has been able 
to recruit excellent early career researchers 
for its projects. Currently a total of 114 re-
searchers at all levels, from doctoral research-
ers to experienced principal investigators, are 
working in long-term projects directly funded 
by the Cluster or associated to it. Recruitment 
for the 27 new PhD positions and the 2 new 
postdoc positions from the livMatS Call for 
Projects 2022 is ongoing.  

With a slight relaxation of pandemic-related 
constraints in 2022, livMatS has taken great 
efforts to strike a balance between virtual and 
onsite formats in its efforts to promote internal 
and external scientific exchange and interac-
tion with the public. Scientifc exchange was fa-
cilitated in several formats throughout 2022. 
The Rising Stars Conference took place in a 
hybrid format from March 21st – 24th, 2022, 
and brought international early career re-
searchers to Freiburg for a varied conference 
program and research stays for selected can-
didates. After a virtual event in 2021, the first 
onsite visit of the cluster’s Scientific Advisory 
Board took place from July 27th – 28th, 2022, 
with vivid scientific exchange during presenta-
tions and a poster session, complemented by 
a tour of the cluster’s infrastructure in the 
Shared Laboratories A, B and C. All members 
of the livMatS community came together for 
the Cluster’s fourth scientific retreat from Sep-
tember 28th – 30th September, 2022. During 
the onsite event in Karlsruhe, the current sta-
tus, challenges, interfaces and goals of collab-
orative research in livMatS were presented 
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and discussed, with a special focus on inter-
active formats such as world cafès to maxim-
ize direct exchange. Finally, a total of 22 
livMatS colloquia with external guest speakers 
offered the livMatS community ample oppor-
tunity to discuss current developments in their 
field with renowned international research, 
covering a wide range of topics and disci-
plines. 

The cluster has further consolidated its activi-
ties within the Convergence Center for Living 
Multifunctional Material Systems (LiMC²) 
founded in 2019, uniting researchers from the 
Penn State University and the University of 
Freiburg. An eSeminar Series, LIMtalks, has 
been set up, with a total of five seminars in 
2022. In addition, five LiMC2 Seed Grants, 
where researchers from Penn State and 
livMatS join forces to maximize the center’s 
potential, have been funded to be carried out 
in 2023. In September 2022, a collaboration 
agreement was signed for a European Net-
work on Nature-Inspired Materials, funded by 
the Royal Society of Edinburgh within its RSE 
Saltire Facilitation Network Award Program. 
Partners currently include livMatS, the NCCR 
Bio-inspired Materials, and the Universities of 
Strathclyde and Hariot-Watt. 

Throughout 2022, livMatS has worked on the 
implementation and further development of its 
early career advancement objectives. In Sep-
tember 2022, livMatS issued a second call for 
its Agnes Pockels and its Hermann Staudinger 
Doctoral Fellowship Programs, which invite 
outstanding candidates to propose PhD pro-
jects to be carried out in livMatS. During a two-
tiered selection process, two male and three 
female candidates have been selected to 
carry out their PhDs in livMatS. The cluster’s 
successful Master Lab program saw its fourth 
iteration completed in 2022. Twelve master 
students in summer term 2022 worked inde-
pendently on research ideas in various fields 
under the supervision of a researcher from the 
Cluster. A fifth iteration began in October 2022 
with 13 new Master students working on nu-
merous research challenges, which were 
showcased at a Meet the Labs recruiting event 
at FIT on 1 July 2022. The event was attended 
by circa 30 students from various livMatS rel-

evant study programs. Thus, a total of 46 mas-
ter students will have completed the livMatS 
Master lab by the end of the winter term 
2022/2023.  

PhDs and Postdocs in livMatS received train-
ing offers in the areas of good scientific prac-
tice, scientific argumentation, and post-aca-
demic job search skills. Furthermore, a digital 
Boot Camp in March 2022 focused on data 
with sessions on open access, research data 
management, and social media in academia. 
The boot camp was complemented with one 
day digital workshops on data visualization 
and research dissemination via social media. 
The Writer’s Studio developed a new work-
shop in conjunction with the Freiburg Univer-
sity Open Access Officer detailing the process 
of publishing in Open Access. This year the 
Writer’s Studio focused on support for those 
reaching the end of their Phd thesis by offering 
regular ‘Golden Day’ sessions (20), which 
center on focused writing. In addition, the stu-
dio gave a workshop aimed at resume and 
cover letter writing. 

In 2021, livMatS implemented the positions of 
a Data Steward and an Intellectual Property 
Manager to appropriately address these topics 
within the cluster setting. Intellectual Property 
Management offered a workshop on “Intellec-
tual property basics, dealing with patents as a 
scientist, and tools for creative thinking”. 

In late 2021, the data steward and volunteer-
ing affiliates formed a reaserch data manage-
ment (RDM) task-force and developed the 
livMatS RDM policy. This document has been 
published on the newly created livMatS RDM 
landing page at on www.livmats.uni-frei-

burg.de/rdm after board approval in Sep-
temeber 2022. Since early 2022, the data 
steward provides, maintains and extends a 
basic interface to Baden-Württemberg data 
storage infrastructures (bwSFS) [2]. Both in 
the RDM workshop within the boot camp in 
March 2022 for new livMatS PhDs and post-
docs as well as in another iteration in Novem-
ber 2022, fundamental concepts of good data 
management practices such as documenta-
tion by metadata and provenance tracking 
were illustrated on the example of this bwSFS 
interface and the dtool RDM ecosystem. The 
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data steward participated in numerous univer-
sity-internal digitalization and RDM strategy 
events and represented livMatS at April‘s 
NFDI-MatWerk meeting in Siegburg and at 
October‘s „Datastewardship goes Germany“ 
workshop in Braunschweig with poster contri-
butions or talks [3]. 

In 2022, Intellectual Property Management be-
gan creating a knowledge mapping of the clus-
ter based on the livMatS publications listed in 
the Web of Science database. Knowledge 
mapping was performed according to the gen-
eral categories of the Web of Science and ac-
cording to the citation topics that cluster rela-
tionships of citing and being cited between 
these publications. The top 10 categories of 
both knowledge mapping strategies were also 
used for scientific benchmarking in terms of ci-
tation impact for the period between 2019 and 
2022. A comparative benchmark value is ob-
tained by evaluating the same category or 
topic in the same time period for all Web of 
Science publications or for DFG-funded publi-
cations only. Intellectual Property Manage-
ment also evaluated and supported the first in-
vention disclosure resulting from livMatS clus-
ter findings. 

Fig. 2: Roofing ceremony for the livMatS Biomimetic 
Shell @ FIT (Photo: ICD/ITKE/IntCDC University of 
Stuttgart) 

After completion of the livMatS Pavilion in the 
Botanic Garden in 2021, the cluster’s second 
pavilion project has gained momentum in 
2022. The livMatS Biomimetic Shell @ FIT is 
a building demonstrator designed and realized 
by researchers from the Cluster of Excellence 
"Integrative Computational Design and Con-
struction for Architecture" (IntCDC) at the Uni-
versity of Stuttgart. Scientists from the 
Stuttgart cluster and livMatS will develop and 

research sustainable materials and alternative 
construction methods using the building in the 
future. The team celebrated the completion of 
the building shell of the livMatS Biomimetic 
Shell @ FIT with a roofing ceremony on De-
cember 8, 2022. Located in close proximity to 
the FIT, the biomimetic building shell 
measures 345-square-meter and is designed 
as a lightweight construction. The shell's 127 
hollow cassettes made of wood are robotically 
manufactured and inspired by the modular 
skeleton of the sea urchin. 

livMatS has also been involved in several out-
reach events, such as the “Science Days” at 
Europapark Rust from October 20 to 22, 2022. 
At the livMatS booth, around 10.000 visitors of 
Germany’s biggest science festival were able 
to experiment with shape-memory polymers, 
try out for themselves how hydrophobic sur-
faces or metamaterials behave, learn why 
thermoresponsive plastics change color, and 
how soft robot elements work. livMatS partici-
pated in the Science Days for the third time. In 
addition, the cluster offered guided tours of the 
Botanic Garden of the University of Freiburg 
for school groups, teachers and professionals, 
implementing the livMatS outreach concept 
“Learning from Nature in Nature”. In these 
tours, the groups gained insight in the idea be-
hind the livMatS Pavilion and the cluster's bio-
mimetic research. The cluster also welcomed 
students from the “Schüler-Ingenieur-Akade-
mie” program of the Faculty of Engineering for 
the second time in a row. Together with the 
group of livMatS Principal Investigator Céline 
Calvino, the students explored polymers, their 
production, possible applications and proper-
ties. 
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FIT COLLOQUIUM 2022 

9TH FIT COLLOQUIUM 

11.10. – 12.10.2022
HYBRID EVENT

PROGRAM 
Venue: Hotel Maritim, Titisee and Internet 

 

TUESDAY, 11 OCTOBER 2022 
 
Session 1 (Chairperson: Jürgen Rühe) 
14:00 Paula Straub “Mechanism of phototropic actuation in azo LCN with long thermal half-lives” 
14:15 Patrick Elsässer “NiMo/MPNC Anode catalysts for clkaline membrane fuel cells” 
14:30  Wafa Maftuhin “Mechanochromic torsional springs: Insights from theory and simulations” 
14:45 Joey Disch “Challenges of electrochemical CO2 reduction in flow cells” 
 
15:00 Coffee break 
 
Session 2 (Chairperson: Michael Walter) 
15:30 Kun Dai “A systems chemistry approach towards living materials” 
15:45 Fiona Pescher “Novel catalyst materials for polymer electrolyte fuel cells via fluidized bed 

atomic layer deposition” 
16:00 Dennis Rusitov “Tunable thermal and photochemical crosslinking of CHic-able diazo-

groups containing polymers” 
 
16:15 End of first day 
 
19:00 Dinner 

 

WEDNESDAY, 12 OCTOBER 2022 
Session 3 (Chairperson: Anna Fischer) 
09:00 Peter Kappel “Comparison of a pneumatic bending actuator fabricated by FDM and PolyJet 

3D Printing” 
09:15  Céline Calvino “From stimuli- responsive systems to renewable materials” 
09:30  Patrick Huber “Single- and two-photon absorption based C- H-insertion crosslinking (CHic) 

of anthraquinone containing copolymers” 
09:45 Linnea Hesse “Identifying new design and manufacturing concepts for technical fiber-rein-

forced composites in plants” 
 
10:00  Coffee break 
 
Session 4 (Chairperson: Jürgen Rühe) 
10:45 William F. Chaverra Ordoñez “Buruli ulcer: thermotherapy enhanced using PCM compo-

sites” 
11:00 Niloofar Nekoonam “Photoswitchable substrates with adjustable softness for droplet behav-

ior analysis” 
11:15 Wei Wei “Influence of interstitial Li on the electronic properties of LixCsPbl3 for photovoltaic 

and battery applications” 
11:30 Jens Leonhardt “Thermo-responsive liquid crystalline network bilayer actuators” 
 
11:45  End of the colloquium 
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