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Vision, mission, values and vision
We are innovative researchers from Thiiringen who

turn science into applications. As a leading research partner,
we transform ideas into products.

strategic foci

Mission

* We advance our region.
Our goal is to ensure market success
for our partners.

© As an application-oriented R&D service
provider in Thiiringen, we connect
science and industry.

* We create innovative industrial
solutions for intelligent sensor and
measurement systems as well as for
high-precision drive systems.

For example, we move atoms and turn
networked bioanalytics into pocket size.

Research fields

Magnetic
6D direct drives
with nm precision

Smart
distributed
Integrated measurement
‘sensor systems and test systems

Lead applications

Sensor systems for

in-vitro diagnostics

.

nm-measurement and

structuring of objects

RFID sensor technology

Adaptive edge Al systems

for industrial applications

IoT systems for cooperative

environmental monitoring

WE CONNECT THE DIGITAL I I

TO

Values

We are a team on an equal footing.
We take care of one another
and our R&D partners.

We bring ideas to life,

that are ahead of their time.

We are inquisitive and always

open to new ways of thinking.

We always have the application in mind.

We aim to be at the forefront of
innovation, R&D and quality.
We are reliable, compliant and profitable.

Target markets

Life Sciences

Automation technology

and Industry 4.0

Environmental monitoring
and smart city applications

Research institutions and

ultra-precision mechanical engineering

THE ANALOG WORLD.

Leitbild und strategische Schwerpunkte des IMMS Institut fiir Mikroelektronik-
und Mechatronik-Systeme gemeinniitzige GmbH (IMMS GmbH)
Ehrenbergstrake 27 | 98693 llmenau | DEUTSCHLAND | www.imms.de
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Frontispiece: A contact unit for preliminary investigations using graphene chips from the University  annual Report
of Jena (FSU Jena) to develop the signal processing electronics for graphene sensors intended for the

on-site detection of micropollutants in wastewater. Photograph: IMMS.
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Martin Eberhardt, Managing Director of IMMS. Photograph: IMMS.

Dear readers,

Research demonstrates its value when scientific findings are transformed into solu-
tions for industry and society. This understanding has been shaping the work of

IMMS since its foundation - and has also guided our activities in 2025.

The 2025 financial year was characterised by challenging economic conditions. The
economic situation in Thiringen and Germany remained tense. At the same time, in-
stitutional funding from Thiringen was reduced. These funds are of great importance
for the general operation and preliminary scientific research carried out by IMMS.

Closing the resulting funding gap therefore presented a considerable challenge.

The significant increase in industrial contract research has enabled us to bridge the
funding gap. Alongside the positive economic performance in 2025, this demon-
strates that our research addresses the current challenges in industry and among
SMEs. Drawing on our expertise in technology transfer, we work with our partners to

develop tailor-made solutions with immediate benefits.

This development confirms that we are on the right track, which we have been fol- —————
lowing in recent years. We focus our scientific work on topics of high technological  Annual Report

and economic relevance, combining scientific excellence with a consistent transfer «IMMS 2025



to practical application. Through numerous new research and development projects,
we have been able to further strengthen our three strategic research fields and ex-
pand our collaboration with companies and scientific partners.

A particular milestone in 2025 was the launch of the VirtuSen early-career research
group, which is funded by Thiringen. It brings together expertise from several re-
search fields at IMMS and opens up new opportunities to further enhance the pre-
cision of high-accuracy positioning systems through Al-based virtual sensor tech-
nology. In addition, we have made significant progress in many other projects. We
present a few examples of these in this annual report.

Scientific success is always the result of teamwork. That is why | am particularly
pleased about the awards that young scientists from IMMS received last year in re-
cognition of their research achievements. They are a great example of the high level
of commitment and expertise demonstrated by our employees.

The year 2025 also brought personnel changes. New colleagues have now joined our
institute, whilst others have moved on to new career paths. | would particularly like
to thank my long-standing colleague, the Managing Director Prof. Dr Ralf Sommer,
who left IMMS in autumn and is now focusing once again fully on his duties as a
university lecturer at Ilmenau TU. | would like to thank him personally for our trust-

ing and constructive collaboration and wish him all the best for the future.

I would like to thank all IMMS employees, our funding bodies, clients and our part-
ners from the academic and business communities. Their trust, ideas and commit-
ment form the basis of our shared success.

I look forward to our journey together and hope you enjoy reading our report.

M. et

Martin Eberhardt, Managing Director
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Martin Eberhardt, Jessica Vollger, Andreas Rohwer, Dr. Mandy Kandler, Dr. Gabriel Kittler, Prof.
Dr. Ralf Sommer, Prof. Dr. rer. nat. Ingolf Voigt, Dr. Sebastian Stark, and Dr. Tobias Sawada at the
farewell meeting for Prof. Dr. Ralf Sommer at the Supervisory Board session on 20 November 2025.
Photograph: IMMS.

Univ.-Prof. Dr.-Ing. Ralf Sommer leaves IMMS on 30 September 2025

Univ.-Prof. Dr.-Ing. Ralf Sommer took over the scientific management of IMMS in
September 2006 from its founding professor, Dr Gerd Scarbata, after stints at the
Technical Universities of Braunschweig and Kaiserslautern, the Fraunhofer Institute

for Industrial Mathematics, and Infineon Technologies AG.

The supervisory board and owners thank Univ.-Prof. Dr.-Ing. Ralf Sommer for his

commitment and the work he has done at IMMS.

The appointment procedure for filling the position of scientific director of IMMS in
conjunction with a joint appointment to a university professorship (W3) in ‘Integrat-
ed Circuits for Sensor Systems’ at the Faculty of Electrical Engineering and Informa-
tion Technology at Technische Universitat llImenau has not yet been completed.

IMMS will therefore be represented by commercial director Dipl.-Kfm. Martin Eber-
hardt until a new scientific director is appointed.

From 1 October 2025, Univ.-Prof. Dr.-Ing. Ralf Sommer will be available via the Elec-
tronic Circuits and Systems department at the Faculty of Electrical Engineering and

Information Technology at Technische Universitat lImenau.

For the supervisory board: Dr. Sebastian Stark, Chairman of the supervisory board
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VirtuSen aims to use a small number of physical sensors to generate virtual sensors using Al me-
thods. Photographs/graphics: IMMS/Pixabay (u_8tzemw1yia).

Internal research group VirtuSen* launched - virtual sensors
and Al for detecting and compensating disturbances in complex
mechatronic systems

Monitoring sensors are often limited

In the monitoring of machines or other complex mechatronic systems, the objec-
tive extends beyond tracking the current state of the system and addressing topics
such as predictive maintenance. It also involves using the acquired information to
develop new system solutions with improved performance characteristics. In addi-
tion to system parameters, disturbance factors such as temperature, humidity, and
mechanical stresses, as well as their spatial distribution, play an important role.
However, due to functional and spatial constraints, physical sensors often cannot
be installed at all measurement locations required for a comprehensive assessment.

Consequently, in practice, disturbance variables are typically measured at only a
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Al-based virtual sensors expand the range of possible solutions

In the VirtuSen research group, IMMS is working to significantly improve the moni-
toring of systems using Al-based virtual sensors. Al approaches make it possible
to model complex system behaviour based on a small number of input variables.
VirtuSen aims to leverage this capability to assess spatial distribution using limited
data from real sensors. The goal is to predict the behaviour of the entire system
by adding Al-based virtual sensors for the disturbance variables, in order to sub-
sequently identify and implement targeted countermeasures.

Application for effectively improving the precision of positioning systems

This is particularly relevant for high-precision positioning and measurement systems.
Even minor environmental influences, such as temperature fluctuations and the
resulting thermal expansion of materials, can significantly impair the achievable
accuracy in the sub-nanometre range. For high-precision applications, it is especially
important to understand not only the magnitude but also the spatial distribution of
disturbance factors. The results from VirtuSen are intended to enable a more accu-
rate quantification of environmental influences on such systems, thereby providing

a basis for reducing their impact on positioning accuracy in future applications.

Three doctoral dissertations on model-based thermal characterisation, physics-
based Al models, and the generalisation capability of Al models

The project will be carried out through close collaboration between IMMS and Tech-
nische Universitat llmenau until the end of 2027. IMMS will provide supervision,
infrastructure, and financial support, while Prof. Husung and Prof. Rémer from
llmenau TU will offer scientific guidance and academic supervision. The research
activities are divided into three doctoral topics, each addressing a complementary
aspect of thermal disturbance prediction and Al-based virtual sensor technology for
high-precision systems.
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The VirtuSen team at the test rig for the NPS6D100 drive in the IMMS laboratory: Amin Suaad, Ahmed
Rahat, Ina Naujokat, and Parastoo Salimitari (f.l.t.r.). Photograph: IMMS.

Ina Naujokat completed her master’s degree in mechanical engineering in March
2025 and has since been working at IMMS on the “VirtuSen” project while pursuing
her Ph.D. under the supervision of Prof. Husung. Her research focuses on physics-
based thermal characterisation, numerical simulation approaches, and model reduc-

tion methods for precision systems.

Ahmed Rahat joined the project as a research associate in July 2025 after completing
his studies in Computer Science and Data Science and is pursuing his PhD under the
supervision of Prof. Romer. His work focuses on physics-informed neural networks
(PINNs) for precision improvement of nanopositioning systems, in particular for the
prediction of temperature fields and virtual sensing based on sparse measurement
data.

Amin Suaad earned his B.Sc. in Electrical Engineering and Electronics and later com-
pleted a master’s degree in Data Science. He is currently pursuing his Ph.D. under
the supervision of Prof. Rdmer and has been working as a research assistant at
IMMS since January 2025. His research focuses on the generalisation and trans-
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In addition to coordinating all research activities, Dr.-Ing. Parastoo Salimitari con-
tributes to investigations of material effects on thermal behaviour, with a focus on
mineral casting structures as an alternative to granite bases in precision systems.
Her work supports the experimental and simulation-based activities across the indi-
vidual doctoral research topics and forms a common foundation for the development
and validation of the proposed methods.

Outlook

The objective of IMMS is to utilise the results obtained in VirtuSen to enhance the
precision of the positioning systems studied within IMMS, thereby addressing future
industrial demands. In the longer term, the aim is to transfer these approaches to a
broad range of machines, metrology applications, and mechatronic systems, signifi-

cantly improving both their performance and cost efficiency.

Furthermore, the developed methods are expected to support the research and
development of novel industrial automation solutions, enabling more precise analy-

sis, as well as improved control and regulation of processes and systems.
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Working hand in hand with Technische Universitat Ilmenau

Being an affiliated institute of Ilmenau University of Technology (TU), IMMS benefits
from networking with the university while the TU benefits from the Institute’s close
relations with industry. In 2025, IMMS again worked on scientific projects and issues
with numerous departments in the fields of electrical engineering and information
technology, mechanical engineering, computer science and automation as well as
mathematics. In parallel, IMMS is strongly networked with industry. To develop in-
ternationally successful innovations for health, the environment and industry, IMMS
is integrated into regional and national innovation networks as well as industrial
clusters. The use and bundling of technological competences and the development
of joint market strategies provide valuable practical impetus for the research activi-
ties of the Institute and the llmenau TU.

Selection of joint projects

ProQuaOpt*: Optimising the injection moulding process with Al for greater efficiency
To harness Al methods for automated productivity and quality optimisation of the
injection moulding process, a product-process-quality control loop was developed
consisting of a controlled system on the injection moulding machine, a measuring
element for quality inspection and an Al-based controller. This enables reactions to
changing environmental conditions and continuous optimisation of the process in
terms of resource efficiency. IMMS developed the Al-based controller, which helps
to optimise the process inline and autonomously - when adjusting the machine and

reacting to faults.

Waldmonitor*: Robust communications solutions and energy self-sufficient sensors
To counter the consequences of climate change, the Waldmonitor (forest monitor)
project is developing a sensor system that continuously collects information on young
trees without the need for foresters to be on site. A stationary overall system as a
pilot installation is evaluating various optical and classic sensor principles. The results
will be incorporated into an optimal selection of sensor systems for a customised
monitoring system, which will later also be able to be used on mobile platforms. IMMS
contributes adaptive energy self-sufficient sensor systems and the data connection to
open up the monitoring of location factors in the forest environment and to ensure

a continuous flow of data from the study areas in the forest to a central evaluation.
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The NanoFab* RTG: High-speed fabrication with nanometre precision

Until 2026, 13 doctoral students, including one at IMMS, are working on solutions
for tip- and laser-based 3D nanofabrication in extended macroscopic workspaces in
phase 3 of the NanoFab research training group 2182 funded by the DFG. They are su-
pervised by professors and scientific staff of Ilmenau TU and IMMS under the direc-
tion of the Institute for Process Measurement and Sensor Technology of the Faculty
of Mechanical Engineering. IMMS is developing solutions for a drive system that will
enable multi-axis highly dynamic machining of objects with nanometre precision.

IMMS as “Smart Sensor Systems Model Factory” in the “Mittelstand-Digital Zentrum
Imenau” (SME Digital Centre llmenau)*

As the “Smart Sensor Systems Model Factory”, IMMS provides impetus for the in-
troduction of Industry 4.0 technology for the improvement of machinery and pro-
cesses. An example of what this means is retrofitting machinery and equipment
with wireless and networked sensors so that data can be obtained and processed
which will underpin new diagnostic, maintenance and service concepts. Combining
open-source software with universal electronics platforms for components that are
compatible to Industry 4.0 is a powerful means of achieving real-time-capable inno-
vation fast and affordably.

InSignA* high-performance centre

The aim of the “InSignA” high-performance centre in Ilmenau is to strengthen the
regional economy by accelerating technology transfer. Regional value creation net-
works in the future-oriented transfer areas of signal analysis and assistance systems
in production, energy supply and robotics are to be developed and established. To
this end, Fraunhofer institutions in and around llmenau, the research profile lines at
Ilmenau TU and other research institutions are pooling their expertise. In the iHUB
project of the German Land of Thiiringen, the partners support start-ups and spin-
offs in the field of intelligent signal analysis and assistance systems.

Joint encouragement of young academics

IMMS not only complements teaching at llmenau TU with extensive practical offers.
In addition, Prof. Sommer and Prof. Topfer are involved with courses in basic edu-
cation and in the master’s programme. IMMS promotes the motivation and training
of students through its practical and industry-related offers, among other things,

through numerous topics for internships.
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Dr. Christof Steiner, DITABIS AG

“At DITABIS, we see ourselves as partners
on an equal footing - for our customers,
we are the OEM partner when it comes
to medical technology, diagnostics and
life sciences. Our teams bring together
expertise in  mechanics, electronics,
software and regulatory affairs - all un-
der one roof. From the initial feasibil-
ity assessment right through to series

production in accordance with ISO 13485,

we support our customers as true co-

Dr. Christof Steiner, Head of Business Develop-
ment, DITABIS Digital Biomedical Imaging Sys-
tems AG. Photograph: DITABIS.

developers: with an agile, collaborative
approach and decades of experience.

| first came across IMMS as part of our joint BMFTR project, ‘FluoResYst’. Whilst IMMS
is developing the chip for direct DNA spotting followed by fluorescence detection, we
at DITABIS are responsible for integrating the system into a complete device. Work-
ing with Benjamin Saft and Eric Schafer, it quickly became clear that IMMS can do
far more than ‘just’ chip development - particularly in the fields of photonics and
sensor technology. This is evident in both the versatile staff and the exceptionally
well-equipped laboratory and measurement technology.

With this impression in mind, it was an easy decision for us to bring IMMS on
board to develop an optical assembly for one of our high-volume production devices.
The result: 15 prototypes in which the hardware, firmware, optics and mechanics
work together perfectly - and which have even exceeded our high expectations.

What we particularly liked: The IMMS team integrated quickly and flexibly into our
network of DITABIS developers and external partners - bringing plenty of ideas and
a genuine team spirit.

Following this thoroughly positive experience, we would be happy to work with
IMMS again at any time - even though we are over 300 kilometres apart.”

www.ditabis.de
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CEO of FRIZ Biochem
GmbH.

Photograph:
FRIZ Biochem GmbH.

Andrea Kulik, FRIZ Biochem GmbH

“We develop innovative molecular diagnostic solutions for standardised (high-through-
put) use in the laboratory, as well as for direct use at the point of care. Our pro-
ducts are characterised by high sensitivity, short turnaround times and user-friendly

workflows.

We have appointed IMMS as our development partner for our CYCLE®-Dx platform,
which enables multiparametric, rapid, highly sensitive and fully automated PCR
analyses to be conducted outside a laboratory, directly at the point of care. The
CMOS biochip, developed jointly with IMMS to detect DNA hybridisation on electro-
chemical sensor arrays, will in future be integrated into the analysis unit of our PoC
platform.

In previous research projects, we laid the technological foundations and validated  www.imms.de/
the performance of our CMOS biochip approaches. The aim of the subsequent col- biosensors
laboration was to work with IMMS to translate these findings into a commercially
viable product. We were particularly impressed by their proven expertise in the
development of analog and digital integrated circuits and systems, especially in the ©————————
field of CMOS biosensors. Annual Report

o IMMS 2025
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The IMMS team contributed extensive expertise in the CMOS technology used, as 16 o———

well as in specialised manufacturing processes, including microsystems techniques »integrated

for integrating precious-metal electrodes directly onto the chip, and TSV technolo-  sensor systems

gies for bond-wire-free integration into our analysis unit. The process steps required > Distributed

for this were provided by our long-standing partner X-FAB and seamlessly integrated  measurement+

into the overall system. test systems
>nm-precise 6D

We were particularly impressed by how IMMS was able to take a holistic approach  direct drives

to the interface between biochemical applications and electronic signal processing. > Contents

This enabled our biochemical and technical requirements to be precisely translated * Funding

into microelectronic concepts and implemented in a space-efficient manner.

In addition to technological excellence, the collaboration was characterised at all ~ www.imms.de/
times by agility, transparency and reliability. Coordination was swift and solution- ivd
oriented, and all milestones were met on schedule and to a high standard.

We would like to express our sincere thanks for the professional and trusting part-
nership and look forward to continuing to work together in future innovation pro-
jects.”

FRI
CH

www. frizbiochem.de M
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Roland Haag, Leuze electronic GmbH + Co. KG

“As a medium-sized family-run business based in
the greater Stuttgart area, right at the foot of
Teck Castle, we are actively shaping the future of
Industry 4.0 with innovative products and solu-
tions. Over 60 years of experience have made us
a leading expert in innovative and efficient sen-
sor and safety solutions for automation technolo-
gy. Our high-tech portfolio covers a wide range of
sensors and automation solutions: from switch-

ing and measuring sensors, through identifica-

tion systems, to data transmission technologies

Roland Haag, ASIC Design Team . .
Leader at Leuze electronic GmbH + and image processing systems.
Co. KG. Photo: Constanze Lutz-Haag.

IMMS has shown itself to be an extremely valuable partner in all matters relating
to research and development. Particular mention must be made of the proven ex-
pertise of our colleagues in the technological fields that are central to our work.
They not only support us in evaluating innovative circuit concepts, but also make a

significant contribution to the development of cutting-edge integrated circuits (ICs).

Through a joint workshop with IMMS, we gained valuable insights into the properties
of state-of-the-art CM0S-based optoelectronic components and circuits. Particularly
noteworthy are the in-depth explanations of how they work, as well as the practical
application examples, which have provided us with lasting inspiration. We also value
our collaboration with IMMS on the layout synthesis of our digital circuit compo-
nents, which has consistently been characterised by great commitment, agility and

an exceptionally collegial working style.

Throughout our collaboration, IMMS has been an extremely reliable and competent
partner. We were impressed by the high quality of the results and the constructive,
goal-oriented collaboration. We are therefore looking forward to working with IMMS
again on future development projects.”

Leuze o
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Markus @verland, attocube systems

“In the field of Motion & Sensing, atto-
cube develops nanometre-precise posi-
tioning and sensor systems for industrial
applications in high-tech markets such
as semiconductor and quantum techno-
logy.

In collaboration with IMMS, we were
able to successfully integrate our ultra-

precise IDS3010 laser interferometer into

an ultra-precise voice-coil positioning

Markus @verland, Senior Manager R&D Actua-
tors & Sensors, attocube systems GmbH.
Photograph: private source.

system developed by IMMS.

The aim was to demonstrate repro-
ducible positioning down to the picometre range under vacuum conditions, thereby
illustrating a potential use case based on the current state of research. At the same
time, we were able to successfully verify, through external testing, both the perfor-
mance of our sensor system and its ease of integration.

The IMMS’s Mechatronics division contributed its extensive expertise in control
engineering and ultra-precise positioning. Of particular note is the control logic devel-
oped, which enables positioning performance below the conventional sensor noise
limit. At the same time, the Rapid Control Prototyping framework employed by IMMS
allowed for the rapid and flexible integration of our sensor into the overall system
and kept the time to result very short.

Our collaboration with IMMS was always very professional, straightforward and charac-
terised by open and efficient communication. Together, we were able to demonstrate
that, by combining our systems and expertise, reproducible closed-loop positioning
down to the double-digit picometre range is possible under vacuum conditions. The
project has not only confirmed the performance of our interferometer in an innovative
use case, but has also resulted in a joint white paper as a tangible outcome of our suc-
cessful collaboration. We look forward to implementing further joint projects in the field
of high-precision sensors and actuators for applications in the sub-nanometre range in
the future.”

L attocube

www.attocube.com WITTENSTEIN group
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Marcus Cramer, Managing Director of
KHW Kunststoff- und Holzverarbeitungswerk
GmbH in Geschwenda. Photograph: KHW.

Marcus Cramer, KHW Kunststoff- und Holzverarbeitungswerk GmbH

“We are the world’s leading manufacturer of plastic snow sleds - from simple chil-
dren’s sleds to innovative high-tech products. With decades of experience as an
efficient and competent partner in plastics processing, we guarantee excellent injec-
tion moulding capacity and quality for a wide variety of products, components and
requirements. In addition to a wide range of garden products, we also manufacture
cool boxes, dustbins and plastic pallets. We achieve this not only through state-of-
the-art machinery and certified processes, but also through the continuous develop-
ment of our materials, products and procedures. For example, under our KHW - ECO-
2MIND label, we are increasingly focusing on bio-based and biodegradable plastics,
prioritising energy-efficient processes, and many of our products are already made
from recycled plastics. For this wide range of products and materials, it is essential
to adjust the machinery flexibly to the optimal parameters for each application to

achieve high-quality results in the shortest possible production cycles.
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As part of our joint ProQuaOpt project, IMMS has developed Al methods to automati-
cally optimise productivity and quality in injection moulding. The IMMS team quickly
gained a deep understanding of injection moulding processes and has impressively
demonstrated the potential that Al offers for optimising our processes and improv-
ing resource efficiency. With the Al-based optimisation developed by IMMS, which
utilises a surrogate model and an NSGA-II algorithm, the injection moulding machine
can be optimally adjusted according to the input parameters without compromis-
ing quality, and it is also possible to respond to external disturbances. During trial
operations on one of our production lines, we have thus succeeded in significantly

reducing cycle times whilst avoiding defects.

With its expertise in Al algorithms in an industrial context, IMMS made a vital contri-
bution to the project’s success. The IMMS team worked proactively and with a clear
focus on the objectives. At the same time, it responded flexibly to changes as the
project progressed. The collaboration was smooth and collegial, and IMMS always
kept the overall objective of all five partners in mind and provided support. We look
forward to the possibility of further joint projects in the future, in which we can
build on this successful collaboration.”

HwW

Made in Germany

www.Rhw-geschwenda.de
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YOUNG A

All information on our study-related offers:

’ e www.imms.de/students


https://www.imms.de/students

Encouragement of young academics

It is one of our highest priorities to bring on the new blood in science. We are ac-
tive in pursuit of this goal, inspiring and supporting undergraduate and master’s
students of the engineering sciences in particular by supervising internships and
dissertations for BSc and MSc. The fact that we network so closely with industry
provides the new generation of scientists with the opportunity to work on subjects
of practical relevance where the results really matter. Thus, we impart theoretic
in-depth knowledge of methods for an early combination with a practical imple-
mentation in applications. For fundamental education purposes various lectures and
seminars are hold by IMMS staff at Ilmenau TU. Moreover, we offer training courses
and guided tours of the establishment. School pupils, too, are given insight into our
work by means of events and internships or by having their coursework supervised
by professionals of the institute.

For example, we accompany offers for the Summer University of the llmenau
TU and regularly organise BarCamps on the topic of electronic design automation.
Students also take part in these interactive and open research meetings. Our in-
ternationally competitive industrial-standard infrastructure for design support and
laboratory technology for electronic and mechatronic systems is also available for

student research work.
Participation in career fairs

In 2025, IMMS took part in four careers fairs at Technische Universitat Ilmenau, Erfurt
University of Applied Sciences, Coburg University of Applied Sciences and Technis-

che Universitat Chemnitz. Students from disciplines such as electrical engineering,

In 2025, IMMS
provided informa-
tion at three other
universities - as it
has done here at
Erfurt University of
Applied Sciences -
on work placements
and final-year pro-
jects, as well as on
opportunities to join
the institute.

Photograph: IMMS.
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Master's students from the “Optoelectronic Systems” course taught by Prof. Dr Alexander Richter
in the Department of Electrical Engineering and Information Technology at Ernst Abbe University of
Applied Sciences, Jena, were given a tour around IMMS Erfurt. Photograph: IMMS.

mechatronics, computer science and related degree programmes found out about
opportunities for work placements, final-year projects and part-time work, as well
as other ways to start their careers at the institute. This long-term, practice-oriented
training programme, which runs alongside students’ studies and features challeng-
ing topics, individual supervision and industrial-standard equipment, prepares stu-
dents for a career start in industry and applied research. The aim is to strengthen
companies in the region by supporting the next generation of talent at IMMS. The
institute has also highlighted its high-quality and dedicated support for young talent
through a variety of other initiatives.

Support for a course at the Ernst Abbe University of Applied Sciences, Jena

The Master’s students on the ‘Optoelectronic Systems’ course taught by Prof. Dr
Alexander Richter in the Department of Electrical Engineering and Information Tech-
nology at Ernst Abbe University of Applied Sciences, Jena, were also supervised at
IMMS. Throughout the summer semester, they worked on small design projects in
the field of optoelectronics in collaboration with IMMS, for example on miniaturised
optical components or optoelectronic receivers and their properties. This was com-
plemented by a visit to IMMS in Erfurt, which provided insights into current research
projects and included a tour of the laboratory featuring a wide range of measure-
ment technology for microelectronic solutions.
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Participants of the Conference of Medical Technology Student Unions (KOMET) on their study trip
to Erfurt-South-East, visiting X-FAB, the CiS Institute for Microsensors, and IMMS. Photograph: IMMS.

Visit by the Conference of Medical Technology Student Unions (KOMET) to IMMS

In May 2025, the Conference of Medical Technology Student Unions (KOMET) at-
tended IMMS in Erfurt. The 30 students from various technical universities across
the German-speaking world - including Darmstadt TU, the University of Erlangen-
Nlrnberg, Graz TU, Ilmenau TU, the Jena University of Applied Sciences and Liibeck
University of Applied Sciences - spent four days at Ilmenau TU with the aim of
continuously improving medical technology degree programmes - amongst other
things, through networking with industry. Excursions such as the one in May 2025
to X-FAB, the CiS Institute for Microsensor Technology and IMMS - organised by the
Fiz Research and Industry Centre Erfurt e.V. - are a regular feature of every KOMET
event. At IMMS, numerous practical examples clearly demonstrated just how closely
the medical technology degree programme is linked to chip design. There were sev-
eral demonstrators on display for integrated sensor systems for in-vitro diagnostics,
drawn from current projects. All these solutions also incorporate student projects,
which are intensively supervised at IMMS.
o—_
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In August 2025, Martin Grabmann gave a lecture entitled “Before It Hits the Chip: A Gentle Introduc-
tion to Mixed-Signal IC Verification” at the International Summer School on Microelectronics
(ISSOM25) at Leibniz University Hannover. Photograph: Leibniz Universitat Hannover.

Lecture at the International Summer School on Microelectronics at Leibniz

University Hannover

In August 2025, we took part in the International Summer School on Microelectronics
(ISSOM25) at Leibniz University Hannover, where Martin Grabmann gave a lecture
entitled “Before It Hits the Chip: A Gentle Introduction to Mixed-Signal IC Verifica-
tion”, and provided information about our topic offerings and student support in
the accompanying exhibition. ISSOM 2025 was attended by students keen to explore
the entire life cycle of a chip, from concept to the final circuit. Contributions were
made by our partners Leibniz University Hannover, Braunschweig TU, RWTH Aachen,
TU Wien and FMD - Forschungsfabrik Mikroelektronik Deutschland (German Research
Centre for Microelectronics), with support from the Chipdesign Germany network,
which is funded by the BMFTR.
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During the 2025/2026 winter semester, Dr.-Ing. Georg Glaser taught the lecture ‘Design of Digital
and Mixed-Signal Systems’ at IMMS in Ilmenau. Exam results are recognised by Ilmenau TU. Photo-
graph: IMMS.

Lecture on chip design at IMMS

In the winter semester of 2025, Dr.-Ing. Georg Glaser launched the lecture course
‘Design of Digital and Mixed-Signal Systems’ for students at Technische Universitat
lImenau, with the aim of fostering expertise in the development of integrated cir-
cuits and thereby specifically strengthening Thiiringen’s semiconductor ecosystem.
The courses held at IMMS Ilmenau enable students to acquire in-depth knowledge
of the systematic design of digital and mixed-signal systems at the chip level, and
to learn how to break down complex system functions into modular, implementable
functional blocks and estimate their characteristics - such as area and latency - at
an early stage. Central to this is the analysis of real-world chip architectures and
typical design errors, which enables a practical understanding of proven design
patterns and strategic decisions in mixed-signal design. The course finished with
a design project, including documentation and a short final presentation, which
counted as the assessment.
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edaBarCamp

A call for the edaBarCamp was issued once again for September 2025. Hosted by IBM
Boblingen, with support from edacentrum, IMMS and the DLR Institute for Systems
Engineering for Future Mobility, the event featured nine sessions over two days,
during which contributions from 5o participants representing Bosch, Infineon Tech-
nologies, the Fraunhofer Society, LUBIS EDA, Intrinex GmbH, Technische Universitat
Minchen, the Universities of Stuttgart and Tiibingen and many others were lively
discussed. In the open BarCamp format, questions were asked and answers found
on topics ranging from verification challenges, Al applications, the open-source
mindset, EDA flows, current trends in microelectronics, Al and robotics, right through
to system performance evaluation and COCOTB-based verification, whilst exploring
ideas for future innovations in design automation.

The series was started in 2016 by edacentrum, OFFIS and IMMS to enable regular in-
teractive, open researcher meetings - for undergraduate and postgraduate students,
professors, experts from both industry and public service and, indeed, for anybody
with an interest in EDA (electronic design automation), microelectronics and system

design. The edaBarCamp series has its origin in the interdisciplinary PhD seminars
of the ANCONA project.

P
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Supervised soldering
work during Girls’
Day 2025 at IMMS.

Photograph: IMMS.

Girls‘Day 2025

Fraunhofer IDMT, IMMS and TU Ilmenau gave girls from grade 5 onwards their first
insights into science, research and development during Girls’ Day in April 2025. As
part of this nationwide career and study guidance initiative, girls learn about profes-
sions or fields of study in which the proportion of women is below 40 per cent, such
as the natural sciences, engineering and computer science. At IMMS, 13 girls from
grades 5 and 7 took advantage of this opportunity to discover what vibrations can
do and how they can be made visible, to write programme code on the Open Roberta
platform using the Calliope mini system, to solve tricky questions - both small and
large - in the puzzle corner, and to solder their own torches. The pupils from the
grammar schools in [lmenau, Arnstadt and Suhl, and from the Ilmenau ‘Franz von
Assisi” reform school, thoroughly enjoyed themselves and were looked after with
equal enthusiasm by a team of two female engineers and a female mathematician

from IMMS, supported by student volunteers.

Open Roberta workshop as part of the programme to support gifted pupils in the
Ilm district

As part of the Ilm District’s programme to support gifted pupils, IMMS organised an
afternoon at Ziolkowski Primary School for 18 fourth-grade pupils via the Open Ro-
berta Coding Hub - a collaborative partnership between the Technische Universitat
lImenau, Fraunhofer IDMT and IMMS. Following a brief introduction, the children
were able to write their own programme code using the Open Roberta platform,
upload it to the Calliope board and then set the calli:bot mobile robot in motion.
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Voices from IMMS 29 o—
>Integrated
Dr.-Ing. Alexander Hofmann, scientist at IMMS sensor systems
> Distributed
,Combining technology and biochemistry to create innovative solutions that improve  measurement +
people's lives continues to motivate my work, even after 14 years at IMMS. IMMS  test systems
provided me with the opportunity to explore the emerging field of CMOS biochip >nm-precise 6D
technology. Its highly interdisciplinary nature led me through various areas of  direct drives
science and industry, including (micro)electronics, biochemistry, materials and elec- > cContents
tronic technologies, systems engineering, process development, and validation, ulti- * Funding
mately culminating in the successful completion of my doctoral degree. Throughout
this journey, the consistently supportive, constructive, and collegial working envi- www.imms.de/

ronment at IMMS helped me overcome challenging periods and complex tasks alike. biosensors

Following this extensive period of professional development and qualification,

IMMS has also enabled me to pursue new objectives and an additional personally

meaningful aspect of my work: transferring newly researched and developed CMOS

biochips into practical applications and industrial exploitation. Current industrial

projects — some of them international in scope — across various life science sectors

clearly demonstrate both the demand for such solutions and their growth poten-

tial beyond academically driven research. At the same time, these activities allow  www.imms.de/
me to further strengthen my skills in communication, project management, project immsvoices

Dr.-Ing. Alexander
Hofmann, specialist
in electrochemical
CMOS sensors in the
microelectronics de-
partment at IMMS.
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preparation, and business development. Close collaboration with industrial partners
provides valuable insights into application-specific needs and challenges, for which
the IMMS team continuously develops tailored solutions. Moreover, this interface
with industry forms the basis for future research activities at IMMS, generating new
value and innovation for life science applications.

While my initial focus at IMMS was primarily on the development and optimisation
of biosensing analog integrated circuits, my work has gradually evolved toward a
holistic perspective on CMOS biochip systems. Today, | even have the opportunity to
help build, organise, and shape entire value chains in this field, which once again
broadens my horizons and gives me great satisfaction. In terms of diversity, scope,
freedom, and support for personal and professional growth, IMMS offers an ideal
environment for individual development and fulfillment.”

Manuel Jirsak, M.Sc., scientist at IMMS

“In the summer of 2022, | had my first opportunity to get involved at IMMS through a
three-month internship whilst | was studying. This was followed by several months
as a student assistant, culminating in my Bachelor’s thesis in the spring of 2023,
during which I was also able to write and publish my first paper. During my Mas-
ter’s degree, IMMS gave me the opportunity to work part-time alongside my studies.
Furthermore, IMMS supported me with my Master’s thesis, which | was able to com-
plete to great success in the summer of 2025, thanks in large part to the excellent

Manuel Jirsak, M.Sc.,
specialist in design
methodology in the
microelectronics de-
partment at IMMS.

Photograph: IMMS.
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internal supervision. | am particularly grateful for the flexible working hours scheme
and the opportunity to occasionally work from home. This makes even the more
stressful periods easier to manage.

Since | started my career, | have mainly been working in the field of electronic design
automation (EDA). My aim has always been to support digital circuit development,
both in terms of circuit verification and optimisation with regard to area, speed and
power consumption. The development process for these circuits is highly complex
and extensive, so any form of automation is a welcome assistance for circuit design-
ers. When | first started out in research and development, this was simply a small
piece of software that modified circuits so that they consumed less power when
certain parts of the circuit were inactive. As time went on, | was able to implement
various additional mechanisms that have great potential for application in digital
circuit development or are the subject of current research. The scope of application
ranges from features that simplify verification to complex algorithms for circuit op-
timisation. | have packaged all of this in a user-friendly, handy Python programme.
Its source code is freely available online to maximise its benefits for both academia
and industry.

Right from day one, | have enjoyed the pleasant working atmosphere and the con-
sistently friendly and constructive interactions amongst my colleagues. Through reg-
ular conversations with my colleagues, | have already been able to benefit greatly
from their experience, ranging from theoretical background knowledge to practical
tips and tricks. The research topics are grounded in real life and relevant to practice,
which is a particular source of motivation for me. As a team member at IMMS, | am
therefore actively helping to bridge the gap between research and application. This
brings me great pleasure every single day. | really enjoy working at IMMS!”
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RESEARCH FIELD

INTEGRATED SENSOR SYSTEMS

PANDIA is developing innovative integrated sensor technology for spectroradio-
meters to enable significantly better and more efficient analysis of light for
numerous applications in the future. Photograph: IMMS.

KM Funded by .. . freistaat é’:f;
BRIl the European Union ThUI’Inan e

&3’

The interdisciplinary partnership for innovative spectroradiometers from Thiirin-
gen (PANDIA) is supported by the funding programme of the German Land of
Thiiringen for the promotion of research, technology and innovation (RTI) as the
. reﬂs:arch and development initiative Thiiringen Verbund under the joint project
" number 1004537, the IMMS topic “Development and research of line sensor ICs
for spectroradiometers” under the reference 2025 VFE 0027.



Research field: Integrated sensor systems

In the research field “Integrated sensor systems”, we investigate miniaturised sys-
tems manufactured in semiconductor technology consisting of microelectronic and/
or microelectromechanical components for sensors applications, as well as methods

to design these highly complex systems efficiently and safely.

Integrated sensor systems connect the analog with the digital world:

Electrical, mechanical and optical parameters can be directly detected, amplified,
digitised and transmitted on these silicon chips with an edge length of just a few
millimetres. They are mobile, energy-efficient, precise and powerful and therefore
represent the key technology for the Internet-of-Things (IoT). Functionalised chip
surfaces can be used to measure additional physical as well as chemical and bio-
logical parameters. With integrated sensor systems, structural sizes in the pm range
can be achieved and thus properties can also be detected on a molecular scale, such

as in the sequencing of DNA.

Goal: new applications through functional integration and miniaturisation

We aim to pioneer new applications through functional integration and miniaturi-
sation. In the field of CM0S-based biosensors, we are researching CMOS-integrated
transducers and their interaction with biological receptors. In the area of ULP sensor
systems, we are reducing the energy demand of integrated sensor systems through
intelligent power management and ultra-low power (ULP) circuit technology. Our
intensive research into Al-based design and test automation enables our partners
and us to automate the development of highly complex integrated sensor systems

and make them safer.

Research with commercial technology for industrial exploitation

The goal of our research is always industrial exploitation. We therefore focus on
system design with commercial semiconductor technology. Large quantities can be
used here to achieve competitive and cost-effective solutions. In addition, IP protec-
tion and trustworthiness are strengthened.

Integrated sensor systems are incorporated into solutions for all target markets
of IMMS. In the lead applications of sensor systems for in-vitro diagnostics and RFID
sensor technology, we focus on the use of integrated sensor systems in life sciences
as well as in automation technology and Industry 4.0 target markets.
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Highlights of 2025 in our research on integrated sensor systems
PANDIA* project launch - innovative spectroradiometers for better analysis of light

With a kick-off meeting on 23 September 2025 in Erfurt, the project partners IMMS,
JETI Technische Instrumente GmbH and X-FAB Global Services GmbH began work on
the three-year joint project ‘PANDIA - Interdisciplinary Partnership for Innovative
Spectroradiometers from Thuringia’, which was launched in September. The project,
which is funded by the German Land of Thiiringen and co-financed by the European
Union, brings together expertise in optics and photonics from Jena with expertise in
microelectronics and sensor technology from Erfurt. The aim is to develop new gene-
rations of spectroradiometers with higher sensitivity, shorter measurement times
and a larger dynamic range to analyse light much better and more efficiently for

numerous applications.

Spectroradiometers - universal tools with limits

Spectroradiometers are indispensable tools in many scientific and industrial ap-
plications that require precise analysis of the spectral properties of light. They are
used in a wide variety of fields around the world - from HDR display and projector
manufacturing and the lighting industry to photovoltaics, materials science and en-
vironmental technology, the food industry, pharmaceutical quality control, medical
research and diagnostics.

However, in terms of speed, measurement accuracy, dynamic range and stability,
the global state of the art does not meet the economic and technical requirements
in some applications, for example because the measurements hold up production
for too long, environmental influences such as high temperatures can distort the
results, and new reference measurements and recalibrations then cause further
delays. The reason for this is that the devices have so far relied on purchased detec-
tors. In addition, components such as mechanical shutters and, for more demanding
measurements, cooled sensors or optical assemblies are used, which hinder com-

pact integration into small measuring devices.

Novel integrated sensor technology for spectroradiometers

In PANDIA, the partners are therefore developing application-specific line sensor
chips for the first time. These include two new sensor concepts that will be integrat-
ed into the microelectronic chips. On the one hand, photodiode-based line sensors
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with integrated electronic dark reference are being developed. These will replace 35 o———

solutions with the conventional mechanical shutter, halving the measurement time  »integrated

and increasing robustness. Secondly, the development of SPAD-based line sensors  sensor systems

will use single-photon avalanche diodes (SPADs), which detect individual photons > Distributed

and can therefore detect even extremely weak light sources. measurement +
In addition, both sensor concepts feature integrated analog-to-digital converters  test systems

and temperature sensors, which will increase measurement accuracy and facilitate > nm-precise 6D

system integration. direct drives
> Contents
X-FAB, JETI and IMMS pool expertise * Funding

The project combines the strengths of three Thuringian partners: IMMS coordinates

the project, will develop the microelectronic sensor chips from circuit diagrams,
layout and simulation to commissioning, and will assist with integration into the
spectroradiometers. JETI will contribute its experience in the development and mar-
keting of spectroradiometers and integrate the new sensors into demonstrators for
suitability tests and into laboratory samples that will be evaluated under real-life
conditions in application-oriented scenarios. X-FAB will provide the XS018 semicon-
ductor technology and supply optimised photodiodes and SPADs. This close coop-
eration will close the regional value chain from semiconductor manufacturing to
research to the end product.

Contribution to technological sovereignty

PANDIA will make the German Land of Thiiringen less dependent on non-European

suppliers for critical sensor components. The new generation of spectroradiometers

will be faster, more sensitive and more robust, thereby strengthening the interna-

tional competitiveness of the partners involved. At the same time, the project will www.imms.de/
contribute to the economic development of the region by linking the innovative pandia
strength of Thiiringen’s two key industries, optics/photonics and microelectronics.

Representatives

of the project part-
ners X-FAB, JETI and
IMMS of the PANDIA
project, which was
launched in Sep-
tember 2025, at the
kick-off meeting on
23 September 2025
in Erfurt. Photo-
graph: IMMS. IMMS 2025
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CMOS-Biochip-System zur Optischen Detektion und Quantifizieru

From right to left: Prof. Dr.-Ing. Ralf Sommer (supervisor, head of the Electronic Circuits and Systems
Group at the Faculty of Electrical Engineering and Information Technology, Technsche Universitat
llmenau, and, until September 2025, scientific director of IMMS), Alexander Hofmann (specialist in
CMOS biosensors at IMMS) and Prof. Dr.-Ing. Karsten Seidl (examiner, University of Duisburg-Essen)
after the defence on 23 April 2025 of Alexander Hofmann’s doctoral thesis “CMOS biochip system
for the optical detection and quantification of analytes”. Photograph: IMMS.

Semiconductor-based biosensors for point-of-care diagnostics - a viable alternative
to laboratory testing

Doctoral thesis on an optical sensor system for in vitro diagnostics defended

On 23 April 2025, Alexander Hofmann, a specialist in CMOS biosensors at IMMS,
successfully defended his doctoral thesis, ‘CMOS Biochip System for the Optical
Detection and Quantification of Analytes’, at Technische Universitat llmenau. The re-
search, conducted at IMMS, demonstrates how the advantages of rapid mobile tests
can be combined with the high accuracy of established laboratory diagnostics. At
the heart of the system is an optoelectronic CMOS chip based on standardised semi-
conductor technology, which can be manufactured cost-effectively and scaleably.
The system was validated using two bioanalytical methods. Both validations demon-
strate that CMO0S-based solutions enable the precise and digital detection of molecu-
lar and protein-based analytes. This achieves measurement performance previously
only possible in specialised laboratories. This research provides the foundation for
the development of sensor systems for in vitro-diagnostics, through which IMMS is
exploring applications for personalised, decentralised health monitoring using rapid
electronic tests.

36 o——

>Integrated
sensor systems

> Distributed
measurement +
test systems

>nm-precise 6D
direct drives

> Contents

* Funding
o0—

www.imms.de/

biosensors

o S —

Annual Report

IMMS 2025


https://www.imms.de/biosensors

Advantages of rapid tests and laboratory methods for new applications 37 o——
>Integrated
“We have been presented with a highly interdisciplinary, outstanding doctoral thesis  sensor systems
with significant practical relevance,” says Prof. Karsten Seidl, PhD (Eng.), reviewer > Distributed
of the thesis and Professor of Medical Technology at the Faculty of Engineering at  measurement+
the University of Duisburg-Essen. The thesis combines CM0S-based biosensor tech-  test systems
nology and optoelectronics with applications for molecular tests and immunoassays. >nm-precise 6D
And that is crucial when speed is important but the results need to be as accurate  direct drives
as those obtained in a laboratory, Karsten Seidl continues. > Contents
* Funding
High-precision diagnostic systems for detecting infections and diseases are complex,
large and expensive. They are primarily used in centralised laboratories by trained

specialists. Results often involve waiting and transportation times of several days.

But when rapid test results are essential - such as in emergency situations in an am-  www.imms.de/
bulance - point-of-care tests are an option. These rapid tests have the advantage of ivd

being easy to use on site, compact and inexpensive. However, for many applications,

they lack sufficient sensitivity or they are not digitised - or both.

“With his doctoral thesis, Alexander Hofmann has laid the foundation for an innova-
tive class of point-of-care diagnostic systems that combine laboratory-level precision
with the compactness and cost-effectiveness of rapid electronic tests. His work is
an impressive example of how CMOS technology and bioanalytical methods can be
integrated to form a powerful platform for decentralised health monitoring,” ex-
plains Prof. Dr.-Ing. Ralf Sommer, his supervisor and, at that time, scientific director
of IMMS, as well as head of the Electronic Circuits and Systems group at the Faculty
of Electrical Engineering and Information Technology at Technische Universitat II-
menau. “The developed concepts open up new prospects for rapid electronic tests
- ranging from molecular detection of infectious diseases and personalised health
checks to tests for allergens, nutrients or contaminants in food and drinking water.
By combining optical and ion-sensitive detection mechanisms, an even wider range
of bioanalytical applications can be covered in future without relying on laboratory
equipment.”
o—
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Alexander Hofmann
with an optoelectro-
nic CMOS biochip

on a cartridge and
an associated test
system for research
relating to his doc-
toral thesis “CMOS
Biochip System for
the Optical Detection
and Quantification of
Analytes”.

Photograph: IMMS.

CMOS biochip system for the optical detection and quantification of analytes

The doctoral thesis demonstrates that light absorption measurements using a new-
ly developed optoelectronic CMOS biochip system can combine the advantages of
precise laboratory techniques with those of rapid tests. “In the investigated CMOS
biochip system, samples are applied directly to an optical sensor chip and the bi-
ochemical reaction is measured without any distance between the sample and the
light detector,” explains Alexander Hofmann. “Our partners have developed proto-
cols - in other words, recipes - for the functionalisation of the chip surface required
for this.” This allows the detection of biochemical reactions where the intensity of
light absorption is dependent on the concentration of the bound analyte. “These
changes can then be measured optoelectronically as differences in brightness.”

In his thesis, he investigated how the distance between samples or analytes to be
measured and the detector affect the maximum achievable sensitivity. He discussed
the advantages and disadvantages compared with conventional optical approach-
es, and compared contact sensing and contact imaging approaches with regard to
their achievable sensitivity. He also developed a concept for modelling the optical,
biochemical and electronic components of the CMOS biochip system. This enables
the estimation of achievable performance parameters such as sensitivity, signal
resolution, signal-to-noise ratio, dynamic range, concentration measurement range
and detection limit.
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Bioanalytical validation

The system was validated using two selected bioanalytical methods. Firstly, DNA was
detected for the first time on CMOS biochips by means of light-absorption meas-
urements without the need for biomarkers. Synthetic target DNA was employed for
this purpose. Through DNA hybridisation, the targets were localised on the photo-
diodes of the developed CMOS biochip system and detected with high sensitivity.
The measurement series carried out as part of this work indicate that such a system
.has the potential to provide not only highly accurate but also PCR-free molecular

detection.

Secondly, an immunological assay targeting prostate-specific antigen (PSA) demon-
strated for the first time that the developed CMOS biochip system surpasses the per-
formance of the rapid-test standard LFA and reaches, and in certain aspects exceeds,
the performance level of the laboratory standard ELISA.

Research at IMMS into sensor systems for in-vitro diagnostics

“With his doctoral thesis, Alexander Hofmann has not only produced an outstand-
ing piece of academic work, but has also played a decisive role - both in terms of
content and methodology - in shaping the development of further bioelectronic
diagnostic systems at IMMS. His contribution to expanding bioanalytical detection
technologies to include ISFET-based, ion-sensitive methods is particularly valuable
- an important step that usefully complements the optical platforms established at
IMMS. Through his interdisciplinary approach, his project leadership and his innova-
tive spirit, he has significantly advanced the development of technological expertise
in this strategically important field of research,” summarises Prof. Sommer.

The research activities of IMMS in the field of CMOS-based biosensors thus extend to
optical analysis methods, such as those using single-photon detectors (SPADs), and
to charge-based analyses, such as those using ion-sensitive field-effect transistors
(ISFETs). Together with partners, IMMS is investigating how these can be used to
digitise further physical, chemical and biological parameters. In addition, IMMS is
working on combining integrated circuits with other diagnostic technologies, such as

microfluidic lab-on-chip systems.
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Test setup for preliminary investigations into UHF RFID sensor transponder ICs with innovative
memory technology for smart sensor applications in logistics. Photograph: IMMS.

Launch of the NeAlxt* project:
UHF RFID sensor transponder ICs for smart sensor technology

Expansion of IMMS UHF RFID sensor technology for smart logistics applications

IMMS is expanding its ultra-high-frequency RFID sensor technology with a novel, www.imms.de/
particularly energy-efficient storage technology. The aim is to provide intelligent rfid
identification and sensor solutions for industry and logistics that are energy-efficient

and open up new application possibilities, such as monitoring cold chains or mate-

rial integrity. In the project, IMMS is supplying a powerful UHF RFID transponder IC,

which is being integrated into a Bluetooth Low Energy (BLE)-based sensor node by

project partner microsensys. This sensor node is to be activated via existing RFID in-  www.imms.de/
frastructures and then perform data processing and communications - an approach  neaixt

that significantly increases energy efficiency and extends battery life.
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Challenges with moving objects

Our partner microsensys plans to use the sensor nodes in fast-moving objects that
are to be read by stationary infrastructure, for example in monitoring production
resources. In such dynamic scenarios, long ranges and particularly fast response
times are crucial for reliable wake-up behaviour to ensure fast and accurate data

acquisition.

Innovative storage technology as a technological basis

The basis for this is the proven UHF transponder technology of IMMS from the
StorAlge and HoLoDEC projects. It will be supplemented by a novel FeRAM memory

IP from project partner X-FAB, which will also be developed in the NeAlxt project.

This memory solution is characterised by extremely low energy consumption and
will play a central role in the new chip design. In addition, IMMS will explore further
approaches to accelerate the wake-up process and evaluate them in prototypes. The
result will be a forward-looking solution for digital logistics.

With funding from the:

= h° Co-funded by g% Federal Ministry Freistaat [
\ . B | of Research, Technology o e
\Lrl Ips | l I - the European Union and Space ThUrIngen :

Landwirtschaft
und Landlichen Raum

Ministerium fiir Wirtschaft,
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Highly sensitive fluorescence imaging
for quantitative lateral-flow tests

=
IMMs

IMMS developed a CMOS image sensor with optimised lock-in pixel technology and a compact flu-
orescence reader for the quantitative evaluation of lateral-flow assays in point-of-care applications.
Photograph: IMMS.

Motivation and overview: quantitative lateral-flow tests using fluorescent markers

Lateral-flow assay (LFA) test strips have become an established diagnostic platform
due to their low cost and ease of use. Conventional test strips based on gold nano-
particles as colourimetric labels generally provide only qualitative yes/no results and
quickly reach their limits in terms of sensitivity and quantification.

However, many medical applications require quantitative information on biomarker
concentrations, for example for the early detection of myocardial infarction using
troponin or for monitoring infectious and inflammatory diseases. Conventional rapid
tests are often insufficient when diagnostically relevant biomarkers are present at

very low concentrations.

Fluorescent labels such as europium(lll) complexes enable significantly more sen-
sitive measurements compared to gold nanoparticles and open up new possibili-
ties for quantitative point-of-care diagnostics with sensitivities approaching those
of laboratory-based methods. As a result, time-critical diagnostic decisions can be
made directly at the point of care without the need to send samples to centralised

www.imms.de/

ivd
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— first generation of — second generation of — third lock-in pixel ge-
lock-in pixels lock-in pixels neration with contact
— designed for micro- — improved sampling wall technology (CTW)
fluidic integration stages and single-slope — integrated voltage
ADC regulators

— optimised for lens-
based imaging

Figure 1: Evolution of the lock-in pixel sensors developed at IMMS. Chip photos/Graphic: IMMS.

laboratories. This substantially reduces the time to result and can be particularly
beneficial in emergency situations or resource-limited settings. Furthermore, fluo-
rescence-based approaches offer the prospect of multiplex testing, allowing multiple
biomarkers to be analysed simultaneously.

Within the TIRELESS research group, IMMS combined the results and expertise gained
from the predecessor projects MEDIKIT, Ovutinin, and Sensint to develop an opti-
mised reader for fluorescence-based LFA tests as well as a new generation of lock-in
pixel sensors. The main objectives were to further improve the detection limit while

simultaneously simplifying and miniaturising the overall system.

The core of the system developed at IMMS is a dedicated CMOS image sensor for
time-resolved fluorescence imaging. In this approach, the fluorescent label is first

excited by pulsed UV light. The actual measurement is performed only after the

Excitation light
Emission light

Charge

Integrated charge

Multiple excitation time

Figure 2: Principle of lock-in pixel technology. After the excitation light has decayed, the emitted
fluorescence signal is measured until it also decays. This process can be repeated multiple times,
allowing the fluorescence signal to be accumulated cycle by cycle and thereby increasing sensitivi-
ty. As a result, separation by optical filters is not required. Graphic: IMMS.
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video explaining the lock-in principle: https://youtu.be/pEXdMNZZkPA

excitation light has decayed. Using the lock-in principle, the significantly weaker
fluorescence signal can be electronically separated from the excitation light and
accumulated over many excitation cycles, enabling quantitative detection of ex-

tremely low analyte concentrations.

Challenges: excitation light, weak fluorescence signals, and interference effects

Time-resolved fluorescence measurements place stringent requirements on the sup-
pression of optical excitation light. Although signal acquisition starts only after the
UV excitation has been switched off, even small amounts of parasitic light within
the sensor pixels can significantly limit measurement dynamic range and achievable
sensitivity. This becomes particularly critical when detecting weak fluorescence sig-

nals accumulated over many measurement cycles.

A key challenge is that not only the photodiode itself is photosensitive, but also

surrounding structures within the pixel can unintentionally collect light. One of these

structures is the floating diffusion (FD) node. The FD node serves as the central

charge storage node of the pixel, receiving the charge generated by the photodiode

before it is read out. If light reaches this node directly or indirectly, parasitic charge

signals are generated, which can distort the fluorescence measurement. This limits
the effectiveness of electronic excitation-light suppression and ultimately constrains  Annual Report

the achievable sensitivity of the overall system. IMMS 2025
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— Total chip size: 3800 um x 4860 um

Figure 3: Micrograph: IMMS.

New lock-in pixel generation with contact-wall technology

At IMMS, two variants of a new image sensor chip were developed. Both feature —www.imms.de/
an image array of 100 x 350 pixels with a pixel pitch of 12.5 pym x 12.5 ym and are aidesigntest
fabricated in X-FAB’s 180 nm XS018 CMOS technology. The lock-in pixel architecture

enables direct electronic suppression of excitation light at the pixel level while accu-

mulating the significantly weaker fluorescence signal over many excitation cycles.

Pixel values are digitised column-wise using integrated single-slope ADCs. In addi-
tion, the sensor incorporates on-chip image memory and programmable control logic

for image acquisition.

One of the sensor variants employs X-FAB’s Contact Wall Technology (CTW) for the

first time to provide additional optical shielding of parasitically photosensitive pixel

regions. The objective of this new pixel architecture was to further improve suppres-

sion of fluorescence excitation light and thereby increase sensitivity in time-resolved

fluorescence measurements. o
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The chip was also optimised with respect to system integration and external circuitry.
The goal was to reduce the number of required external components and establish
the basis for compact and cost-efficient reader systems, continuing the integration
strategy pursued in previous projects.

To achieve this, voltage regulators and reference circuits were integrated directly on-
chip. As a result, the sensor can ideally operate from a single external supply voltage,
significantly reducing overall hardware complexity.

Another focus of the project was the development of a cost-efficient yet fast LED
driver for pulsed UV excitation. An alternative driver topology was investigated that
actively removes residual charge carriers from the LEDs, enabling faster turn-off
behaviour. Compared to the previous solution, the driver costs were significantly
reduced without compromising suitability for time-resolved fluorescence measure-
ments.

Improved suppression of excitation light

A major development focus was the further improvement of optical excitation-light ~ www.imms.de/
suppression. To achieve this, the floating diffusion node was almost completely aidesigntest
shielded from lateral light incidence. In addition to metal shielding, dedicated con-

tact-wall structures implemented using CTW technology were employed. This pre- O
vents parasitic excitation light from coupling into sensitive signal regions of the pixel  Annual Report
and generating unwanted charge. IMMS 2025
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To experimentally evaluate the CTW approach, two different pixel variants were in-
tegrated on the same chip: one using the new CTW-based shielding and a reference
version based on the pixel architecture of the predecessor projects. Initial charac-
terisation measurements demonstrated an approximately threefold improvement in
excitation-light suppression efficiency compared to the previous design.

Compact fluorescence reader for point-of-care applications

In parallel with sensor development, IMMS built a complete reader demonstrator for
fluorescence-based LFA tests. The device supports acquisition of both RGB and fluo-
rescence images, features WLAN and Bluetooth connectivity, includes an integrated
display, and can operate for a full working day on a single battery charge. Charging
is performed via USB-C. Test cartridge identification is implemented through barcode

and QR code recognition.

Housing

Mainboard

Supply board

Figure 5:

Exploded view show-
ing the components
of the reader
assembled as a
demonstrator for flu-
orescence-based LFA
tests. lllumination is
performed in a trans-
mission configuration
from below.

Lock-in

pixel image

sensor chip

LFA cartridge

Lighting board Graphic: IMMS.
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The sensor’s two-dimensional image array enables simultaneous acquisition and
quantitative evaluation of multiple lines or spots within a single test. Consequently,
the reader is particularly well suited for modern multiplex assays involving multiple

biomarkers.

A key feature of the system is its large dynamic range, allowing both very weak and
very strong fluorescence signals to be measured reliably within the same acquisi-
tion. This opens up applications requiring quantitative detection of biomarkers at

extremely low concentrations.

One example is cardiac troponin, a highly specific biomarker for myocardial injury
and heart attacks. Even small concentration changes can be diagnostically relevant
and must be detected reliably. Fluorescence-based lateral-flow tests using europium
markers have the potential to provide significantly more sensitive rapid tests than
conventional gold-based assays while simultaneously enabling quantitative analysis.

The optical subsystem of the reader was also redesigned compared to previous
generations. The objectives were more homogeneous illumination of the test strips,
increased robustness against mechanical tolerances, and a reduction of the required
sensor area. These improvements resulted in a more compact and manufacturing-

friendly overall device architecture.

The device software was further enhanced as well. During measurement, the system
can automatically determine suitable acquisition parameters and robustly capture
fluorescence signals over a wide dynamic range. In addition, the electronics and PCB

design were optimised with respect to future manufacturability and production cost.

High sensitivity with reduced system complexity

TIRELESS successfully demonstrated a powerful platform for quantitative fluores-
cence-based lateral-flow testing. The results highlight the potential of specialised
CMOS image sensors for compact, cost-efficient point-of-care diagnostic systems of
the next generation.
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The fully functional demonstrator shows that highly sensitive fluorescence diag- 49 o—
nostics no longer require complex laboratory instrumentation and can instead be »integrated
implemented in portable and user-friendly point-of-care devices. sensor systems

> Distributed
The combination of dedicated CMOS sensor technology, time-resolved fluorescence  measurement +
measurement, and optimised system integration enables quantitative rapid tests  test systems
with sensitivities that have traditionally been achievable only with laboratory equip- >nm-precise 6D
ment. TIRELESS therefore opens new opportunities for mobile diagnostic systems  direct drives
and patient-near healthcare applications. > Contents

* Funding
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Contact person: Benjamin Saft, M.Sc., benjamin.saft@imms.de

Funded by .. . Freistaat [
the European Union ThU”ngen C

The in-house research group ,Time-resolved fluorescence reader for lateral-flow
tests“ (TIRELESS) was funded by the German Land of Thiiringen.
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for ultra-low-power mixed-signal circuits

Work on the implementation of the structured, automated Expert Design Plan (EDP) methodology
for automated circuit design, simulation and optimisation, as well as for the application of Intelli-
gent IP (IIP). Photograph: IMMS.

Motivation and overview

Ultra-low-power circuits enable energy-autonomous microsystems

Ultra-low-power (ULP) circuits are a key prerequisite for energy-efficient and energy-
autonomous microsystems such as battery-free RFID sensors. These systems are par-
ticularly attractive for loT applications, especially where maintenance-free sensors
are required for ecological or cost-related reasons, for example in industrial environ-
ments. Designing such ULP circuits is inherently challenging because functionality,
accuracy, robustness, and energy consumption are tightly coupled at circuit level.
System design becomes even more complex when these circuits are used in systems
powered by energy harvesting. In such cases, energy is not continuously available
from a stable regulated supply independent of the operating state. Instead, the sup-
ply voltage itself may become a dynamic signal that depends on harvested energy,
the circuit’s load behaviour, and the operating sequence of the overall system.
P
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Dynamic supply voltage with multiple dependencies requires design iterations

This coupling is particularly evident in passive RFID systems: the transponder har-
vests its energy from the electromagnetic field of the reader. As a result, distance,
coupling, communication state, and instantaneous energy demand all directly affect
the available supply. At the same time, the power consumption of the integrated
circuits determines whether the system operates stably and what communication
range can be achieved. This creates strong interdependencies between system-level,
circuit design, and power supply. As a consequence, conventional strictly hierarchi-
cal design approaches reach their limits. Instead, the development process requires
numerous iterations along the V-model: an initial system concept is followed by
circuit design, then mixed-signal simulations, whose results may in turn necessitate
modifications to the system concept. In energy-autonomous ULP systems, these
loops are particularly pronounced because energy consumption, supply behaviour,
and system functionality are directly interlinked. For passive RFID sensor transpond-
ers, for example, the achievable range depends directly on the power demand of the
integrated circuits. Early modelling and simulation of energy behaviour are therefore
crucial to ensuring the required system properties already before fabrication.

Conventional design restricts the number of necessary iterations

Conventional design flows provide only limited support for such iterative process-
es because many steps still have to be carried out manually and are therefore
time-consuming. This limits the number of possible iterations and makes systematic
parameter studies or optimisations more difficult. Generator-based design approach-
es address this challenge by formalising and automating the design process itself.
They translate expert knowledge into executable design flows, enabling fast and
reproducible generation and adaptation of circuits. The goal is to significantly accele-
rate iteration cycles within the V-model and thereby enable broader design-space
exploration and more robust system designs.

Generator methods for more efficient iterations in circuit design
In the BMFTR collaborative project HoLoDEC, such approaches were developed and

practically evaluated together with partners from industry and research. IMMS inves-
tigated them using an ultra-low-power RFID sensor transponder with an integrated
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Figure 1: Integration of generator-based implementation approaches and automated energy beha-

viour models into a V-model-oriented design flow. Graphic: IMMS.

analog front-end (AFE) as an example. The institute employed two key generator
approaches from the project consortium: the Expert Design Plan (EDP) methodol-
ogy, contributed by Reutlingen University and jointly extended and adapted with
IMMS for new ULP circuits; and the Intelligent IP (IIP) methodology, developed by
Fraunhofer 1IS/EAS in Dresden and likewise advanced together with the partners to
meet the requirements of the specific mixed-signal design. IMMS thus acted both
as a user of these generator approaches and as an active development partner. In
addition, the institute developed its own methods for energy behaviour modelling
to efficiently support the transition from system-level to implementation as well
as the feedback loop through verification methods. Within the project, procedural
top-down approaches for implementation were combined with bottom-up-oriented
verification methods along a V-model-based design flow as depicted in Figure 1.

Solution in detail - IMMS contribution

Development of the design strategy based on a passive ULP front-end

The core of IMMS’s work was the development of an ultra-low-power analog front-end
for reading resistive sensors used to measure electrical resistance changes caused,
for example, by variations in temperature, pressure, or humidity in a passive RFID
O—
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transponder. The aim was fully battery-free operation, with the transponder harvest-
ing all of its energy exclusively from the electromagnetic field of a reader. The AFE
therefore had to capture sensor signals reliably while operating with extremely low
power consumption. IMMS first developed a conventional circuit topology for the
AFE to satisfy the functional requirements and strict energy constraints. Based on
this, the team gradually transferred the design into generator-based methods. The
goal was to systematically capture and preserve the underlying design strategy and
make it reusable for future applications. The circuit design thus served not only as
a demonstrator for a specific application, but also as a practical test case for the

methods developed in the project.

Adapting the EDP methodology to new ULP circuits

A major focus was the application of the EDP methodology developed by Reutlingen
University. Together with the project partner, IMMS adapted this methodology to
the requirements of new ULP circuits and applied it to key blocks of the RFID sensor
front-end. Therefore, IMMS abstracted the design flow of an operational-amplifier-
based switched-capacitor amplifier in the form of an executable generator. This
included automatic schematic generation, initial sizing based on given specifications,
followed by simulation and iterative optimisation. The EDP approach thus trans-
formed expert knowledge into parameterisable scripts that communicated with the

Cadence design environment and supported key steps of the analog design process.

In doing so, IMMS deliberately integrated gm/ld-based design methods to efficient-
ly determine and systematically adjust transistor operating points. These methods
exploit the direct relationship between a transistor’s desired gain or bandwidth be-
haviour and the required current consumption to achieve current efficiency, simplic-
ity, scalability, and consistency/transferability. The initial sizing took into account
specifications such as gain, sampling rate, input and output voltage swing, accuracy,
and linearity. Additional constraints such as minimum and maximum transistor di-
mensions and area limitations were also considered. The resulting sizing parameters

were then back-annotated into the schematic and verified by simulation.
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Large-signal operating points were cor-
rected by adjusting transconductance
efficiency (gm/1d) or the gate-source voltage; small-signal parameters were adjusted,
among other means, by varying transistor lengths and gm/Id values. This was fol-
lowed by stability and AC analyses to assess figures such as phase margin, loop
gain, and bandwidth. In addition, transient behaviour was examined, including step
response and slew rate. The results showed that the generator-based circuits reli-
ably met the required specifications. For the operational amplifier, the amplitude
response, phase response, and step response of the EDP-generated design were
comparable to the manually developed reference design. In some parameters, such
as bandwidth, the generator even achieved slightly better values. For the entire
switched-capacitor amplifier, the EDP execution time was around ten minutes. The
project thus demonstrated that future circuits with the same or similar topology can
be generated much faster and adapted more efficiently to changed requirements.

Adapting the Intelligent IP methodology for automated layout generation
In addition, IMMS worked with the Intelligent IP (1IP) methodology developed by

Fraunhofer IIS/EAS in Dresden. The IIP methodology provides generators for fre-
quently used transistor structures such as current mirrors or differential pairs,
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enabling flexible and consistent generation of the symbol, schematic, and layout of
these blocks based on parameterised inputs. Together with the project partner, this
methodology was adapted and used for automated layout generation in the specific
application case. As part of this work, IMMS and Fraunhofer 1IS/EAS jointly developed
an IIP for a capacitor array, supporting the automated physical implementation of
a key analog circuit component. In this way, the IIP tools supported the physical
realisation of the previously developed circuits and complemented the EDP-based
approaches at layout level. Together, they resulted in a more continuous design
flow that addressed not only sizing and schematic generation, but also steps of the

physical implementation.
Method for automated energy behaviour modelling of mixed-signal circuits

Another major contribution of IMMS was the development of a method for automat-
ed energy behaviour modelling of mixed-signal circuits. The goal was to evaluate
energy consumption already at an early system-design stage without having to
perform time-consuming transistor-level simulations. This approach complemented
the top-down-oriented generators as a bottom-up-oriented verification method. ULP
circuits pose particular challenges for modelling. They typically exhibit very different
current ranges: extremely small currents in standby mode, whereas substantially
higher currents may flow during a measurement. For the energy balance, moreover,
not only the instantaneous current value is relevant, but also its integral over time.
Errors in long-duration operating states can therefore have significant effects on the
overall validity of the model. In addition, digital control signals such as enable or
start-of-conversion signals strongly affect current consumption, making the relation-
ship between inputs, states, and current draw highly nonlinear.
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To address this, IMMS developed a methodological workflow comprising automatic
generation of suitable testbenches, validation of the resulting data sets, and sub-
sequent model generation. For data generation, the team used reduced and robust
sampling methods such as Latin Hypercube Sampling to cover the input space effi-
ciently and as uniformly as possible. This made it possible to improve the training
data set in a targeted manner without letting the simulation effort grow uncontrolla-
bly. For the actual model generation, IMMS evaluated various regression approaches
and ultimately employed linear decision trees. These combine the ability of classical
decision trees to represent discrete control states with linear or polynomial re-
gression functions in the individual leaves. This made them especially suitable for
mixed-signal circuits in which continuous quantities such as supply voltage, tem-
perature, or reference voltage jointly determine energy consumption together with
discrete logic signals. The resulting energy models enabled realistic system-level
estimation of current consumption and thereby supported early verification of the
overall system. This was particularly relevant for the RFID demonstrator, because its
range depends directly on the available and consumed energy. As a result, design
decisions concerning topology, system architecture, and operating strategy could be
evaluated earlier and more systematically.

Demonstrator implementation

The developed methods were ultimately brought together in a demonstrator. IMMS
implemented two integrated circuits in X-FAB CMOS technology XTo18 with a 180 nm
feature size. The test chip D1038A contained the analog front-end and an I12C inter-
face and served for detailed laboratory characterisation of the front-end. The second
chip, D1036A, integrated the analog front-end into a complete RFID transponder and
was intended for demonstrator investigations under realistic operating conditions.
Initial characterisation measurements have since confirmed that the fabricated chips
largely achieve the targeted properties. The results on applying the EDP methodolo-
gy to the ultra-low-power sensor front-end were presented and published in 2025 at

the international SMACD conference.
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The work carried out in the project demonstrated that generator-based design

approaches have considerable potential for the development of ultra-low-power

mixed-signal circuits. In particular, the EDP methodology, adapted jointly with

Reutlingen University, made it possible to structure, automate, and preserve com-

plex design processes for long-term reuse. At the same time, the practical appli-

cation showed that the creation of such generators still requires substantial initial

effort. Further improvements in the methodology, tool support, and usability are

therefore necessary to establish the approach more broadly in industrial and scien-

tific development processes.

The 1IP methodology used and adapted to-
gether with Fraunhofer IIS/EAS in Dresden

made an important contribution to the au-

tomation of physical design within the pro-

ject. It offers significant potential to further

accelerate layout steps and to link them

more closely with schematic- and specifica-

tion-driven design flows. In the future, this

can help make the transition from architec-

tural decisions to physical implementation

even more consistent and faster.
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Figure 5: Layout of the complete RFID
transponder IC with integrated analog
front-end for demonstrator investigations.
Graphic: IMMS.
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The developed energy behaviour models also open up new possibilities for the early 58 o——

verification and optimisation of energy-efficient systems. They make it possible to »integrated

test system concepts more quickly against realistic energy assumptions and thus to  sensor systems

move through iterations within the V-model more efficiently. A future focus will be > Distributed

on further generalising the models, improving their integration into generator-based  measurement+

workflows, and validating their applicability on additional circuits. test systems
>nm-precise 6D

With the fabrication of the demonstrator chips, a decisive project milestone has  direct drives

been completed. The subsequent characterisation of the circuits and their inte- > Contents

gration into system-level tests form the basis for further evaluation and improve- * Funding

ment of the developed approaches. In the long term, the results will help establish

generator-based methods in analog and mixed-signal circuit design and significantly

accelerate the development of energy-autonomous microsystems.

Contact person: Martin Grabmann, M.Sc., martin.grabmann@imms.de

Reference:

Application of the Expert Design Plan Methodology on an Ultra-Low-Power Sensor
Frontend. Lorenz RENNER. Ralf SOMMER. Yannick UHLMANN. 2025 21th International
Conference on Synthesis, Modeling, Analysis and Simulation Methods and Applica-
tions to Circuit Design (SMACD), July 7-10, 2025, Istanbul, Turkiye, pp. 1-4, DOI: doi.
0rg/10.1109/SMACD65553.2025.11092185

With funding from the:
¢ The HoLoDEC project on which this report is based was funded by the
AR | Fodera Ministry German Federal Ministry of Research, Technology and Space (BMFTR)
of Research, Technology . .
and Space under the reference 16ME0703. The author is responsible for the content holodec

of this publication.
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RESEARCH FIELD

SMART DISTRIBUTED
MEASUREMENT AND TEST SYSTEMS

A selection of various LED driver
circuits examined by Vincent Haude
for his work entitled ‘Development
and characterisation of a circuit
topology for generating short LED
light pulses’, which was awarded
with the Silicon Science Award 2025.
Photograph: IMMS.
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Research field: Smart distributed measurement and test systems

Integrated sensor ICs represent the heart of sensor and measurement systems.
These can be wireless sensors, handheld diagnostic devices or high-performance

stationary device solutions for machine monitoring, for example.

For increasingly performant sensors, we are working on the following research

questions

Increasingly performant sensors and their rapidly expanding number lead to im-
mense amounts of data, which are ever more pushing previous technologies to their
limits when it comes to transmitting, processing and using them. Therefore, it will
be necessary to design systems for sensing, measuring and testing in such a way
that they can validate, process and evaluate data automatically in the future. We
intend to achieve this by directly incorporating intelligence into the devices. Inter-
connecting these systems creates the possibility of distributing the tasks in the net-
work. However, new challenges arise in the form of dynamic aspects due to network
protocols and changing tasks over time.

In this research field, we therefore focus on three questions: How can sensor data be
automatically processed into usable information as close as possible to the point of
origin in a fast, cost-effective and energy-efficient way? What additional information
can be obtained with the help of distributed sensor systems? How can such a system
be modelled based on different subsystems to evaluate energy requirements, the
optimal distribution of functionalities in the network and the influence of topology

decisions?
With our solutions we address the following applications

To address our research questions, we work on the one hand on the analysis of
distributed loT systems to implement energy- and resource-optimised embedded
systems, for example for the “Internet of things” (IoT) or autonomous sensor net-
works for environmental monitoring or smart city applications. On the other hand,
we conduct research on embedded artificial intelligence (Al) to be able to efficiently
implement Al algorithms on highly resource-constrained systems, e.g. for automa-
tion technology and Industry 4.0.
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In the field of real-time data processing and communications, we optimise embed- 61 o——
ded systems for signal processing and data transmission in real time so that, for ex- »integrated
ample, connected, spatially distributed edge Al systems can communicate smoothly.  sensor systems
In addition, we develop concepts and implementation architectures for modular and > Distributed
mobile test systems. With these modular hardware-software platforms, integrated  measurement+
circuits and embedded systems for various applications can be tested and charac-  test systems

terised extensively, yet quickly and flexibly. >nm-precise 6D
direct drives
Highlights of 2025 in our research on > Contents
smart distributed measurement and test systems * Funding
-

Silicon Science Award for fast LEDs for in-vitro diagnostics

Vincent Haude, electrical engineer and researcher at IMMS, was honoured with the
Silicon Science Award at the international Waferbond2s conference in Chemnitz on
3 December 2025. His award-winning thesis, “Development and characterisation of
a circuit topology for generating short LED light pulses,” was supervised at IMMS
and Technische Universitat llmenau. The result is a very compact system that brings
significant improvements in terms of the dynamics and optical switching times of
LEDs for the development of systems for time-resolved fluorescence measurement.
The work of the Thuringian scientist is a significant contribution to integrated sensor
systems for in-vitro diagnostics. To this end, IMMS researches and develops solu- www.imms.de/

tions for point-of-care devices for rapid, patient-oriented diagnostics. ivd

Race for decay times in fluorescence markers decisive

“Vincent Haude has produced an outstanding piece of work on a very challenging

topic that strengthens Thiringen’s innovative power in the key sensor technology

sector,” said Prof. Hannes Topfer, Head of Theoretical Electrical Engineering at Tech-

nische Universitat limenau. The bachelor's thesis addresses a topic that is currently

very relevant in the broader research context: “With increasingly sensitive sen-

sor systems, analytical methods in medicine and environmental analysis can be

improved and are therefore of considerable social interest,” Topfer continues. In

diagnostics, sensors are used to measure the fluorescent properties of biological &—————
samples. Annual Report

IMMS 2025
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Vincent Haude, electrical engineer and researcher at IMMS, is preparing one of the LED driver
circuits for a measurement. For his work, he was honoured with the Silicon Science Award on 3
December 2025 at the international Waferbond2s conference in Chemnitz. Photograph: IMMS.

“Fluorescent dyes are used as markers in in-vitro diagnostics, for example,” explains  www.imms.de/
Vincent Haude. With their help, even the smallest concentrations of pathogens can ivd
be detected using analytical equipment in special laboratories, which would not be
possible with standard tests, Haude continues. “This is naturally of interest if, like
IMMS, you want to build mobile diagnostic systems.” The dyes emit light of a char-
acteristic wavelength when excited by light of a different wavelength. Depending on
the dye, this fluorescence is visible for a few nanoseconds to microseconds and can
therefore be measured, provided it does not overlap with the excitation light. IMMS
develops semiconductor-based microelectronic chips that are used to measure the
intensity of the fluorescent light over time. The emitted light is measured after the
excitation light from an LED has been switched off and has decayed. “The dyes can
also be excited in the same way with lasers, but these are relatively expensive at
these wavelengths,” Haude continues. Optical filters can also be used to separate
excitation light and fluorescence light, as in large laboratory analysers, but this in-

creases the installation space and costs.

“We want to develop cost-effective mobile systems, which is why we want to use

standard LEDs as pulse light sources at IMMS,” explains Haude. The faster and better ©—————————
they can be switched on and off, the more flexible and reliable they are for use with  Annual Report
different fluorescent dyes and thus applications. IMMS 2025


https://www.imms.de/ivd

Optical dynamics and optical switching times of LEDs in nanoseconds 63 o——
>Integrated
To achieve this goal, Vincent Haude used his detailed research into the physical  sensorsystems
fundamentals to identify the relevant parameters that influence the dynamic switch- »Distributed
ing behaviour of LEDs. Using these findings, he selected commercially available — measurement+
standard LEDs with regard to their switching behaviour, researched and developed  test systems
pulse driver circuits for LEDs, simulated selected circuits, created high-frequency- >nm-precise 6D
optimised layouts and built them on printed circuit boards as a characterisation set-  direct drives
up. He measured these circuits and the selected LEDs both electrically and optically. > Contents
* Funding
“Vincent Haude was able to reduce the afterglow of LEDs to a few nanoseconds with
the help of optimised circuits,” explains Alexander Rolapp, specialist for the charac-
terisation and testing of integrated circuits at IMMS and supervisor of the bachelor's
thesis. “The limit was always the LED itself and never the circuit.” On this basis, Vin-
cent Haude developed a very compact LED pulse system that not only significantly
improves the optical dynamics and optical switching times of LEDs, but can also be
easily integrated into existing setups. “Actively switching off LEDs in this way shifts  www.imms.de/
their dynamics for the applications we are interested in to areas that are otherwise  modtest
reserved for lasers,” Rolapp summarises.

Thus, Vincent Haude’s findings and his characterisation setup are an important
building block that will significantly advance future research and development in

time-resolved fluorescence.

A driver circuit

for investigating
commercially
available LEDs for
time-resolved fluo-
rescence measure-
ments in the nano-
second range,
which opens up
new applications in
in-vitro diagnostics.

o—
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Mix of theory and practice strengthens young talent and the economy

“For my thesis, | benefited not only from the state-of-the-art measurement equip-
ment at IMMS. To understand LEDs as well as possible, | studied solid-state physics,
optoelectronics and electrical engineering. Here, | was helped by the in-depth knowl-
edge of my colleagues at IMMS, who were able to classify and answer even the most
complicated questions,” says Haude, expressing his gratitude for their support. Born
in Tharingen, Haude took advantage of opportunities such as the Basic Engineering
School at Technische Universitat Ilmenau early on to combine theory with practice,
and later became a supervisor there himself. He has been at IMMS since 2021 - first
as an intern and assistant, and since completing his bachelor’s degree as a research
assistant. “The Silicon Science Award shows that the mix of theory and practice that
we offer at llmenau TU together with IMMS is bearing fruit,” says Topfer. Haude is
perfectly prepared for a career start in application-oriented research, as practised at
IMMS and incorporated into products from partners in medical technology, sensor
technology and industry, Topfer continues. At the same time, thanks to his solid
education, Haude has all the tools he needs to jump straight into research and de-
velopment in industry or to found a start-up. “I’'m excited to see where the journey
takes me,” comments Haude with a wink.

Silicon Science Award
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Kick-off meeting on 11 September 2025 in Erfurt for the project "Inline cleaning process for washing
media in resin-based 3D printing processes" (Inline3D), which was launched in June 2025. Photo-
graph: IMMS.

Inline3D* project launched: Inline cleaning system for washing media in resin-
based 3D printing production

On 11 September 2025, IMMS, IL Metronic and BURMS presented details of the In-
linesD project, which is funded by the German Land of Thiiringen and the EU and
was launched in June, to the Thiiringer Aufbaubank (bank to support development
in Thiringen) in Erfurt. In this project, which will run for almost two and a half years,
sensor technology, cleaning and fluidic modules are being developed to clean wash-
ing media in resin-based 3D printing production inline - directly in the manufactur-
ing process - for the first time. The aim is to minimise the use of environmentally
and health-damaging as well as cost-intensive substances in the washing media
required for 3D printing.

Resin-based 3D printing processes generate harmful waste

In resin-based 3D printing production, the 3D printed objects are cleaned with spe-
cial washing media. These contain substances that are harmful to the environment
and health and are currently often disposed after one use instead of being recycled.
The reason for this is that, at present, recycled washing substances are usually not
sufficient to clean the printed objects of unhardened resin.
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The Inline3D project
is researching inline
cleaning for washing
media in resin-based
3D printing produc-
tion. The image
shows customised
solutions from a 3D
printer for precision
manufacturing for in-
dustry and research.

Photograph: BURMS.

Cost factor washing media difficult to minimise so far

The consumption of cleaning media is also a significant cost factor in the production
process. So far, cleaning media is only processed on a large industrial scale. Availa-
ble cleaning devices are large, unhandy, energy-intensive and can only be used ‘off-
line’. This means that the media to be cleaned must be transported to the cleaning
system in separate process steps and later returned to the 3D printing process in
some cases. Automatic cleaning during the ongoing production process with perma-

nent monitoring of the properties of the media is not yet available.

Inline treatment allows further use of the cleaning medium

The Inline3D project is developing a treatment process for washing media that re-
moves contaminants directly during the production process and then returns the
treated washing medium to the cleaning process. This treatment converts environ-
mentally hazardous and harmful components into harmless waste products that do
not need to be disposed of as hazardous waste.

Sensor-based monitoring of the contamination level can extend the service life of
the washing medium and optimise the quality of the cleaning process. The aim is
to use resources more efficiently and minimise pollutants and costs in 3D printing

production processes.
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Thuringian partners pool expertise in sensor technology, UV irradiation technology 67 o——
and 3D printing > Integrated
sensor systems
The regional alliance of the three Thuringian project partners BURMS 3D Druck, IL > Distributed
Metronic Sensortechnik and IMMS promotes innovation and the further development  measurement+
of existing expertise in the field of 3D printing in the German Land of Thiringen. test systems
>nm-precise 6D
IMMS is coordinating the project and developing a sensor-based measurement  direct drives
method to quantify the degree of contamination in the washing medium. IL Metro- > Contents
nic is using its expertise in UV irradiation technology to transfer the measurement * Funding
method to a sensor module and develop an irradiation module for separating out
dissolved resin residues. BURMS is contributing its expertise in commercial 3D print-
ing solutions, implementing the fluidics and process integration in the project, and

ensuring device safety, disposal and biocompatibility.

Faster production and more resource-efficient small batches possible

Due to the advantages of fast production times and application- and customer-
specific customisation of individual items, growth is expected particularly in medical
applications. In addition to the technological advancement of the 3D printing tech-
nologies of the partner BURMS, the aim of the project is also to use the technological ~ www.imms.de/

findings to further develop those 3D printing systems that currently do not process inlinesd

the washing medium at all.

The Inline3D project
is researching inline
cleaning for washing
media in resin-based
3D printing pro-
duction. The image
shows customised
solutions from a 3D
printer for precision
manufacturing for in-
dustry and research.
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Contacting unit for preliminary investigations with graphene chips from FSU Jena for the develop-
ment of evaluation electronics for graphene sensors to be used for on-site detection of micro-
pollutants in wastewater. Photograph: IMMS.

Project launch of MikroGraph*: Evaluation electronics for new, highly sensitive

graphene sensor technology for on-site detection of micropollutants in wastewater

Micropollutants in wastewater determined too slowly to date

80 percent of micropollutant pollution in wastewater from large municipalities must  www.imms.de/
be avoided from 2035 onwards. This requirement of the EU Municipal Wastewater mikrograph
Directive can only be met by collecting comprehensive data and treating pollution

in a targeted manner.

This will be difficult to achieve with the current standard analysis of individual sam-
ples, which are sent to central laboratories and tested for pharmaceutical residues,
pesticides or plasticisers, for example. This approach is time-consuming and does

not allow for immediate response to acute pollution.

In future, micropollutants in wastewater are to be analysed on site

In the MikroGraph project, an innovative analysis system for the on-site detection

of micropollutants in wastewater is being developed. The aim is to quantify at least
three of twelve relevant substances from the EU Directive (91/271/EEC) with high  Annual Report
precision and a low detection limit (0.003 pg/l). IMMS 2025
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Funded by

the European Union

Central sewage treatment plant in Jena-Zwatzen. The aim of the ‘MikroGraph’ research project is
to directly measure the concentration of pollutants in wastewater. Photograph: Jens Meyer (Jena
University).

This will be achieved by combining graphene sensor technology, separation column
technology and mass spectrometry, which are being developed in parallel and mu-
tually validated within the project. These three technologies will be combined with
microfluidics and intelligent control to create a compact, automated solution for
sewage treatment plants and industry.

By comparing measurement results from the same sample, deviations can be de-
tected, causes analysed and the strengths of each method specifically utilised. The
result is a robust on-site analysis system that detects micropollutants precisely,
efficiently and reliably.

IMMS develops evaluation electronics for graphene sensors

IMMS will develop special evaluation electronics for graphene sensors. To this end,
IMMS designs, simulates and characterises circuits for precise current measurement
in the nA range and fast signal acquisition. It implements multi-channel electronics,
integrates them into the laboratory simulator and controls its processes in real time.
Finally, the results will be incorporated into a compact system for drinking water
and wastewater analysis to enable reliable on-site micro-pollutant detection.
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GraFET chip with attached flow cell for preliminary tests in the Multi-Interact project. Photograph:
IMMS.

Projec start of Multi-Interact*: For health research, a highly parallelised multiplex
system is being developed to precisely and kinetically determine binding energies
between biomolecules

In health research, it is necessary to determine various biomarkers of the biomole- www.imms.de/
cules to be analysed using multiplexing technologies for effective development multi-interact
processes in the fields of diagnostics and pharmaceutics. To this end, interaction

processes between the molecule groups are to be analysed using parallel measure-

ments.

With the help of functionalised carbon nanomembranes on graphene field effect
transistors (GraFET) and an electronic circuit for measurement and evaluation, it is
possible to determine these biological interactions. If these GraFETs are multiplied
with different functionalisation layers, the kinetic binding energies of different bio-
markers can be determined in parallel by multiplexing. The measurement is thus
scalable and can later enable a low-cost device design.
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Research tasks of the project partners

IPHT Jena will develop miniaturised sensor arrays for the multiplex system and FSU
Jena will develop highly sensitive graphene with carbon nanomembranes. IMMS will
develop the electronic, highly parallelised readout methods and electronics and the
FZMB will research the possibilities for detecting the label-free binding of active

ingredients and substances in complex biological matrices.

IMMS measurement electronics

The binding of biomarkers on the surface of the GraFET causes charge carriers to
accumulate there. This variation correlates with the change in the charge neutrality
point (CNP) of the GraFET. To this end, IMMS will develop, construct and characterise
measurement electronics that determine the CNP of several GraFETs in parallel.

An automated test setup will then be used to visualise the readout of an up to 100-
fold GraFET array in real time on a PC.
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Rick Pandey (IMMS, centre) on 11 December 2025 at the Thuringian awards ceremony organised by
PATON | Patent Centre Thiiringen at Technische Universitdt llmenau as part of the iENA Inventors’
Fair. Photograph: IMMS.

Extended service life for self-teaching wireless sensors for industrial maintenance:

IMMS patent for edge Al solution wins bronze medal at iENA 2025

The IMMS patent ‘Method and sensor arrangement for monitoring the function of
a machine component’ was awarded a bronze medal on 11 December 2025 at the
Thuringian award ceremony of PATON | Landespatentzentrum Thiringen (Patent Cen-
tre of the German Land of Thiiringen) at Technische Universitat Ilmenau in the com-
petition at the iENA inventors’ fair. At the beginning of November, PATON submitted
the work to the competition at iENA in Nirnberg, Germany, on behalf of the inventor
Rick Pandey. Core to the patent is a new method for data-reduced communications
between wireless sensor nodes and monitoring systems, which significantly reduces
the energy consumption of wireless sensors. This allows users or manufacturers of
wireless sensors to use them for industrial maintenance with condition monitoring
and predictive maintenance, even in large quantities and in hard-to-reach places,
for years to come.

Energy consumption of wireless sensors and large amounts of data critical

Machines and industrial plants are often monitored and analysed in real time using
wireless sensors to detect potential problems or deviations from normal operating
conditions at an early stage and predict maintenance requirements. However, this

can lead to limitations: if the sensors are located in many or hard-to-reach places
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Rick Pandey with an Al-based embedded system for machine diagnosis. Edge Al systems like these
are being researched in terms of their energy efficiency and overall system energy modelling in the
HoLoDEC project. Photograph: IMMS.

and are required to operate reliably for years, their energy consumption is critical
in terms of battery life. The sensor technology used for monitoring also generates a
large amount of data. So far, this data can only be transmitted to the central moni-
toring device at high energy costs. In addition, defects in machines occur very rarely
or not at all during normal operation, and certain fault conditions, such as defective

bearings and machine parts, cannot be easily reproduced.

New algorithm learns good conditions - wireless sensor only transmits deviations

With the patented Edge Al solution, data is processed directly on the sensor node
and reduced for radio transmission, which lowers its energy requirements and thus
increases its service life. Interference data and error states no longer need to be
recorded in advance.

The much-cited term ‘edge Al’ combines edge computing and artificial intelligence.
This allows algorithms and machine learning to be executed directly on interconnect-
ed wireless sensors - locally or with an internet connection. While edge computing
enables data to be stored close to machines and systems, Al algorithms process the
data directly at the edge of a network or at the interface to the higher-level network

and can provide real-time feedback on the machine status.
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The new algorithm developed at IMMS collects data and learns normal machine
behaviour patterns directly on the sensor, largely without supervision. The regular
behaviour patterns of a plant and certain novelty criteria that indicate deviating
behaviour are learned from the data recorded on the wireless sensor. Data is only
sent to a central monitoring system if the calculated novelty value deviates from
the normal criteria for ‘healthy behaviour’. This completely eliminates the need to
transfer raw data to a central monitoring system. This on-device learning and sub-
sequent retraining make the algorithm generalisable for various industrial scenarios
and robust against possible data drift. The method for recognising the novelty value
of data combines mathematical procedures in a specific sequence for ongoing con-

dition monitoring and predictive maintenance over many years.

On-device data reduction through singular value decomposition and correlation

To this end, the proper operation or good condition of, for example, a bearing or a
machine is first recorded, its characteristics are automatically determined by singu-
lar value decomposition, and a threshold value is determined on this basis to be
able to detect deviations. This threshold value is then further improved by learning

certain anomalies and conditions.

To reduce the data set on the sensor node so that as little data as possible needs
to be transferred to the monitoring system, only a certain number of the dominant
singular values are used with their associated information. In the application, newly
recorded vibration values are analysed using canonical correlation analysis. Changes
in condition are qualitatively recorded based on the differences between the learned
characteristics of the good condition and the newly recorded ones.

The process can be implemented in various applications for machine monitoring and
is available for licensing.

German patent: DE 10 2024 100 703 B3, IP available, patent applicant/holder: IMMS
Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH (IMMS

GmbH), inventor: Rick PANDEY.
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At the 2025 embedded world trade fair, IMMS presented its energy-efficient edge Al sensor system www.imms.de/
- developed as part of the HoLoDEC project - for industrial monitoring applications at the Thuringian

joint booth. holodec

IMMS at embedded world: Al without the net: Energy-efficient edge Al sensor

system for industrial monitoring applications

IMMS presented solutions for automatable processes, services and systems at em-
bedded world in Ndrnberg, Germany, from 11 - 13 March 2025. IMMS showed its
‘AWARE’ development at the joint Thiringen booth in hall 4, stand 410. The small
sensor system with local Al was developed to recognise errors directly in industrial
processes and support decisions on predictive maintenance. As a research result,
AWARE is the basis for developing monitoring applications in industry together with
partners.

Al without the net?

Anyone who has ever wanted to ask the Al assistant on their smartphone in a dead
zone knows that the Al models and algorithms do not run locally, but on powerful &————————
servers with lots of storage space. Edge Al systems such as the AWARE demonstrator  Annual Report

IMMS 2025
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Energieeffizientes Edge-KI-Sensorsystem
flir Monitoring-Anwendungen in der Industrie

https://youtu.be/Yv-XzozxICQ

The “AWARE” demonstrator (Advanced wireless Al-enabled real-time environment) incorporates
key findings from the internal Al research group. This energy-efficient edge Al sensor system can
be used to develop monitoring applications in industry. Find out more in the technical article on
anomaly detection with edge Al and unsupervised learning for smart machine monitoring - and in
the video. Photograph: IMMS.

system developed by IMMS in the HoLoDEC research project show that the answer
can still come directly from a small device ‘in your pocket’.

In AWARE (advanced wireless Al-enabled real-time environment), the “artificial intel-
ligence’ is integrated directly into the sensor. This allows decisions to be made in
real time without having to go via the cloud. Automated adaptation to new environ-
mental conditions opens up a wide range of applications, such as fault and wear
detection in production.

Demonstrator with potential for monitoring developments
A demonstrator shows AWARE being used to monitor ventilators - a simple exam-

ple application with great transfer potential. AWARE records vibration measurement
data, analyses it and classifies the current status of ventilators. The system contains
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The sensor data is processed by clustering using an unsupervised machine learning
process. An ‘intact” ventilator is taught in the process. The training takes place ex-
clusively on the microcontroller of the sensor node.

Another ‘intact’ and a ‘defective’ ventilator can then be recognised and classified ac-
cordingly without the data having been recorded beforehand. The result is displayed
via a green or red LED. The data can also be transmitted to an edge device via BLE

(bluetooth low energy) to save energy.

Lots of research for small sensor nodes

In projects such as HoLoDEC, IMMS is creating the basis for transferring research

results to industrial applications with developments such as AWARE.

In HoLoDEC, IMMS is researching how to optimise the use of Al algorithms on
resource-limited devices for loT applications. To this end, IMMS is developing
energy-efficient edge Al systems with energy-optimised power distribution between
as much sensor-related data processing as possible and as little outsourcing of tasks

to the network as possible.

The challenge is that Al models and algorithms no longer only run on powerful
servers with a lot of memory, but are to be used on microcontrollers for which they
were neither developed nor are transferable 1:1 and must be adapted accordingly.
However, current research is often limited to the development of a powerful Al

model on a server.

The AWARE development shows that there is an alternative. At embedded world,
IMMS was looking for new R&D partnerships in the field of adaptive edge Al systems
for automation technology and Industry 4.0 as well as for monitoring and mainte-
nance to initiate application-specific further developments of the AWARE system.
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In 2025, IMMS supported the start-up OmniSent through the iHUB research start-up grant, fund-
ing research into machine-learning algorithms for local signal processing on resource-constrained
sensor nodes. OmniSent had intended to use these for solutions to continuously monitor leaks in
compressed air pipes. Photograph: IMMS.

iHUB*: Start-up support for innovative ideas

In 2025, IMMS was once again involved as a research partner in the iHUB ideas com- www.imms.de/
petition, as part of the InSignA Centre of Excellence. This provides start-up support ihub

for innovative ideas on the topics of sensor technology, digitalisation and assistance

systems. In a competition, the ideas are presented to a jury from science, business,

public institutions and venture capital companies. The best ideas are then selected

for funding and supported with research services from the partners involved. There

are various objectives for advancing the idea, from demonstrators and prototypes

to market analyses and feasibility studies. The projects are carried out by members

of the performance centre for up to six person-months, including access to experts,

laboratories and material resources.

Task and partner
Omnisent GmbH was founded in January 2025. The aim of the iHUB project was to de-

velop an innovative loT-based sensor system for the automated, real-time detection  Annual Report
and localisation of compressed air leaks. In industry, up to 10 per cent of electrical «IMMS 2025
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energy is used solely to generate compressed air. Currently, around a third of this air
escapes through leaks, causing not only energy losses and increased costs in pro-
duction processes, but also malfunctions in the relevant machinery and plant. The
OmniSent system is designed to provide continuous monitoring without disrupting
production, as well as to detect leaks in real time, pinpoint their location accurately,
be energy-efficient and cost-effective, and operate reliably even in challenging in-
dustrial environments. The iHub project addressed two key challenges in this regard:
wireless technologies for data transmission from Fraunhofer 1IS/EAS and algorithms
for local pre-processing from IMMS.

The IMMS solution: Algorithms for local pre-processing

IMMS has investigated and optimised signal processing algorithms on sensor nodes
to meet the following requirements: feature extraction from high-sampling-rate
ultrasonic signals (temporal and spectral features), energy-efficient implementation
on resource-constrained microcontrollers, low inference time for real-time classifica-
tion, and robustness against background noise. Techniques such as classical signal
processing methods (FFT, statistical features), decision trees and random forests, as
well as deep neural networks combined with optimisation techniques such as quan-
tisation, were investigated. The focus was on the development and optimisation of
signal processing algorithms to be implemented on the sensor nodes - which is cru-
cial for the efficiency of the overall system: intelligent local processing significantly

reduces energy consumption and data transmission volume.

The research led to a clear and practically applicable finding: traditional machine
learning models, specifically decision trees and random forests, are ideally suited
to local signal processing on resource-constrained sensor nodes. These models offer
an excellent balance between several critical requirements. They achieve extremely
low inference times of less than 30 microseconds, enabling real-time processing.
They require minimal computational resources and therefore consume very little
energy, which is crucial for battery-powered sensors. At the same time, they offer
high predictive accuracy.
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IMMS is developing a wireless vibration measurement system for lower-emission concrete block
production. Photograph: FlorinBirjoveanu, Pixabay.

Project launch of WirelessAccel* - wireless vibration measurement system for lower-

emission concrete block production

Lower-emission concrete production with the same product quality

Concrete, one of the most important building materials, has an enormous carbon  www.imms.de/
footprint. Each tonne of cement, the binding agent in concrete, produces 587 kg of  wirelessaccel
C0, equivalent. Every year, 27.5 million tonnes of cement are consumed in Germany

and around 4.65 billion tonnes worldwide.

The WirelessAccel project aims to reduce C0O, emissions in concrete production with-
out compromising product quality. The goal is to develop a system that facilitates
the use of more environmentally friendly building materials, such as recycled ma-
terials and reduced amounts of cement. Monitoring the manufacturing process is
intended to reduce waste and thereby decrease CO, emissions.

o S —
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System detects vibrations in concrete block manufacturing machine

IMMS will therefore develop a wireless measurement system for recording vibra-
tions throughout the entire vibration system of a concrete block machine. This sys-
tem should be capable of accurately recording the complex and highly dynamic
vibrations that occur during the compaction process in real time, thereby enabling
precise monitoring and adjustment of production parameters. This is particularly

important for low-cement concrete mixes or recycled materials.

Time-synchronous and energy-efficient data acquisition

To this end, IMMS is researching methods for the precise time synchronisation of
up to 12 wireless sensor nodes. This enables synchronous measurement at different
locations on the concrete block machine. At the same time, an energy-efficient data
transmission protocol is being implemented that reliably transmits the recorded
acceleration data to a central gateway in real time at a sampling rate of 2 kHz and
a measuring range of up to 5004. The sensor nodes are designed to withstand ex-
tremely high accelerations while operating with minimal energy consumption, creat-
ing a robust, durable measurement infrastructure for this demanding manufacturing

process.
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In the SecureTSN project, IMMS is developing the core Al-based anomaly detection component for
protecting time-sensitive networks against attacks. Photograph: IMMS.

SecureTSN* project launch: Al-based attack protection for time-sensitive networks

Production downtime and security risks caused by attacks on time-sensitive
networks (TSN)

Industry 4.0 applications - ranging from robotics and production lines to distrib-

uted sensor networks - require reliable, time-synchronised communications solu-

tions such as TSN. Time-sensitive networks (TSN) operate like a precise clockwork

mechanism: All devices on the network have the same understanding of time and

follow the same rules for processing and forwarding network packets, as well as for

selecting and reserving bandwidth and communications paths. This ensures that

every message reaches its destination at exactly the right time. Delays, or so-called  www.imms.de/
latencies, in message transmission are known and are taken into account when realtime

synchronising communications.

A successful cyber attack on such networks can not only cause production downtime ¢ —
but, depending on the area of application, may also endanger people’s safety. Annual Report

IMMS 2025
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Therefore, IMMS is developing a comprehensive Al-based attack protection system
for TSN in the SecureTSN project. The aim is to ensure that this does not reduce
production speed without causing any additional overhead.

Insecurity of old stand-alone solutions

Currently, in many cases, heterogeneous fieldbus systems such as PROFINET, Ether-
CAT, Ethernet/IP, Modbus or CANopen are still used to connect sensors and actuators
to an automation device in industrial automation solutions. These systems are part
of operational technology (0T) networks, which are usually designed for the long
term and are used to control physical processes such as machines, plant or sensors
in industry. Many of them are older systems tailored to a specific application.

The resulting isolated networks not only prevent interoperability, but also increase
vulnerability to cyber-attacks.

TSN as a solution - protective shield to be further expanded

To counteract this, IT and OT networks are increasingly being converged using
time-sensitive networking (TSN). TSN ensures deterministic latencies, guaranteed
quality-of-service and high availability. However, a comprehensive security architec-
ture is still lacking.

SecureTSN project strengthens security architecture

The SecureTSN project addresses this gap. The aim is to provide hardware and soft-
ware extensions that protect TSN networks against deception, manipulation and
denial-of-service attacks, in which targets are overloaded. In doing so, the project
focuses on the critical TSN functions of time synchronisation (IEEE 802.1AS) and
scheduling (IEEE 802.3Qbv).
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IMMS is developing the key Al-based anomaly detection component

Within the project, IMMS is working on the development and integration of Al-based
attack detection systems into TSN-compatible devices. IMMS utilises its TSN test
laboratory and expertise in embedded systems to train machine learning models
that detect time-series anomalies - in particular delay attacks - in real time. The

models are then optimised for deployment on microcontrollers and edge switches.

This compact, hardware-close implementation will be embedded in switches and
end devices, enabling them to continuously monitor network traffic, immediately
report potential attacks and, where necessary, trigger countermeasures. Through
this combination of model training, optimisation and hardware integration, IMMS
provides the central anomaly detection component that strengthens the security of
the entire TSN infrastructure.

Validation with demonstrator

The results will be validated in a test and demonstration setup that will show the
security of TSN switches, end devices and switched end devices under real-world
attack conditions. By combining standardised security profiles, hardware security
functions and intelligent monitoring software, we are increasing the acceptance of
TSN among SMEs, enabling faster time-to-market and strengthening the resilience of

industrial manufacturing and automation networks.
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Smart city solutions expanded in limenau

The smart city solutions developed as part of the thurAl* project - a collaboration  www.imms.de/
between llmenau City Council, Technische Universitat Ilmenau and IMMS - were ex- thurai
panded in 2025. The aim was to use digital technologies in such a way as to make
citizens’ everyday lives easier in practical terms and to make local government
processes more efficient.
Real-time information is at the heart of digital services for everyday life. Visitors
to the swimming and ice skating halls can check current occupancy levels online
and plan their visits more effectively. A smart street lighting monitoring system
ensures that faults are automatically detected and rectified more quickly - boosting
both safety and energy efficiency. For environmental and climate data, a network of
monitoring stations continuously records particulate matter, temperature, humidity
and other weather data. This information is processed via the city’s web portal,
made openly available and can be used by residents, the local authority and re-
searchers. A new addition is the real-time measurement of the Ilm river level, which
enables earlier detection of potential flooding. In addition, the city is testing a visual
sensor system that automatically detects and reports available parking lots. The aim
is to reduce traffic caused by people searching for parking spaces and to improve
traffic flow in the long term. ilmenau.de/
Since 2025, the information has been available at www.ilmenau.de/smartcity. smartcity
Overall, lImenau demonstrates how a medium-sized town is gradually transforming ©—————————
into a smart city through targeted partnerships and practical digital solutions - with  Annual Report
clear benefits for the public, the local authority and the research community. IMMS 2025
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Using self-sufficient modular sensor systems such as this one, IMMS has supported, amongst other
things, the monitoring of microclimate and drought stress at eleven crop production sites in central
Germany as part of the six-year EXPRESS experimental field. Photograph: IMMS.

Project completion of EXPRESS* - self-sufficient, modular sensor systems offering

cost-effective options for data collection in agriculture

Regional Experimental Field EXPRESS

As part of the Central German experimental field EXPRESS, IMMS has successfully
completed its work in the project on data-driven networking and digitalisation in
agriculture (EXPRESS) after six years.

As part of the EXPRESS project, led by the Institute for Business Informatics at Leipzig
University, the Helmholtz Centre for Environmental Research GmbH - UFZ, the Fraun-
hofer Centre for International Management and Knowledge Economy IMW (later the
Fraunhofer Institute for Systems and Innovation Research ISI) and IMMS worked on
the fundamentals of how existing technical infrastructures interact with new tech-

nologies and methods on agricultural holdings.

The background to this was the growing importance of digitalisation in agriculture,
for example to optimise the irrigation of crops during long dry spells. However, many
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farms lacked the necessary resources to identify suitable and affordable systems,

understand their capabilities and derive benefits from them.

EXPRESS was primarily aimed at crop production, with a particular focus on special-

ised crops. Digital technologies were intended to increase resource efficiency in this

sector, support environmentally friendly production and preserve biodiversity in the

long term. Innovative technologies such as sensor technology, blockchain, virtual

reality, field robots and 5G applications were used to help shape new value chains

and optimise production processes. As part of the EXPRESS project, potentially suita-

ble technologies were tested in collaboration with farmers using five use cases and

presented to the industry:

— cross-scale water stress monitoring for irrigation optimisation

— automatic monitoring of abiotic key parameters, e.g. by measuring the micro-
climate in the crop

— food tracing via block chain

— augmented/virtual/mixed reality in agriculture

— data integration and management of highly heterogeneous data sources from

various sensor systems

IMMS supported monitoring of microclimate and drought stress

IMMS was responsible for data collection and for determining the microclimate and
other parameters for monitoring drought stress. As part of this, various system
solutions for these applications were presented to agricultural businesses. In addi-
tion, IMMS tested various sensor systems available on the market to assess their
suitability. Furthermore, IMMS equipped the experimental fields with suitable sensor
technology, monitored their operation and the transmission of data.

IMMS developed cost-effective, self-sufficient sensor systems for practical use
The focus of the IMMS developments was on practical, self-sufficient sensor systems.

These were designed to be as modular as possible so that they could be adapted
to the specific conditions on a farm and used there for further analysis and optimi-
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Figure 1: Overview of the field tests carried out in EXPRESS to evaluate various sensor applications.
Graphic: IMMS.

the necessary parameters with sufficient accuracy whilst, at the same time, enabling
meaningful and, above all, useful insights to be drawn from as few measurement
points as possible.

Six years of field studies in collaboration with farmers in central Germany

Over the past few years, IMMS has used digital technologies to help farmers in the
German federal provinces Thiiringen, Sachsen and Sachsen-Anhalt address their con-
cerns at various locations.

As part of the project, experiments and trials were carried out at 11 different loca- www.imms.de/
tions in central Germany, in collaboration with partners from the fields of testing, express
research and end-users, to demonstrate the benefits of digital technologies.

Figure 1 shows the locations where various sensor technologies were tested and

where solutions to specific issues raised by the partners were developed and evalu-

ated. This work incorporated parameters relating to topics such as the detection

of bud growth in spring, as well as the stone-hardening phase and colour change ©————————
in cherries, frost monitoring, heat monitoring under a roof, the comparison of soil  Annual Report

moisture sensors, and the influence of soil cultivation on fruit quality. IMMS 2025
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Figure 2: Research into heat monitoring under a roof (left) and the colour change in cherries (right).
Photographs: IMMS.

The result was a new modular sensor platform (see Figure 3) for data collection in
agricultural and forestry contexts, which continues to be used at various locations
for research in the follow-up and sister projects EXPRESS.smart! and MIRO. Various
technologies such as MiraMesh, LoRaWAN or Bluetooth are used for communications
in the sensor network, depending on the specific application. The sensor nodes
transmit their measured values to a gateway, which temporarily stores the data,
assigns measurement points to them and creates local log files. Every hour, the data
is transmitted via a mobile network to a server, where it is written to a time-series
database (InfluxDB) and visualised in dashboards (Grafana). This system also allows
thresholds to be set and, where necessary, alerts to be sent via various channels.
Furthermore, the system can monitor failures, enabling rapid resolution. Analysis
scripts on the server process the data and write the analysis results back to the
database, from where they can be visualised, alongside the raw data where appro-
priate.
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Figure 3: Sensor platform for data collection and processing. Graphic: IMMS.
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Figure 4: This dendrometer, developed in various versions as part of the EXPRESS project at IMMS,
was used to monitor bud growth (top left) and the stone-hardening phase in cherries (top right),
to monitor bud growth in the context of late frosts (bottom left), and for studies into the influence
of soil cultivation on fruit quality (bottom right). Photograph: IMMS.

Development of a dendrometer

One of the sensors developed as part of the project is a dendrometer, which can be
connected to the sensor platform and used for various purposes; see Figure 4. Vari-
ous sizes were created for this purpose and used as a bud dendrometer, as a gauge
for detecting stone hardening in sweet cherries, and as a fruit dendrometer. With the
help of this dendrometer, it is now possible for the first time to continuously and
digitally track and quantify the developmental stages at the start of the season with
minimal staffing requirements. This represents a major step forward for farmers in

terms of assessing a cultivar in relation to climate change.

In addition, numerous small-scale experiments were carried out during the six-year

duration of the project, such as:

— Camera-based detection of developmental stages in apples

— Radio-based irrigation control

— Drought stress sensors

— Evaluation of RFID sensors in agriculture

— Testing of a sensor system for measuring leaf pressure o
— Testing of wireless sensors in vegetable cultivation (cabbage) Annual Report
— Measurement campaigns to determine range and their evaluation IMMS 2025



Figure 5:

Comparison of soil
moisture sensors.

Photograph: IMMS.

All activities were carried out in close collaboration with the project partners (IMW/
ISI, ULE, UFZ) and user partners (LVG, JKI), and have significantly raised the profile

of EXPRESS at regional and national levels; see: www.digitalisierung-landwirtschaft.

de/veranstaltungen/.

Digitalisation is becoming increasingly important in agriculture too, for example to
optimise the irrigation of crops during long dry spells. However, many farms lacked
the necessary resources to identify suitable and affordable systems, understand
their capabilities and derive benefits from them. The EXPRESS project has made a
valuable contribution to changing this.
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At the 2025 Pome Fruit Day at the Teaching and Research Centre for Horticulture and Arboriculture
(LVGA) in Miincheberg, the sensor technology developed by EXPRESS for monitoring abiotic para-
meters and the automated irrigation control system were presented. Photograph: IMMS.

EXPRESS* and MIRO* projects: IMMS presents digitalisation solutions for fruit growing

IMMS presented findings from the two sister projects, EXPRESS (Experimental Field
for Data-Driven Networking and Digitalisation in Agriculture) and MIRO (Central Ger-
man Innovation Region for Fruit Growing), at the 2025 Hazelnut Day event held at the
Teaching and Research Centre for Horticulture (LVG) in Erfurt.

A presentation examined predicted climate changes for Central Germany and their
implications for the irrigation of fruit trees from the perspective of the MIRO project.
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This was followed by a demonstration of the automated irrigation control system  miro
developed as part of the EXPRESS project on the LVG’s trial plots.
In addition, IMMS joined forces with other research institutions and fruit growers to
support the 2025 Pome Fruit Day at the Teaching and Research Centre for Horticulture
and Arboriculture (LVGA) in Miincheberg, Brandenburg. The day focused on bringing
o
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At Hazelnut Day 2025 in Erfurt, the installation
of soil moisture sensors was among the innova-
tions presented. Photograph: IMMS.

together research, practical application
and taste. In a relaxed atmosphere, vis-
itors were able to listen to talks by ex-
perts on current developments in apple
cultivation and related fields, and learn
more at the stands about, for example,
the possibilities of digitalisation in fruit

growing.

Two of the solutions developed by EX-
PRESS were showcased at the exhibition
stand: sensor technology for monitoring
abiotic parameters and an automated

irrigation control system.
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Wireless temperature measurement on fruit trees. In EXPRESS.smart, numerous such measurement
points are installed across a fruit-growing area to determine its specific climatic characteristics.
Photograph: IMMS.

ngf B van b ¢

Project start of EXPRESS.smart:* Al-supported climate and crop monitoring in
regional fruit and wine growing to safeguard and optimise yield and quality

Predicting the risks posed by late frosts in fruit growing and viticulture
The quantity and quality of the harvest in fruit and wine growing are determined
early in the year. It is particularly important whether late frosts occur at the end of
the winter season, as these can cause considerable damage to the plants.

In the EXPRESS.smart project, IMMS is testing digital and Al-based solutions to
predict frost events and the resulting risks to the harvest, as a basis for recommen-

dations for action.

Solution: Integrated frost monitoring
To ensure a responsive reaction, specifically identified local conditions - such as
terrain profiles and air currents - are used to supplement general weather forecasts,
particularly with regard to expected minimum temperatures. At the same time, sen-
sors determine the stage of development in which the plants are and the current
temperature. On this basis, tailored algorithms decide whether protective measures
need to be taken and, if so, which ones.

IMMS is responsible for the entire data pipeline, from data collection through to

the formulation of recommendations for action.
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A sensor developed at IMMS to measure bud Comparison between general weather fore-

growth on a cherry tree. In EXPRESS.smart, the casts for temperature and humidity and actual

bud’s size is used to determine its stage of de-  measured values. In EXPRESS.smart, the spe-

velopment and, consequently, the risk of frost cific climatic characteristics are determined for

damage. Photograph: IMMS. all measurement points within a fruit-growing
area based on the results of this comparison.
Source: IMMS.

Innovation: Al-powered data analysis

Al models help to recommend appropriate measures. They analyse the data col-
lected, identify unusual patterns and assess the risks involved. They then suggest
suitable countermeasures - such as specific frost protection measures or changes to
irrigation strategies. At IMMS, we combine suitable Al algorithms for analysing our
sensor data with input from our project partners to provide comprehensive climate

and plant monitoring.

Benefits: Knowledge transfer between research and practice

To date, protection and optimisation measures in fruit growing and viticulture have
been based primarily on empirical knowledge; they are sometimes unreliable and
often require a significant investment of resources. The combination of tailored
weather data, automatically determined plant growth stages and Al-supported al-
gorithms makes these tried-and-tested strategies more tangible and accessible to a
wider range of practitioners. This means that even smaller farms can benefit from

the recommendations and efficiently protect and increase their yields.

Illustration of the
humidity-temperature
distribution across

a specific sub-area

in fruit cultivation.

In Express.smart,
humidity-temperature
Sensors measure

the temperature
distribution within

e o
e ! the orchard plot and
; ' can thus provide
if o 3 indications of ‘cold air
4 i spots’. Source: Open-

b & , sieesniZZl StreetMap/IMMS.
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IMMS activities in the “Mittelstand-Digital Zentrum Ilmenau” (SME Digital Centre 96 o——

llmenau)* > Integrated
sensor systems

Events and information for SMEs > Distributed
measurement +

In 2025, IMMS was operating as the “Smart Sensor Systems Model Factory” at the  test systems
“llmenau SME Digital Centre”, offering a wide range of events and information. A total >nm-precise 6D
of 24 orientation meetings, 10 regulars’ tables, 4 talks, 10 specialist workshops and 6  direct drives
online seminars were held. The aim of these initiatives was to provide practical sup- > Contents
port to small and medium-sized enterprises (SMEs) in introducing and implementing  * Funding

digitalisation and Al solutions. °

In addition, IMMS presented itself as a model factory at 19 regional events organised www.imms.de/
by industry networks, as well as at trade fairs. At national level, further 15 activities md

were carried out as part of the “Mittelstand-Digital” network. The offers go hand in

hand with the partners llmenau TU, where the office and the “Networking Model

Factory” are located, the Ernst Abbe University of Applied Sciences Jena as “Virtual-

isation Model Factory” and the Gesellschaft fiir Fertigungstechnik und Entwicklung

e.V. in Schmalkalden as “Process Data Model Factory”.

The SME Digital Centre Ilmenau focuses on sustainability, platform economics and Al.

As “Smart Sensor Systems Model Factory”, IMMS is primarily dedicated to the topics

of retrofitting, predictive maintenance, smart sensor systems, diagnostic solutions  www.imms.de/
and Al-based sensor data evaluation. For example, retrofit solutions can be provided g0

for machines that automatically record and visualise the machine’s condition. An-

other core area of expertise is the practical implementation of smart sensor systems,

which can be used to monitor machine tools using artificial intelligence, for example.

Demonstrators also show digital diagnostic solutions that use mobile measuring

devices to find cost-intensive leaks in compressed air systems, for example. The Al

trainers of all SME Digital Centre IImenau partners deal with SME issues relating to

the use of Al.

Parallel to the events, 8 publications were produced, e.g. on cooperation with com-
panies in projects or on demonstrators, which are distributed to interested parties
on the centre’s website, via newsletters and social media. Annual Report

IMMS 2025
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IMMS has implemented active monitoring of the compressed air system in its laboratories. This
ensures reliable operation of the system and triggers an alarm in the event of a fault, such as
a bursting connection hose. The demonstration solution is regularly showcased at the centre’s
events. Photograph: IMMS.

New digitalisation projects

In addition to the various events, the “Model Factory Smart Sensor Systems” at
IMMS also worked on two demonstration and implementation projects described be-
low, which demonstrate possible applications of artificial intelligence (Al) in manu-
facturing SMEs.

Expansion of the ‘Stationary Compressed Air Monitoring” demonstrator
As part of the work carried out at the Ilmenau SME Digital Centre, an active moni-
toring system for the compressed air system was implemented in the IMMS labora-
tories as a demonstration solution. On the one hand, this serves to ensure reliable
system operation and to trigger an alarm in the event of a fault, such as a burst
connection hose. On the other hand, the demonstrator is an integral part of the
demonstrations held at the Centre’s events. Those interested can experience first-
hand how the system works and see possible responses, such as push notifications.
Due to increased demands on research work at IMMS, it became necessary to
dampen the vibration-isolated foundations in the main laboratory of the Mechatro-
nics department with significantly greater precision. To this end, the previous passive,
spring-based vibration isolation was replaced by active vibration isolation systems,
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which also utilise compressed air. This conversion made it necessary to re-collect
compressed air consumption data to enable the active compressed air monitoring
system to be re-calibrated. As numerous influencing parameters from different lab-
oratory areas must be taken into account during data collection, this process takes
a very long time and continues into the first half of 2026. The data obtained forms
the basis for an Al-based analysis of measurement data, which continuously learns

and thus enables increasingly precise responses to changes.

Al application project: ‘Al-based internal knowledge management for SMEs’

It is clear from numerous discussions with SMEs in Thiiringen that the recording
and sharing of in-house knowledge is of great importance. Knowledge management
covers both explicit knowledge derived from documents, ERP and other planning
systems, and from operational processes, as well as implicit knowledge in the form
of employees’ know-how and experience. This knowledge is often lost when skilled
staff leave the company.

The aim of the project is to make organisational knowledge accessible via a
simple query in a chat-like user interface, thereby enabling low-threshold, natural-
language access. The technical foundation is provided by artificial intelligence in the
form of large language models (LLMs), which are enriched with company-specific
data whilst taking data protection considerations into account (Retrieval Augmented
Generation, RAG). In this way, the strengths of traditional query-based systems are
combined with generative Al models.

Implementation can take place either via a secure cloud instance with access to
a dedicated third-party LLM instance, or via an LLM installed locally on the organi-
sation’s own high-performance server (on-premises). The choice of the appropriate
implementation option is made on a project-specific basis, depending on the size
of the company’s data pool, the requirements for processing speed, and taking into
account procurement, installation, licensing and maintenance costs. Regardless of
the option chosen, both require a web-based front end that enables both the simple
entry of new data sets and the process-oriented retrieval of corporate knowledge.

In collaboration with the llmenau-based company deenovum AG, the project devel-
oped a versatile solution for in-house knowledge management based on available Al
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and internet technologies. The application scenario covers a wide range of business
processes - from onboarding new specialist staff and supporting customer service
to providing specific assistance with the development of new products and services
in SMEs. The implementation of sample data for demonstration purposes for ‘Mittel-
stand-Digital’ activities, as well as comprehensive testing of the system, takes place
in the first quarter of 2026.

Networking with digitalisation stakeholders expanded

Another important part of the work at the SME Digital Centre llmenau is the network-
ing with stakeholders involved in the digital transformation of companies. There
was a regular exchange of ideas in the nationwide “Mittelstand-Digital” Network,
including in topic-specific working groups or at regional conferences of the partici-
pating centres. Topics included the needs of companies and the expansion and
target group-orientated design of support services. IMMS also regularly exchanged
information with Thuringian networks and initiatives, such as the Cross-Cluster-Initi-
ative Thiiringen (CCIT), the Cluster for Electronic Measurement an Device Technology
in Thuringia (ELMUG eG), the Thuringian Centre for Mechanical Engineering (ThZM),
the Industry Association of the Plastics Industry (PolymerMat e.V.), the Thuringian
Centre for Learning Systems and Robotics (TZLR) and the Association of Thuringian
Al-Transfer Centres.

In addition, the SME Digital Centre Ilmenau, together with the one in Chemnitz, the
ScaDS.Al Dresden/Leipzig and other partners form the Al Hub Saxony-Thuringia. The
Al Hub is dedicated to transferring the results of basic Al research from ScaDS.Al and
its partners via the Mittelstand-Digital Innovation Hubs to companies. At the same
time, the SME Digital Centres bundle the requirements of SMEs so that these are

taken into account in basic and applied research.

Supported by:

B | i M.it.telstand— [ s I\Z/Iétrftellritr?‘nd-oigitm @#
Digital = limenau

on the basis of a decision
by the German Bundestag
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Al-based optimisation of injection moulding processes

In the ProQuaOpt project, Al-based methods were developed for the automated optimisation of
productivity and quality in injection moulding processes. For the mould used, this reduced the
cycle time by approximately 4 seconds, which increased daily productivity by 73 products, or
approximately 5 per cent. Photograph: IMMS.

Motivation and overview

Injection moulding is the most widely used process for manufacturing plastic parts
across virtually all application areas. In Germany, 14.6 million tonnes of plastic are
processed annually by approximately 3000 companies into moulded components
and assemblies it with wide variety of finished products, made from up to four
materials, generating revenues of € 65.1 billion. The resulting products range from
individual moulded components to complete assemblies. They may consist of up
to four different materials and often feature complex free-form surfaces that can
be finished with various surface textures (from grained to glossy). If the waste rate  www.imms.de/
of such parts and assemblies could be reduced by just 1% from the current 4%, igo
approximately 150,000 tons of plastic and approximately € 650 million in costs would
be saved in Germany alone.
Injection moulding machines are typically configured by skilled personnel to
produce high-quality parts. However, producing good parts alone does not automat-
ically ensure resource-efficient manufacturing. The optimum balance of high qual- ——————
ity, high throughput, and minimal resource input can currently only be identified Annual Report
through iterative trial-and-error procedure. A considerable saving potential could be «IMMS 2025
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achieved by development of tools that reduce the production of rejected parts. In
addition, further reductions in material consumption, energy usage, and production
time per part could be achieved if the optimal operating point is identified. The ef-
fectiveness of the processes and the quality of the products could be continuously
evaluated and optimised accordingly.

In the ProQuaOpt project, one such tool is developed using Al-based approach
for automated productivity and quality optimisation of the injection moulding pro-
cesses. To achieve this, a product-process-quality closed-loop control system was
established. The system consists of a controlled process at the injection moulding
machine, a measurement unit for optical quality inspection of the component, and
a controller in the form of a self-learning assistance system.

The combined system was implemented at the project partner KHW Kunststoff-
und Holzverarbeitungswerk GmbH and refined through iterative testing. The project
demonstrated that the integrated framework can refine process parameter candi-
dates under real production conditions. The Al-based surrogate model predictions
validates the process parameter combination and reliably control the injection
moulding process toward improved quality and reduced cycle times. The optimisa-
tion of cycle time varies depending on the mould used and other additional process
parameters and can therefore only be evaluated for the respective product. The
mould used at KHW, the cycle time for the production of the part was reduced by
approximately 4 seconds using the implemented optimisation process. This corre-
sponds to an increase in daily productivity of 73 additional products, or roughly 5%
increase. If errors occurred during optimisation, the system automatically returned
to the last acceptable solution, thereby ensuring uninterrupted operation while si-

multaneously reducing the number of required physical machine trials.

From manual adjustment to closed-loop control - approaches and challenges

Using the closed-loop control system, the injection moulding machine can operate
continuously at an optimal production point with respect to productivity, quality,
and energy efficiency. Traditionally, machine settings are optimised manually step
by step, to produce a product with no defects. Further, operators must decide
whether additional adjustments and fine-tuning of parameters are worth the extra
time required, even after the produced parts already meet the quality requirements.
In contrast, the optimisation system continuously improves and adjusts the process
parameters in small iterative steps to reach an optimal operating point. The system
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optimisation)

can also start with previously stored parameter settings for a specific mould-ma-
chine combination.

Injection moulding machines are already equipped with a large number of sen-
sors that continuously record machine and process data. Some of these data, such
as oil supply temperature or ejector stroke, are essential for stable machine opera-
tion but do not directly affect part quality or the duration of the injection moulding
cycle. In addition, injection moulding processes can be characterised using a wide
range of process parameters, including cylinder temperature zones, melt pressure,
injection speed, injection volume flow rate, back pressure, screw rotation speed
during plasticising, injection stroke, residual melt cushion, holding pressure, holding
pressure time, residual cooling time, clamping force, and mould wall temperature. A
key challenge of the project was therefore to identify which parameters significantly
influence the process and to distinguish these relevant factors from noise and other
disturbance variables within the machine data. In particular, the relationships be-
tween the recorded process data and the three main target criteria, product quality,

cycle time, and energy consumption, had to be analysed and quantified.

Product-process-quality control loop

The implemented product-process-quality control loop combines quality information
extracted from image data with process data from the injection moulding machine.
Based on these inputs as feedback to the optimisation process, it generates recom-
mendations for the adjustment of the process parameters for the injection moulding
machine. At present, however, the new parameter settings still need to be entered
manually on the machine, as write access via a digital interface is not available on

the equipment used.
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IMMS developed the controller for this closed-loop system in the form of an Al-based 103 o———
process optimisation module. It receives feedback from the quality control unit »integrated
providing information on product quality. It further explores the process parameter  sensor systems
space, and identifies potential solutions for optimising multiple objectives such Distributed
as cycle time, energy consumption, and material usage. Based on this analysis, it ~ measurement +
generates recommended parameter settings for the injection moulding process. In  test systems
addition, IMMS was responsible for designing and implementing the interfaces to  »>nm-precise 6D
the injection moulding machines, as well as for the data storage and data preproc-  direct drives
essing infrastructure. > Contents

* Funding

Interfaces for data acquisition, real-time monitoring, and extensibility °

To achieve a highly generic solution, IMMS analysed the interfaces of injection mould-
ing machines in collaboration with machine manufacturers and developed a data ac-
quisition concept. This was consolidated into an integrated system architecture that
combines machine data acquisition, data processing, and quality evaluation within
a unified workflow. This enables continuous acquisition of machine data, integration
of quality information from image-based inspection, and centralised storage and
processing of all relevant data. The modular architecture allows different data sour-
ces and interfaces to be integrated without modifying the core processing pipeline.

With this system, machine and quality data can be processed, analysed, and
fed back during operation in near real time. This provides the basis for real-time
monitoring and parameter evaluation, which was successfully demonstrated in live

setups at the partner KHW.

In addition, the architecture supports seamless integration of additional data sour-
ces, such as OPC UA-based time-series data and image-based quality measurements,
and provides standardised interfaces for downstream analysis modules. This en-
sures that the system can be further extended in the future toward closed-loop
control and data-driven process optimisation.

Al-based controller with surrogate modelling and evolutionary optimisation
Based on the available data, IMMS investigated optimisation algorithms and imple- ———————

mented surrogate modelling approaches to approximate the relationship between  Annual Report
process parameters and resulting product quality. Surrogate modelling (also referred «IMMS 2025
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Figure 2: Data acquisition workflow module of the Al-based injection moulding optimisation
demonstrator implemented at the KHW partner site; red: Steinbeis Quality Assurance and Image
Processing GmbH (SQB), blue: IMMS. Graphic: IMMS.

to as meta modelling) describes approaches in which expensive or computationally
complex models are replaced by simpler, computationally efficient approximations.
The goal is to accelerate or simplify simulation, optimisation, and inference tasks.
These approaches are particularly useful in high-dimensional and complex parameter
spaces. However, their performance strongly depends on the quality and representa-
tiveness of the training data, the choice of surrogate model, and the tuning of hyper-
parameters. As a result, significant domain expertise is required to minimise model
errors and ensure reliable predictions. Appropriate surrogate models were selected
and trained at IMMS, using injection moulding process data, and thereby enabled
efficient Al-based evaluation of candidate parameter configurations without the need

for time-consuming physical machine trials.

Building on these models, IMMS implemented evolutionary optimisation strategies,
in particular genetic algorithms, to search for improved parameter configurations
within the multidimensional injection moulding parameter space. These stochastic
search methods, inspired by natural evolution, iteratively improve solutions through
genetic operators such as mutation, recombination, and selection until an optimal
or near-optimal solution is identified. This approach is particularly well suited for
complex optimisation problems, as it does not require explicit mathematical models
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Figure 3: The implemented prototype system is structured as a modular software architecture
consisting of four main functional modules.: 1) Data acquisition, 2) Surrogate model framework,
3) Optimisation framework, 4) Post-processing. Grapic: IMMS.

and can operate as a black-box optimisation method. It is especially effective for
non-linear, multi-modal, and non-differentiable problems. However, its successful
application requires careful parameterisation, since evolutionary algorithms are of-
ten computationally intensive, may be difficult to scale, and can exhibit unpredicta-
ble convergence behaviour.

The optimisation process implemented in ProQuaOpt evaluates the generated can-
didate solutions based on surrogate model predictions, iteratively refining the pa-
rameter configurations, within predefined bounds set for each controllable process
parameters. Measured cycle time, energy consumption, and defect outcomes are
fed back into the surrogate models to converge toward optimal production settings.

Prototype: demonstration of the solution in ongoing production

For the demonstrator at the company KHW, IMMS developed an integrated system
architecture that combines machine data acquisition, data processing, and quality
evaluation within a unified workflow (see Figure 3). The optical quality inspection
implemented by the partner Steinbeis Quality Assurance and Image Processing GmbH
(SQB GmbH), shown in red in the figure 2, provides feedback on the injection-moulded
parts ejected from the machine to the IMMS control system.
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For the machines available at KHW, it was necessary to reconstruct discrete injection
moulding cycles from the available time-series data, as the machines did not provide
direct cycle segmentation.

The described approaches were implemented in a prototype system with a modular
software architecture, as illustrated in Figure 3, consisting of four main functional
modules:

1. Data acquisition: This module captures process parameters and production data
from the injection moulding machines.

2. Surrogate model framework: This is a machine learning model, which approxi-
mates the relationship between process parameters and resulting product qual-
ity. It enables fast evaluation of candidate parameter configurations without
requiring physical experiments for each combination and continuously updates
from the new data available from both the machines and quality inspection sys-
tems.

3. Optimisation framework: The prototype uses a genetic algorithm as the main
optimisation strategy. The algorithm iteratively generates new parameter config-
urations, evaluates them using the surrogate models, and identifies improved
solutions over multiple generations. This module supports multi-objective opti-
misation to balance different quality and process-related objectives.

4. Post-processing: This module interprets the optimisation results and proposes
final machine settings. The demonstrator at KHW includes a fully automated,
knowledge-based post-processing system that integrates surrogate model pre-
dictions, optimisation results, and quality feedback to automatically determine

optimal machine configurations.

Outlook

The prototype demonstrates that process optimisation using machine learning meth-
ods is also feasible with limited data. The achieved productivity improvement of 5%
was validated for a specific product, using the corresponding tooling on a suitable
machine setup. In general, cycle time optimisation depends strongly on the mould,
the machine, and various additional process parameters, and therefore can only be

specified for the respective product configuration.
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IMMS aims to further develop the approach and generalise it across different tools 107 o——
and manufacturing processes. In addition, there is potential to transfer the method > integrated

to similar optimisation problems beyond injection moulding, particularly to process-  sensor systems
es where parameter sets influence production outcomes across different machines »Distributed
and where the correct combination of parameters is critical for achieving high prod-  measurement+
uct quality and energy-efficient operation. test systems

>nm-precise 6D

Contact person: Dr.-Ing. Tino Hutschenreuther, tino.hutschenreuther@imms.de direct drives
> Contents
* Funding
With funding from the: The ProQuaOpt project on which this report is based ©
Federal Ministry was funded by the German Federal Ministry of Research, www.imms.de/
% of Research, Technology
and Space Technology and Space (BMFTR) under the reference proquaopt
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Nano positioning system developed at IMMS with a motion range of §100.mm x 10 mm, which “< =2
is being further developed for industrial use in the MC_NPS project with an adapted signal
processor-based motion controller from SI0S. Photograph: IMMS.

The joint project “Motion controller for the NPS6D100 nano positioning platform” (MC_NPS) is
supported by the funding programme of the German Land of Thiiringen for the promotion of
research, technology and innovation (RTI) as the research and development initiative Thiiringen
Verbund under the joint project number 1007528 , the IMMS topic “Porting and adaptation of
the NPS6D100 control software to the NMM DSP controller from SIOS” under the reference 2025
VDY 0050.
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Research field
Magnetic 6D direct drives with nanometre precision

The continuous reduction in the size of the structural elements of technical pro-
ducts in many different sectors increases the demand for precision machinery with
which tiniest structures and objects can be measured and manufactured with high
accuracy. There are many such objects having spatial extents from millimetres to
centimetres, while surface characteristics and functional elements are just a few
microns or nanometres in size and have to be positioned with a precision less than

one nanometre in the production process.

To blaze the trail for the manufacturing of components from the macro-world with
the precision that is associated with the micro- and nano-world, we conduct re-
search on the scientific fundamentals and technical solutions to implement nano-
positioning systems acting over long distances of travel. Our highly dynamic inte-
grated multi-coordinate drives move objects with the same accuracy over distances
of several hundred millimetres within the shortest time. Our solutions are intended
for use under vacuum, in cleanrooms and sites with particular requirements for

thermal insulation and elimination of vibrations.

Highlights of 2025 in our research on
magnetic 6D direct drives with nanometre precision

New MC_NPS* project combines expertise from research and industry to achieve
nanometre-precise positioning for high-tech applications

On 5 November 2025, SI0S Meftechnik GmbH and IMMS started the one-year joint
project ‘Motion Controller for the NPS6D100 Nano Positioning Platform’ (MC_NPS)
at a kick-off meeting at IMMS Ilmenau. The project involves adapting a special
control system from SIOS to a nanometre-precise positioning system with a large
range of motion developed at IMMS. The aim is to use this combination to develop
a market-ready high-tech product for new applications. These range from the semi-
conductor and optics industries to calibration and verification, medicine, aerospace
technology and the future markets of photonics and quantum technology.
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Representatives of SIOS and IMMS, partners in the MC_ NPS project, at the kick-off meeting on 5
November 2025 in Ilmenau. Photograph: Rolf Peukert, IMMS.

Tiniest structures in a vast field

Many industrial sectors require increasingly precise machines that can measure and
process the smallest structures and objects with high accuracy, usually to further
miniaturise technical products. Many such objects are a few millimetres to centime-
tres in size. However, surface features and functional elements often measure only
a few micrometres or nanometres. In production, they must be positioned with an
accuracy of a few nanometres, i.e. about one millionth of their size. Not only the
precision of the drives needs to be improved, but their working range also allows for
more applications and, last but not least, greater cost-effectiveness, the larger it can

be with the same positioning accuracy.
Individual solutions for research and industry so far

IMMS addresses precisely these requirements with its research, thereby helping to
define the current state of the art worldwide: it has developed the NPS6D100 nan-
opositioning system, which positions objects weighing up to two kilograms within
a motion range of 100 millimetres in diameter and 10 millimetres in height with

a resolution of less than 2 nanometres and with 6 controlled degrees of freedom.
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Translated into more everyday dimensions, this would be comparable to a helicopter &

that can drop its load within a radius of 100 kilometres with an accuracy of less than
2 millimetres.

Annual Report

IMMS 2025



To open up this system for flexible industrial applications and thus for marketing, it
still needs to be connected to the hardware and software commonly used for control
in this field. The control hardware has to process the complex control algorithms
in real time. The software must allow intuitive operation and flexible integration
of different applications. None of this can be achieved with commercially available
standard axis controllers.

SIOS already has industrially established and mature hardware and software for
controlling its NMM-1 nanopositioning and nanomeasuring machine for such re-
quirements. SIOS is the global market leader with the NMM-1 system. However, this
control system cannot be used directly to operate the IMMS drive, as it is designed
for a different drive architecture.

Industrial-grade modular complete system for wide applicability

In the MC_NPS project, SIOS and IMMS will work on a marketable solution that
combines IMMS' newly researched drive with SI0S' industry-proven control system.
The intended result is a system that not only covers a significantly larger working
range than SI0S' current leading product, but is also modularly configurable and can
therefore work with various probing systems such as focus sensors, atomic force

microscopes or microprobes in different applications.

To achieve this goal, SIOS will coordinate the project and adapt and expand the
motion controller of its NMM-1 machine, which is based on a special digital signal
processor, for the IMMS NPS6D100 drive. On the IMMS side, the control and regu-
lation algorithms developed for its NPS6D100 drive, which enable nanometre-level
positioning, will be restructured to match the SIOS control system and finally will
be ported to it.

If this fusion of ultra-precise positioning systems, efficient and cost-effective con-
troller hardware and state-of-the-art measuring systems proves successful, it will
pave the way for the marketing of the NPS6D100 as another nanopositioning system
‘Made in Thiringen’ that sets global standards.
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The partners of Metralabs and IMMS at the kick-off meeting of the ERA-AMR project on 14.01.2025. In ERA-
AMR, optimised drive systems for autonomous mobile robots are being developed. Photograph: IMMS.

ERA-AMR* project completion - optimised drive systems for autonomous mobile
robots

The aim of the one-year ERA-AMR project, which was completed at the end of 2026,
was to develop new drive solutions for autonomous robots across a wide range of
tasks, thereby enabling innovative production-related applications. A key aspect of
this was the development of a software-based modelling tool.

Autonomous mobile robots as assistants

Robotic systems can relieve workers of monotonous and repetitive tasks, especially
in the industrial and service sectors, freeing them up for more demanding and var-

ied tasks and increasing overall effectiveness and productivity.

Commercially available autonomous robots on the market are capable of moving
forwards, backwards and around bends with simple drives and can turn on the spot.
In this way, they already contribute to an efficient material flow and smooth goods
management in production and storage areas. They can not only transport goods,
e.g. small load carriers for dynamically customisable production lines, but also re-
cord data, e.g. for quality assurance or autonomous inventories.
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Versatility of assistant assignments limited

For a number of applications, systems with simple drives quickly reach their limits,
such as with high loads or certain movements. Sideways movements or manoeu-

vring out of tight spaces, for example, are not possible.

More complex solutions for more flexible movements are more challenging to de-
velop and therefore significantly more expensive. The reason for this is the drive
system, which not only has to be designed, technically dimensioned and integrated
into the overall system together with the sensors and control technology for a ro-
bust and powerful autonomous robot. Depending on the application, there are also
other objectives and individual environmental conditions that need to be taken into

account during development.

New applications require optimised drive concepts and software-based modelling

tools

Meeting these complex requirements calls not only for advanced drive concepts that
make autonomous mobile robots more efficient and cost-effective on the basis of
defined performance indicators. To achieve these technological improvements, IMMS
has focused primarily on developing a software-based modelling tool. In future, this
tool is intended to support the development of such systems as early as the concept
phase by calculating performance metrics for defined application and requirement
profiles and enabling the selection of suitable solutions.

Mathematical approaches, methods and algorithms relating to kinematics and dy-
namics were utilised for this purpose; these not only optimise drive systems but
also contribute to the development of autonomous control systems. On this basis,
these control systems can take into account the previously set objectives - such as
maximum speed, minimum energy consumption and high robustness - and imple-

ment the control tasks optimally to achieve them.

Using the IMMS’ new modelling tool, the partner Metralabs can develop an optimal
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Comparison of the initial and optimised designs. In the initial design (left), critical conditions along
the trajectory are marked in red. The optimised design (right) allows the target trajectory to be
followed without difficulty. Graphics: IMMS.

The result is an approach that enables a significant increase in performance com-
pared with conventional drive systems, thereby setting new standards in mobile
robotics and automation.

IMMS modelling tool for robust and stable drive systems in autonomous mobile

robots

The methodology developed at IMMS comprises solutions for the modelling, simu- www.imms.de/
lation and evaluation of omnidirectional drive systems for mobile robotics and has fem

been implemented in software. For this purpose, various drive concepts were first

systematically analysed and evaluated in terms of their kinematic and dynamic

properties, their technical feasibility and their potential for expanding the range of

motion.

Mathematical kinematic and dynamic models were developed for selected concepts
and implemented in a flexible Python-based software environment. The resulting
modelling tool enables the parameterisation of geometric and system parameters,
as well as the calculation of state variables and acting forces under specified driving
dynamics scenarios. This allows, amongst other things, vertical, drive and lateral
forces to be determined, and driving dynamics effects such as roll stability, as well
as slip and skid conditions, to be assessed. o
Annual Report
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In addition, methods for optimised path planning and control were developed. The
path planning takes account of both static and dynamic obstacles and generates
collision-free trajectories whilst adhering to dynamic driving constraints such as
speed and acceleration limits. A model-predictive controller was implemented for
trajectory tracking, enabling robust and stable control of the entire system. The
associated algorithms were also integrated into a software solution based on the
CasADi optimisation library.

Modelling tool validated with differential drive by MetraLabs

The methods and software modules developed were comprehensively validated
through simulation and, in part, successfully tested experimentally on a demonstra-
tor platform with differential drive provided by the project partner Metra-Labs. This
demonstrated the fundamental consistency between the model and the real-world
system.

A further focus was on the development and investigation of omnidirectional drive
concepts, which enable lateral and diagonal movements in particular. These expand-
ed movement capabilities were described in the model and analysed and validated

in simulations with regard to their effects on driving dynamics.

The results achieved in the project were scientifically documented and submitted to,
and accepted for, the International Conference on Methods and Models in Automa-
tion and Robotics (MMAR) 2026. The models, algorithms and software components
developed are available as a reusable foundation for future research and develop-

ment work.
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Research on s
virtual temperature sensors in high-precision systems

Using virtual sensing and Al, disturbances acting on complex mechatronic systems — such as
high-precision drives — can be identified with spatial resolution and compensated for accordingly.
Photograph: IMMS.

Motivation and overview

High-precision nanopositioning systems (NPS) are essential in modern manufactur- www.imms.de/
ing, metrology, and semiconductor applications, where positioning accuracy in the  nmdrives
subnanometre range is required [1]. One of the greatest challenges with such sys-

tems is thermal disturbance, which leads to structural deformation and positioning

errors [2]. Although temperature measurements are crucial for thermal compensa-

tion, sensor placement is often limited due to space constraints, functional require-

ments, and system complexity. As a result, it is not possible to directly measure the

temperature at all relevant locations within the system.

The VirtuSen project aims to address this limitation by developing Al-based virtual ~www.imms.de/
sensors that estimate temperature fields at inaccessible locations using a com- virtusen
bination of sparse sensor measurements, physics-based models, and data-driven ———————
approaches. The central innovation lies in combining physical modelling with  Annual Report
artificial intelligence, enabling accurate and physically consistent predictions even «IMMS 2025
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Figure 1: Factors influencing high-precision positioning systems and possible solutions. Graphic: IMMS.

direct drives
with limited sensor data. The overall approach follows a stepwise strategy: starting > Contents
with controlled experiments on material specimens, progressing to simplified nano- * Funding
positioning systems and ultimately extending to real-world systems with limited
sensor accessibility. This methodology ensures that the developed models are both  www.imms.de/

accurate and transferable to practical situations. virtusen

Investigation and modelling of thermal behaviour

To establish a reliable basis for temperature prediction, both experimental studies
and physical modelling are conducted. The experiments are performed on speci-
mens of hard rock and mineral castings, which are commonly used in precision engi-
neering applications. The specimens are specifically designed to allow for a detailed
investigation of temperature gradients by embedding sensors at various depths and
positions. The experimental results provide insights into heat propagation within
the material, including differences between surface and internal temperatures as
well as the influence of environmental conditions such as convection. At the same
time, limitations regarding measurement uncertainty, repeatability, and sensitivity
to boundary conditions are identified.

In parallel, transient 3D models are developed using numerical simulation tools to

describe the thermal behaviour and replicate the actual experimental conditions.

These models are used to calculate the spatial and temporal temperature distribu-

tion, enabling a systematic analysis of influencing factors such as heat input and

boundary conditions. Although a general agreement between simulation and exper-

iment is achieved, discrepancies remain due to uncertainties in material properties

and boundary conditions. Reducing these discrepancies and ensuring transferability ¢————————
to more complex geometries are ongoing tasks. Annual Report

IMMS 2025


https://www.imms.de/virtusen

Mean AT + Std over Runs

- DetaTsensor121 -
10 - DeltaT 2

1 - Delta T
i 8
Data aquisition !

9
~=- Delta T sensor 125
Flat NTC system

Delta T Sensor 126 Delta T Sensor 13
Delta T sensor 14
Delta T Sensor 15

Delta T sensor 12

Power supply

Round NTC

2000 6000

Time [s]

®

Figure 2: (a) Initial experimental setup using a granite cylinder (100 mm). (b) An example of the
averaged temperature distribution in a granite cylinder sample. Source: IMMS.
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Development of Al-based virtual sensors

Based on the experimental and simulated data, several Al-based approaches are
investigated to assess the feasibility of virtual temperature measurement. Classi-
cal machine learning models, deep learning architectures, and physically informed
neural networks (PINNs) are implemented and compared. The results show that
temperature estimation based on limited sensor data is fundamentally feasible.
Sequential models, in particular, demonstrate the ability to capture temporal be-
haviour, while physics-informed approaches provide a framework for incorporat-
ing physical constraints into the learning process. However, significant challenges
remain. The models exhibit sensitivity to sensor configuration, limited robustness
under changing operating conditions, and difficulties in accurately capturing local
thermal effects or unknown heat sources. These observations suggest that further
methodological development, together with the integration of improved data acqui-
sition and modelling approaches, is required to achieve reliable performance.

-
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Figure 3: Schematic overview of the training framework of a PINN. Graphic: IMMS.
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Generalisation and transfer of Al Methods

A key objective of the project is to apply the developed methods to real-world nano-
positioning systems, where only a limited number of surface sensors are available
and no direct reference measurements are possible at the desired locations. Initial
investigations show that while the models perform well under controlled experimen-
tal conditions, their transfer to more complex systems remains a major challenge.
In particular, structured prediction errors, uncertainties in the model outputs, and
dependence on the training data limit the direct applicability of current approach-
es. Furthermore, the integration of physical models and Al methods at the system
level has not yet been fully validated. To address these challenges, the next step
involves applying the developed methods to a simplified nanopositioning system
in which partial internal sensing is still possible. This intermediate step enables a
systematic evaluation of model transferability and provides important insights for
further development.

Outlook and potential applications

The work carried out so far represents a first step toward implementing virtual
temperature measurement in high-precision systems. However, considerable effort
is still required to improve the accuracy, robustness, and generalisability of the
models. In the next phase, the focus will be on refining the experimental setups,
improving the physical models, and further developing Al-based methods to better
handle limited data and uncertainties. Following validation on simplified systems,
the approach will be extended to a real-world nanopositioning system with limited

sensor equipment.

Training Neural Network Optimisation Trained Evaluation
— Forward Pass network of the trained
SeniED CRE Validation }i — Loss Computation L || network
— Backward Pass
— Parameter Update
Transfer
Target data learning in the
target system

Figure 4: Training and transfer processes in neural networks. Graphic: IMMS.
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The long-term goal is to combine simplified physical models with Al-based virtual
sensors to predict the entire temperature field and identify unknown thermal dis-
turbances within the system. The developed methodology offers significant appli-
cation potential for a wide range of precision engineering systems, particularly those
developed at IMMS where direct measurement of internal states is not possible. By
combining physical understanding with artificial intelligence, the project contributes
to the development of intelligent, self-monitoring systems that can maintain high
performance under changing operating conditions. This would enable more effective
thermal compensation strategies and contribute to maintaining high positioning
accuracy. Beyond nanopositioning systems, the developed methods have potential
applications in a wide range of fields in precision engineering, including machine
tools, measurement systems, and other mechatronic systems where internal states

cannot be measured directly.

Contact person: Dr.-Ing. Parastoo Salimitari, parastoo.salimitari@imms.de

Freistaat [ The research group ‘Application of Al-based virtual
ThUI’Inan ' sensor technology to effectively increase the preci-
Hier hat Zukunft Tradition. sion of positioning systems - VirtuSen’ was funded

by the German Land of Thiringen.
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Physically reduced thermal simulation
of the coil assembly

of a nanopositioning system

Coil and coil assembly of a nanopositioning system, whose thermal behaviour has been simulated
in physically reduced models. Prospectively, it is possible to improve the systems by predicting and
compensating for disturbance influences. Photograph: IMMS.

Reduced modelling for efficient simulation of thermal effects

Nanopositioning systems (NPS) are employed across a range of industries — including
nano and micro technology — to position and manipulate objects. As the trend moves
toward smaller and more complex structures, the demands on the dynamics and po-
sitioning accuracy of nanopositioning systems continually increase. In these precision
regimes even minor disturbances, such as thermally induced deformations, can nega-
tively affect positioning accuracy. Therefore, it is essential to predict the performance
of nanopositioning systems through modelling, so that emerging disturbances can be
compensated for in the future. Because these models involve highly computationally
and time intensive simulations, research is focused on whether high accuracy results
can also be achieved with reduced models. The VirtuSen research group concentrates
on predicting disturbances such as temperature changes caused by heat sources that
generate stresses and deformations, thereby impairing accurate positioning.
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In the VirtuSen research group, the IMMS team succeeded in reproducing the ther- 123 o——
mal behaviour of a coil assembly in a physically reduced model for numerical fluid >integrated
dynamics (Computational Fluid Dynamics; CFD) within the ANSYS Fluent simulation  sensor systems
software. By reducing the model, it becomes possible to efficiently examine a variety > Distributed

of operating points. Based on this, the cooling of the coils can be optimised, and the ~ measurement+
thermal influence of the coil assembly on the other components of the nanoposition-  test systems
ing system can be investigated. In the future, deformations are also to be predicted >nm-precise 6D

and compensated for before they can negatively affect positioning. direct drives
> Contents
Coil assemblies of a nanometre accurate high precision drive * Funding
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The coil assembly is installed thrice in the planar drive of the positioning system

NPS6D200 rotated by 120° each (Figure 1(a): A, B, C). This nanometre accurate posi- Specialist article
tioning system, developed at IMMS, was realised as part of various earlier research  on the NPS6D200:
projects for a planar workspace of ¢ 200 mm. The new feature of the NPS6D200 was ~ www.imms.de
the extension of an integrated planar direct drive with a vertical actuation of 25 mm

travel. The combination of planar and vertical drive allows closed loop control in

six degrees of freedom (6 D). The electric coils of the planar drive heat up due to

Ohmic losses. The resulting temperature differences cause heating of surrounding

structures through direct or indirect contact via various heat transfer mechanisms.

Among other components, the system’s granite base is exposed to these heat sourc-

es, ultimately leading to stresses and deformations.

100 mm

Figure 1:

(a) Schematic representation of the planar drive system;

(b) Scheme}tic cross section of a coil assembly: 1) cooli.ng element sandwiches, 2) coil cores, Annual Report
3) cooling channels, 4/5) wound copper wire, 6) coil frames;

(c) Photograph of a coil with its core and electrical connections. Graphics/Photograph: IMMS. IMMS 2025


https://www.imms.de/fileadmin/redaktion/downloads/jahresbericht/fachartikel/2024_IMMS_NanoFab-NextGenPos_AnnualReport_EN-DE.pdf

The aim of the work carried out at IMMS was to predict the thermal behaviour of the
coils and coil assemblies under various loads using a reduced simulation. This will
enable optimisation of coil cooling, determination of their thermal influence on the
entire positioning system, and, in the long term, improvement of the overall posi-
tioning accuracy of the nanopositioning system by compensating for the resulting

deformations.

The coil assemblies, shown schematically in Figure 1(b), consist of two coils made
from wound copper wire (4, 5) and aluminum coil cores (2), aluminum coil frames
(6), and the so called cooling element sandwiches (1). These sandwiches enable
temperature control of the coils via embedded cooling channels (3).

The thermal simulation of the entire coil assembly was divided into several subsys-
tems: first, the coil itself was examined, and a geometric reduction of the coil model
was performed. Next, the cooling element sandwiches were simulated separately,
a process that is highly computationally intensive due to the coolant and finally,
the entire coil assembly was simulated. All simulation results were validated with

equivalent experiments.

Investigation and physically reduced simulation of the coils

The investigation of the coils was first carried out microscopically to determine their
composition. As shown in Figure 2, the coil windings consist not only of copper wire
(1) but also of various coatings (2), a filling material (epoxy) (6), a polyamide film
(3) to isolate the windings from the coil core (5), and air gaps (4).

1 Copper wire
2 Coating
3 Polyamide film

4 Air gap Figure 2:

5 Coil core Microscope
image of a
coil in cross
section.

6 Epoxy filler
Photograph:
IMMS.
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Because simulating every geometric detail would require a very high computational > Contents
effort, a geometrically reduced model was devised. First, all filler materials were * Funding
combined into a single material with averaged properties. The remaining copper
wires and the averaged filler material were examined in more detail to determine
their thermal characteristics, with particular emphasis on the thermal conductivity
of the proposed substitute material. Based on the coil cross section (Figure 1(b))
and the shape of the coils as seen in Figure 1(c), it was assumed that the thermal
properties are direction dependent. To investigate this, a separate simulation was
performed. It compared the resulting temperature gradient from a simulation with
the detailed model (Figure 3(a), S1) to that from the simulation using the substi-
tute material (Figure 3(b)). The comparison was carried out once with direction
dependent thermal conductivity (S2) and once with direction independent thermal
conductivity (53).

Table 1 shows the percentage deviation of the resulting heat flux densities from the
simulations at the corresponding outer walls. It demonstrates that the directional
dependence of thermal conductivity must not be neglected.

Deviation S2 / S1in % Deviation S3 / S1in %
Left wall -3,40 -14,80
Right wall -2,82 -14,29
Top wall 5,57 14,88
Bottom wall 5,56 14,88

Table 1: Comparison of the resulting heat flux densities of simulations S1, S2, and S3 at the walls.
Source: IMMS.
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In a subsequent step, an entire coil was simulated transiently with various applied
power levels and experimentally validated. The difference between the measured
and simulated resulting temperature differences, referenced to the respective start-
ing temperature, was determined separately for each sensor used in the experiment.
As illustrated in Figure 4 for a representative sensor on the coil winding, the results
show a small deviation from one another. The chosen sensor exhibits an average de-
viation from the other sensors. This suggests that the reduced coil model is suitable
for use in simulations of the entire coil assembly.

Simulation of the cooling element sandwiches and the entire coil assembly

The simulation of the cooling element sandwiches focuses on accurately representing
the coolant. To capture the flat, long geometry of the cooling channel, the mesh
shown in Figure 5 was chosen, with one computational point per mesh volume.
Care was taken to select the boundary layers correctly, as they are essential for
calculating the heat transfer between fluid and solid. The resulting simulation of
the cooling element sandwiches — validated against experimental data — was finally
incorporated into the simulation of the entire coil assembly.

z
yé—x _

0,002 M

>
< I

Figure 5: Mesh representation of the cooling channel. Graphic: IMMS.
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Figure 6:

Mesh representation
of the coil assembly:

1) Coil core

2) Coil winding

3) Coil frame

| # 4) Cooling-element
sandwiches

5) Cooling channels.
Grafik: IMMS.
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The simulation of the entire coil assembly was first carried out by selecting the
thermal contact resistances between the solid bodies, as these have a significant
influence on heat transfer between the individual components. The simulation was
then performed for various power levels applied to the coils to cover a wide range of
possible operating points. Figure 6 shows the chosen mesh of the individual parts of
the coil assembly, with most of the mesh cells located inside the cooling channels
of the cooling body sandwiches. This, as already explained, is due to the required
high resolution in the fluid domain.

Figure 7 shows the resulting temperature distribution from the coil assembly simula-
tion with an electrical input power of 10 W. The temperature of the cooling channel
rises from the inlet (1) to the outlet (2), because the heat generated in the coils is
absorbed by the coolant and transported out of the system. It is also evident that
there is a temperature hotspot over one of the coils, which leads to a higher heat
input into surrounding geometries.

Figure 7:

1) Inlet AR

Representation of
the resulting tem-
perature gradient
from the coil
assembly simulation
with an electrical
power of 10 W and a
coolant inlet velocity
of 0.202 m/s.

|

1 2) Outlet

¥ 0.00

100 mm

STink .

0.76 1.37 Graphic: IMMS.
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The comparison between the simulation results and the experimental data shows a
high degree of concordance. This indicates that the simulation accurately represents
the system, and that the reduced geometry of the coils allows for faster computation
of the results than a fully detailed geometric simulation, while still maintaining high

accuracy.

Outlook

These results serve as the starting point for investigating the thermal influence of
the coils and coil assemblies as one of the primary heat sources within the overall
system on the surrounding or adjacent geometries. The simulation can predict which
temperature gradients arise at different power levels and how they are distributed
across the coil assemblies. For subsequent components — such as the granite base
of the entire positioning system — the proximity to the coils as a heat source gene-
rates a temperature gradient. Because most materials, including granite, expand
with increasing temperature, the coils introduce unwanted deformations into the
overall system. Based on these findings, the VirtuSen research group studies the
thermo mechanical response of the granite base and other adjacent systems and ul-
timately aims to efficiently thermomechanically simulate the entire nanopositioning
system using a reduced model.

Contact person: Dipl.-Ing. Ina Naujokat, ina.naujokat@imms.de

Freistaat [ The research group ‘Application of Al-based virtual
Thurlngen sensor technology to effectively increase the preci-
Hier hat Zukunft Tradition. sion of positioning systems - VirtuSen’ was funded

by the German Land of Thiringen.
Reference:

Thermal Analysis of a Coil Assembly in a Nanopositioning Drive System via Re-
duced-Complexity CFD Modeling, Ina NAUJOKAT. Ludwig HERZOG. Steffen HESSE. Par-
astoo SALIMITARI. Appl. Sci. 2026, 16, 2748. https://doi.org/10.3390/app16062748
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IMMS has developed an approach that allows the reference mirrors to be characterised directly with-
in the overall structure of a positioning system. Deviations from the ideal state of the mirrors can
thus significantly improve positioning accuracy through corrective calculations. Photograph: IMMS.

Motivation and overview:

the hidden impact of mirror imperfections on nanopositioning accuracy

High-precision nanopositioning systems are essential in advanced manufacturing,
nanometrology, and scientific instrumentation. These systems enable controlled mo-
tion with sub-nanometre resolution over travel ranges of hundreds of millimetres
- comparable to locating a single needle within a city the size of Ilmenau.

IMMS has developed the NPS6D200, a long-range volumetric nanopositioning sys-
tem designed for six-degree-of-freedom (6-DOF) control - three translational and
three rotational degrees of freedom - using interferometric feedback for position
sensing. At the heart of its metrology are four planar reference mirrors, which serve
as fixed reference surfaces for internal sensors, including laser interferometers and

an autocollimator.

www.imms.de/

nmdrives

Specialist article
on the NPS6D200:

www.imms.de

The system’s control architecture assumes initially that these mirrors are geo-

metrically ideal - perfectly flat and precisely aligned. However, in practice, devia-
tions from this assumption can significantly degrade performance. Even small errors

Annual Report

IMMS 2025


https://www.imms.de/fileadmin/redaktion/downloads/jahresbericht/fachartikel/2024_IMMS_NanoFab-NextGenPos_AnnualReport_EN-DE.pdf
https://www.imms.de/nmdrives

in mirror geometry can compromise the system’s ability to accurately determine po- 130 o——
sition and orientation. For example, if the mirrors are not perfectly flat, the system sintegrated
may “lose” the reference point - just as it would be impossible to find the location  sensorsystems
in a city if the map itself is distorted. > Distributed

These deviations propagate through the feedback loops and contribute to sys-  measurement+
tematic errors in coordinate reconstruction, including cosine errors and parasitic  test systems
motions. Without correction, such errors reduce positioning accuracy and measure- »>nm-precise 6D
ment reliability. direct drives

> Contents

IMMS has developed an approach that allows the actual surface topography of the  * Funding
reference mirrors to be characterised directly within the overall assembly of a po-
sitioning system. The measured mirror geometry, including any deformations, is
corrected internally via a coordinate reconstruction of the system. This allows the
positioning accuracy to be significantly improved without the need to modify the
hardware or control architecture, whilst taking real-world deviations into account.
This is comparable to providing the correct glasses to someone with poor eyesight:
just as the wrong lens distorts the world, assuming a perfectly flat mirror leads the
machine to perceive the position incorrectly.

Introduction: the challenge of measuring what’s already in use

The NPS6D200 (figure 1) is a long-range nanopositioning system designed for six-
degree-of-freedom (6-DOF) control - meaning it can move and rotate in three direc-
tions (X, Y, Z) and three rotational axes (yaw, pitch, roll). It achieves nanometre-

level precision over a horizontal range of 200 mm and a vertical range of 25 mm.

To track its position, the system uses four planar mirrors:

— Mirror U: Controls yaw rotation (¢,),

— Mirrors V and W: Control X and Y translation,

— Mirror Z: Controls Z translation and X/Y rotation (@ und ¢y) -
pitch and roll.

Internal sensors - laser interferometers and an autocollimator - rely on the four ref-

erence mirrors to measure the system’s position and orientation. However, because

these mirrors are not perfectly flat or perfectly aligned in practice, real-world effects &—————
degrade their performance. Gravity pulls downward on the mirrors, causing them to  Annual Report
sag slightly - similar to how a wire sags between two supports under its own weight. «IMMS 2025
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Figure 1: NPS6D200 equipped with an external autocollimator. Photograph: IMMS.

Clamps that secure the mirrors in place can introduce uneven pressure, leading to
localised warping or bending. Even during manufacturing, no mirror is perfectly flat
- deviations in surface form are inevitable. Over time, temperature changes and me-
chanical vibrations can further shift the mirrors’ positions or stresses, introducing
small but cumulative changes. Together, these factors mean that the mirrors deviate
from the ideal geometry, leading to systematic errors in motion and positioning that

can compromise measurement accuracy.

These effects propagate through the system’s feedback loops, distorting the
machine’s internal map. The result is that the machine “believes” it has reached
the correct position, but in reality, it is offset - leading to systematic errors in
measurement. Traditional ways to measure mirror shape - like using a high-resolu-
tion profilometer - require removing the mirrors from the machine. But that’s like
taking a car’s suspension apart to measure its alignment: once you reassemble it,
the alignment is different.

So, an alternative is proposed: a method that measures the mirrors while they are

still in place, under real working conditions.
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Experiment details: how we measured the mirrors without touching them 132 o————
>Integrated

The experiment was conducted on the NPS6D200 nanopositioning system using ex-  sensor systems

ternal tools without modifications to the machine. > Distributed
measurement +

As equipment three compact autocollimators from our partner SIOS are being used:  test systems

small, portable devices that measure angular deviations with high sensitivity (x50 > nm-precise 6D

arcsec range). The autocollimators were mounted outside the machine and carefully  direct drives

aligned to the centre of each mirror. The system was operated in its normal configu- > Contents

ration - no disassembly, no changes to the control software. * Funding

o—
Additional equipment:
— One high-precision reference autocollimator ELCOMAT® HR manufactured by
Méller Wedel was used to verify the accuracy of the other autocollimators.
— A 12-faced optical polygon: A calibrated precision angular standard used as

reference surface for autocollimators verification.
To ensure accuracy, the autocollimators were verified in a different experiment
against the reference autocollimator in a range of +50 arcsec using the optical poly-
gon.
Procedure: From Angles to 3D Maps
The procedure for mirror topography reconstruction was divided into five steps:
1) Identification of controlled degrees of freedom:
The system uses mirror U to control yaw (¢;) and mirror Z to control roll (¢y) and

pitch (@y). Mirrors V and W are not used in these control loops, making them suita-

ble for external measurement.
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2) Coordinate system definition:

A local coordinate system was defined for each mirror:

— Origin: Centre of the mirror,

— Horizontal axis: Points left when viewing the reflective face,

— Vertical axis: Opposite to the machine’s vertical direction (downward),

— Normal axis: Positive height corresponds to outward movement from the mirror

surface.

3) Direct displacement measurement (single-DOF detection):

For yaw characterisation, measurements were taken on mirrors V and W, see figure 2,
as mirror U is used in the yaw control loop and obtained by equation 1. By measur-
ing at multiple heights and accounting for initial angular offsets, the full topography
of mirror U was reconstructed.

For roll characterisation, measurements were taken on mirrors U, V, and W, as
mirror Z is used in roll control. The autocollimators were aligned to the mirror centre,

and perpendicular movements were performed to maintain beam alignment.

4) Relative displacement measurement:

After direct measurements, relative displacements were determined. For example,
the yaw topography of mirror V was obtained by subtracting the scaled-up measure-
ment from mirror U from the measured signal. Similarly, roll topographies of mirror

W were derived using subtraction of mirror U topography:

6U= _HVV = _HWW Equation 1

Where 6, is the yaw topography of the mirror U, 6,, ais the angular topography
obtained measuring the mirror V with a movement in V perpendicular direction and
Oy is the angular topography obtained measuring the mirror W with a movement
in W perpendicular direction.
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Autocollimator

Figure 2:

Position of the autocollimators in
respect of the mirrors and move-
ments for topography detection.

Graphic: IMMS.
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5) Secondary relative displacement and mirror Z reconstruction

A star-shaped motion path was used to measure multiple points on mirror Z. Since
pitch rotation is not directly measurable by the autocollimators, two measurement
positions were used to solve a system of two equations with two unknowns de-
scribed by equation 2. The solution was obtained using a least-squares method. The
final topography was reconstructed using geometric integration.

Pysiar X¥) = @ (x) + @, - sin(a) + ¢, - cos(a)
Posiar C¥) =0, (-x-5In () +y-cos (/) ) + @, sin (a=2T/3) + @, cos (a-2T/3)
Prsiar V)= @, (=X5in (V) -y-cos (V) )+, sin(a+2T/3) + ¢, -cos (a+2T/3)

Equation 2
The terms of the equation are described in table 1.
Symbol Description
Pystar  Measured topography of the mirror Z measured from mirror U
Pysigr  Measured topography of the mirror Z measured from mirror V
Pysiar  Measured topography of the mirror Z measured from mirror W
Py roll topography of the mirror U
Py roll topography of the mirror V
Py roll topography of the mirror W
¢, roll topography of the mirror Z (direction of the movement)
Prp topography that the autocollimator doesn’t detect when it measure (pitch rotation)

Table 1: Terms of equation 2.
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Autocollimator

Figure 3:
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_72‘ ////m\\\\\ respect of the mirrors and move-
< ments for topography detection.
0/4. Mirror Z
% Graphic: IMMS.
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All measurements were performed at a speed of 5 mm/s. Thermal drift was compen-
sated by defining a common origin at the centre of the measurement path.

Results: what the mirrors really look like

The reconstructed surface topographies of the four reference mirrors are shown in
Figure 4. The results reveal deformation patterns that reflect the interplay of me-

chanical forces and mounting conditions.

Mirror Z exhibits the largest deviations, with values reaching approximately -1300
nm in a localised region near the lower edge. This highly localised deformation does
not follow the expected pattern of uniform gravity-induced sag over three support
points of the slider, where deflection would typically be symmetric and distributed
across the surface. Instead, the deformation is confined to a specific area. This fea-
ture is more likely attributable to manufacturing imprecision such as non-uniform
tool path during polishing.

Mirror U displays relatively small and smooth variations, with deviations ranging
from about -300 nm to +300 nm across the surface. Slight increases in deviation

near the edges suggest minor effects from clamping or mounting misalignment.
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Figure 4: Topography of all machine mirrors obtained by the method. Graphic: IMMS.

Mirror V shows a symmetric deformation, with the central region remaining close to
zero and deviations increasing toward the edges, reaching -500 nm. This behaviour
is consistent with bending caused by clamping forces.

Mirror W, in contrast, shows deviations up to +800 nm, with a concave shape near
the clamping regions. The deformation pattern differs from that of Mirror V, indicat-
ing asymmetry in how mechanical loads are transferred through the structure or in
the mounting configuration.

Together, these findings indicate that mechanical constraints, mounting-induced
stresses, and manufacturing imperfections are significant contributors to systema-
tic errors in the nanopositioning system. The reconstructed topographies reflect a
combination of intrinsic surface form, residual misalignment, and localised defor-
mations arising from both mechanical loading and fabrication-related effects. While
gravitational deformation is present in regions consistent with support geometry,
such as gradual bending near the edges, the depression in Mirror Z is localised and
asymmetric, suggesting it stems primarily from manufacturing imprecision, such as
non-uniform tool paths or residual stress, rather than uniform mechanical loading.
This confirms that both structural design and production quality play critical roles in
determining the system’s metrological performance.
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Figure 5: Standard deviation of the topography of all machine mirrors obtained by the method.
Graphic: IMMS.

Reproducibility: how reliable are the measurements?

The standard deviation of the reconstructed topographies is presented in Figure s.
This map provides insight into measurement repeatability and the propagation of
uncertainty through the hierarchical reconstruction process.

Mirror Z exhibits the highest variability, with standard deviations reaching up to
31 nm, particularly near the edges. This increased uncertainty arises because the
mirror’s topography is reconstructed last, relying on multiple relative measurements

and a least-squares solution, which amplifies small errors from earlier steps.

In contrast, Mirror U shows the lowest uncertainty, with standard deviations re-
maining below 12 nm across most of the surface, and slightly higher values only at
the edges. As the first mirror measured, its reconstruction is independent of prior
results, making it the most stable reference.

Mirror V displays standard deviations similar to those of Mirror U, with slightly ele-
vated values in the positive XY regions, likely due to edge effects and measurement
sensitivity.
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Mirror W shows intermediate variability, with standard deviations reaching 17 nm,
primarily at the edges — consistent with the propagation of uncertainty from the

earlier reconstruction of Mirror U.

The overall trend of increasing standard deviation from Mirror U to V and W, and
finally to Mirror Z, reflects the hierarchical nature of the method. Additional sources
of variability include small differences in the machine’s initial alignment after start-
up - on the order of 0.1 mm - coupling between rotational degrees of freedom in

the autocollimator, and environmental influences such as air currents during motion.

Conclusion: a practical path to higher precision

This work demonstrates that by using three external autocollimators, it is possible to
map the surface topography of all four reference mirrors in a nanopositioning sys-
tem under real operating conditions. The method captures real-world effects such
as gravitational sag, clamping-induced stress, and mounting-related deformations -
factors that can be overlooked when assuming ideal mirror geometry. However, the
observed deformation in Mirror Z - where a localised depression of up to -1300 nm
occurs near the lower edge - does not follow the expected symmetric pattern of
gravity-induced sag over three support points. Instead, its asymmetric and localised
deviation suggests it is more likely attributable to manufacturing imprecision, such
as non-uniform tool paths during manufacturing, rather than mechanical loading
alone.

By incorporating the measured mirror geometry - including both global and local-
ised deformations - into the system’s internal coordinate reconstruction, positioning
accuracy can be significantly improved without requiring any modifications to the
machine’s hardware or control architecture.

The approach is fully in-situ: the mirrors are characterised while remaining in their

operational mounting and loading conditions, eliminating the risk of altering their
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mechanical state through disassembly. All measurements are traceable through veri-
fication against a reference autocollimator and an optical polygon standard. The
procedure enables accurate, in-situ characterisation of reference mirror geometry
without system modifications, making it well-suited for integration into routine cali-
bration and monitoring workflows in high-precision systems.

Contact person: M.Sc. Davi Anders Brasil, davi-anders.brasil@imms.de

Funded by

DF Deutsche
Forschunasaemeinschaft

The Research Training Group 2182 on Tip- and laser-based 3D-Nanofabrication in ex-

tended macroscopic working areas (NanoFab) was funded by the German Research
Foundation (DFG) under the funding code DFG GRK 2182.

139 o——

>Integrated
sensor systems

>Distributed
measurement +
test systems

>nm-precise 6D
direct drives

> Contents

* Funding

o—

www.imms.de/

nanofab

o—

Annual Report

IMMS 2025


https://www.imms.de/nanofab

Chip-on-board assembly for the D1038A test chip developed at HoLoDEC. It contains, as
a separate unit, the analog part of a larger RFID sensor chip as well as an 12C interface,
and is used for detailed laboratory characterisation of the analog section. Details of the
newly developed chip design methodology can be found in the technical article ‘Gene-
rator-based design for ultra-low-power mixed-signal circuits’ in this report. Photo: IMMS.

The HoLoDEC project on which this report is
based was funded by the German Federal

With funding from the: Ministry of Research, Technology and Space
Federal Minist (BMFTR) under the reference 16ME0703. The
ﬁj@ O?Reraearc'ﬁ"snghnology author is responsible for the content of this

and Space publication.



Facts and figures in 2025

At the end of the 2025 financial year, 97 Staff structure
employees of various nationalities and
specialisations were working at IMMS.” 65% 23%

0f these, 63 scientists and 22 students were
employed in research and development.
This corresponds to around 87 % of all em-
ployees. In addition, 4 of the 12 employees
assigned to administration were directly

employed to support research.

Scientists | Students |
Administration / apprentices

As part of training in practice-oriented
research, a total of 37 students were super-
vised at IMMS in the financial year, including 4 Bachelor’s theses and 10 Master’s
theses. 6 employees were enrolled as doctoral students at a university and 1 of
them successfully completed his doctorate in 2025.

In 2025, we were able to launch a newly structured internal research group funded
by the German Land of Thiiringen. This gives three graduates the opportunity to
conduct research into key research topics and pursue their PhDs.

Third-party funding earnings increased further in the 2025 financial year, rising by
around 25 per cent compared with the previous year’s figure. Both earnings from
industrial contract research (industrial projects) and earnings from publicly funded
research projects (funded projects) reached their highest levels. A total of 59 indus-
trial projects were carried out during the financial year. In the 2025 financial year,
11 publicly funded research projects (funded projects) were launched, bringing the
total number of funded and industrial projects in progress to 83.

1 The employee figures as of 31 December 2025 are shown without full-time equivalents. A comparison with reports
from further periods in the past is therefore only possible to a limited extent.
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The Institute’s funding (revenue) for the 2025 financial year continued to consist

of three main sources: publicly funded research projects (funded projects), indus-
trial contract research (industrial projects) and institutional funding from Thiirin-

gen. Despite a significant reduction in the grant in 2025, institutional support from

Thiringen remains the indispensable foundation for the research activities of IMMS.

However, the importance of industrial contract research for the Institute’s growth

continues to increase.

Pillars of financial support in million €

45 Basic funding (institutional support)

3,5
Public project funding

3,0

2,5

2,0
Revenues from industry
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Organisation as of 31 December 2025

Scientific Advisory
Board

| (chair: TMWLLR?)

Supervisory Board

Proprietor German
Land of Thiiringen

Scientific Managing
Director (provisional)
Martin EBERHARDT, Dipl.-Kfm.

Management Board

Financial Managing
Director
Martin EBERHARDT, Dipl.-Kfm.

Administration
Mario GORLACH, Business
economist (VWA)

Research Areas

Corporate Communi-
cations Beate HOVELMANS,
Dipl.-Des. Dipl.-Hdl.

Microelectronics
Eric SCHAFER,
M.Sc.

Mechatronics
Ludwig HERZOG,
Dr.-Ing.

System Design
Tino HUTSCHEN-
REUTHER, Dr.-Ing.

Industrial Electronics
and Measurement
Technology Michael

MEISTER, Dipl.-Ing.

Supervisory Board

— Chairman: Dr. 'Sebastian STARK, Head of division at Ministry of Economic Affairs,

Agriculture and Rural Areas Thiiringen (TMWLLR), Germany, Member of the
Supervisory Board of BATT mbH

— Deputy Chairwoman: 'Dr. Mandy KANDLER, Deputy head of division at Ministry
of Education, Science and Culture Thiiringen (TMBWK), Germany

— Dr. Gabriel KiTTLER, CEO X-FAB Semiconductor Foundries GmbH, CEO X-FAB

MEMS Foundry GmbH, CEO X-FAB Global Services GmbH, Member of the Board of

Trustees of Fraunhofer IISB Erlangen, Germany
— Andreas ROHWER, Head of division at Ministry of Finance Thiringen, Germany
— Univ. Prof. Dr.-Ing. habil. Kai-Uwe SATTLER, President of Technische Universitat
llmenau; Member of the Administrative Board of TUV Thiringen e.V., Germany
— Prof. Dr. rer. nat. Ingolf Voi1GT, Deputy Managing Director and Site Manager,
Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Hermsdorf,
Germany, Member of the Board of TRIDELTA CAMPUS HERMSDORF e.V
— Jessica VOLLGER, CEO Melexis GmbH
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Scientific Advisory Board 2025

— Chairman: Univ.-Prof. Dr.-Ing. habil. Martin HOFFMANN, Ruhr University Bochum,
Chair of Microsystems Technology, Faculty of Electrical Engineering and Informa-
tion Technology (until 31 August 2025)

— Deputy Chairman: Prof. Dr. mont. Mario KupNIk, Technische Universitat
Darmstadt, Department of Electrical Engineering and Information Technology,
Measurement and Sensor Technology Group (MuSt) (until 31 August 2025)

— Prof. Dr.-Ing. Holger BLUME, Leibniz Universitat Hannover, professor for “Archi-
tectures and Systems” and managing director of the Institute for Microelectronic
Systems (IMS) (since 1 September 2025)

— Jorg DoBLASKI, Chief Technology Officer, X-FAB Semiconductor Foundries GmbH

— Dr. Alfred HANSEL, CEO oncgnostics GmbH (until 31 August 2025)

— Prof. Dr. Doris HEINRICH, Director of the Institute, Institut fiir Bioprozess- und
Analysenmesstechnik e.V.

— Prof. Dr. Peter HOLSTEIN, Transfer entrepreneur, Steinbeis Transfer Centre
Technical Acoustics and Applied Numerical Analysis

— Dr. Peter MIETHE, CEQ Posanova GmbH (until 31 August 2025)

— Univ.-Prof. Dr. Jens MULLER, Technische Universitat Ilmenau, Vice President for
International Affairs and Transfer and Chair of the Electronics Technology Group,
Faculty of Electrical Engineering and Information Technology

— Prof. Dr.-Ing. Wolfgang NeBEL, Chairman of the Management Board of eda-
centrum e.V. (until 31 August 2025)

— Dr. Jorg PETSCHULAT, Head of Global R&D, Carl Zeiss SMT GmbH, ZEISS Semi-
conductor Mask Solutions

— Prof. Dr.-Ing. Ulf SCHLICHTMANN, Technical University of Munich, Faculty of
Electrical Engineering and Information Technology, Chair of Design Automation
(until 31 August 2025)

— Prof. Dr.-Ing. Johannes TRABERT, Ernst-Abbe-Hochschule Jena, University of
Applied Sciences, Department of Electrical Engineering and Information
Technology, Communications Systems and Transmission Technology

— Prof. Dr.-Ing. Norbert WEHN, Rheinland-Pfdlzische Technische Universitat
Kaiserslautern-Landau, Chair of the Microelectronic Systems Design (EMS)

division (since 1 September 2025)
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Lectures, lecture series 145 o——

>Integrated
Prof. Dr. Ralf Sommer, llmenau TU, Department Electronic Circuits and Systems: sensor systems
— Basics of analog circuit technology, lecture and tutorial, > Distributed
— Computer-aided circuit simulation and its algorithms (EDA), measurement +
lecture and tutorial test systems

>nm-precise 6D

Prof. Dr. Hannes Topfer, llmenau TU, Department of Advanced Electromagnetics: direct drives
— Theoretical electrical engineering I and I, lecture > Contents
— Superconductivity and quantum information processing circuits, lecture * Funding
o S —

— Electromagnetic field, lecture
— Technical electrodynamics, lecture
— Project seminar TET

Dr.-Ing. Georg Glaser, Ilmenau TU, Department Electronic Circuits and Systems:
Design of digital and mixed-signal systems, lecture

Events

Conferences / events with contributions by IMMS

11/03/2025 - Al Day for SMEs - BVMW e.V. Thiiringen and ITnet Thiiringen e.V. as www.imms.de/
part of the Thiringen Exhibition, talk, exhibition booth, Erfurt events
02/04/2025 - Entrepreneurs’ Morning - SaaleWirtschaft e.V., talk, exhibition booth,

Rudolstadt

03/04/2025 - BTT Entrepreneurs’ Evening - BTT Treuhand Steuerberatungsgesell-

schaft mbH, talk, llmenau

09/04/2025 - WID 2025 - World Interferometry Day, poster, exhibition booth, llmenau

12/05/2025 - edaWorkshop2s - Germany’s leading event on electronics, design and

applications (EDA), talk, Dresden

04/06/2025 - 2nd Specialist Conference by SaaleWirtschaft e.V. - Artificial Intelli-

gence, Sustainability, Cyber Security and Legal Compliance, talk, Saalfeld

18/06/2025 - Canitz Eco-Field Days - A meeting place for the agriculture of tomor-

row, poster, demonstrators, Canitz o
18/06/2025 - Bernburg Innovation Days - Knowledge transfer and innovation for the  Annual Report

agriculture of tomorrow, talk, Bernburg IMMS 2025
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25/06/2025 - Thuringian Cherry Day 2025 - Thuringian State Office for Agricul- 146 o———
ture and Rural Affairs, Horticulture Training and Research Centre (LVG), talk, >Integrated
demonstrator, Erfurt sensor systems

07/07/2025 - SMACD 2025 - International Conference on Synthesis, Modeling, Analy- > Distributed

sis and Simulation Methods, and Applications to Circuit Design, talk, Istanbul measurement +
08/07/2025 - MIMAR 2025 - International Conference on Modelling in Industrial test systems
Maintenance and Reliability, talk, Lorraine, Frankreich >nm-precise 6D

16/07/2025 - Al4PlantPhysio - Workshop on plants and sensor technology as part of  direct drives
the Al4PlantPhysio project at the University of Konstanz, talk, Konstanz > Contents
20/08/2025 - 2nd Thuringian Hazelnut Day - Thuringian State Office for Agriculture * Funding
and Rural Affairs, Horticulture Training and Research Centre (LVG), talk, Erfurt o
25/08/2025 - ISSOM 2025 - International Summer School on Microelectronics, lecture,

exhibition booth, Hannover

24/09/2025 - W3+ FAIR JENA 2025 - Related conference ,,en-tech.talks®, talk, Jena

21/10/2025 - elmugafuture 2025 - Measurement Technology for Life Sciences:

Markets, Requirements and Solutions, talk, exhibition booth, Jena

22/10/2025 - Central German Digital Day 2025 - Fruit growing and viticulture, work-

shop moderation, Meifsen

28/10/2025 - Expert Day on Precision Measurement Technology - talks, live demon-

strations, expert sessions, guided tours at SI0S Mefstechnik GmbH, talk, llmenau

28/10/2025 - IEEE MetroAgriFor 2025 - 2025 IEEE International Workshop on Metrolo-

gy for Agriculture and Forestry, 2 talks, Bologna, Italien

18/11/2025 - euspen SIC 2025 - euspen Special Interest Conference: Precision &

Performance 2025 (combining MATADOR, LAMDAMAP & Thermal Issues), 2 talks,

Cranfield, UK

Workshops / IMMS as host, organiser or co-initiator

21/01/2025 - 2nd Central German Digital Day 2025 - networking event for all stake-

holders in the fruit-growing sector in the region, workshop, Leipzig

22/01/2025 - Climate Café - Conservation of resources and a sustainable circular

economy - Using Al to achieve greater sustainability and energy efficiency, SME www.immes.de/
Digital project offering, co organisor and talk,online events
18/02/2025 - MD’s @& DGQ’s Start to the Year - The Ilmenau SME Digital Centre and o
the German Society for Quality (DGQ) on digitalisation in quality assurance, SME Annual Report
Digital project offering, talk, event at IMMS, Ilmenau IMMS 2025


https://www.imms.de/events

06/03/2025 - Al Breakfast in Ilmenau - Possibilities and limitations of using Al, SME 147 o————

Digital project offering, co-organisor, talk, llmenau »Integrated
03/04/2025 - Girls’Day 2025 - What exactly does a research institute do, and what sensor systems
is a typical working day like for a female engineer?, event at IMMS, llmenau > Distributed
13/05/2025 - Al Regulars’ Table - Model Context Protocol (MCP) - The ‘USB-C measurement +
interface’ for LLM multi-agent systems, SME Digital project offering, organisation, test systems
moderation, online >nm-precise 6D
21/05/2025 - ‘Smart Manufacturing” Industry Forum - Automated and innovative direct drives
joining, SME Digital project offering, Co-host and moderation, llmenau > Contents
27/05/2025 - MeetUp ,Building Agent-Native Al-Applications” - Development and * Funding
application of CoAgents as production-oriented tools for implementing workflows, °—
SME Digital project offering, Co-host, Ilmenau

17/06/2025 - Al Regulars’ Table: Generative Al in Practice - The Development and

Application of Generative Al in Retail, SME Digital project offering, Co-host, llmenau

24/06/2025 - Online seminar - Boost your business - Optimising processes with

All Potential and fundamentals of Al readiness, SME Digital project offering, co-

organisor, talk, online

21/08/2025 - ‘Smart Manufacturing” Industry Forum - “Retrofitting throughout the

production process”, SME Digital project offering, co-organisor, Erfurt

08/09/2025 - Launch event for the 2025 Cross Cluster Weeks - “Shaping change

within the organisation - securing the future”, SME Digital project offering, co-or-

ganisor, co-host, Erfurt

10/09/2025 - IT Security Day Thiiringen - “Prepared for the future: recommendations

for action and solutions”, SME Digital project offering, co-organisor, Erfurt

23/09/2025 - edaBarCamp VIl - The 7th Sense of EDA, workshop, co-organisor,

moderation, Boblingen

13/11/2025 - Experts-MeetUp - Automation in production: plastics technology www.imms.de/

meets sensor technology, approaches to research collaboration, SME Digital project  events
offering, co-organisor, talk, Geschwenda

o—
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Trade fairs and exhibitions 148 o—

>Integrated
11/03/2025 - embedded world 2025 - embedded world Exhibition & Conference sensor systems
2025, meeting place for the embedded community, exhibition booth, Nirnberg > Distributed
11/03/2025 - Al Day for SMEs - BYMW e.V. Thiiringen and ITnet Thiiringen e.V. as measurement +
part of the Thiiringen Exhibition, talk, exhibition booth, Erfurt test systems

02/04/2025 - Entrepreneurs’ Morning - SaaleWirtschaft e.V., talk, exhibition booth, > nm-precise 6D

Rudolstadt direct drives
09/04/2025 - WID 2025 - World Interferometry Day, poster, exhibition booth, > Contents
Ilmenau * Funding
23/04/2025 - IT-KOM 2025 - Careers Fair for the Applied Computer Science pro- o
gramme at Erfurt University of Applied Sciences, exhibition booth, Erfurt

07/05/2025 - InnoCON 2025 - Thiiringen’s flagship event on innovation policy: ‘Key

technologies: paving the way for tomorrow’s world’, exhibition booth, llmenau

08/05/2025 - COnnections 2025 - Coburg University of Applied Sciences Job and

Careers Fair, exhibition booth, Coburg

18/06/2025 - Canitz Eco-Field Days - A meeting place for the agriculture of tomor-

row, poster, demonstrators, Canitz

25/08/2025 - ISSOM 2025 - International Summer School on Microelectronics, lecture,

exhibition booth, Hannover

27/08/2025 - 17th Erfurt Technology Dialogue - “Towards sustainable production

with the digital twin”, exhibition booth, Erfurt

28/08/2025 - ThEx Annual Conference on the Economy of the Future - “Shaping the

future - experiencing sustainability”, exhibition booth, Jena

22/09/2025 - Mechanical Engineering Day Thiiringen 2025 - Manufacturing of the

future: automated, connected and collaborative, exhibition booth, Erfurt

01/10/2025 - 7th Al Forum Thiiringen - Networking, practical applicability and the

future viability of artificial intelligence, exhibition booth, Erfurt

21/10/2025 - elmugafuture 2025 - Measurement Technology for Life Sciences:

Markets, Requirements and Solutions, talk, exhibition booth, Jena

28/10/2025 - inova 2025 - The Careers Forum at Technische Universitat llmenau,

exhibition booth, llmenau www.imms.de/

12/11/2025 - TUCconnect 2025 - The Careers Fair at Technische Universitat Chemnitz, events
exhibition booth, Chemnitz o
01/12/2025 - Master Meets Machine Crafts Festival - Conference and exhibition Annual Report

featuring automation and robotics solutions, exhibition booth, Erfurt IMMS 2025
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Video productions 149 o———

>Integrated

sensor systems
High-precision labs reorganised for research down to the picometre; https://youtu. > Distributed
be/XiQR5vMODg4 measurement +

test systems
AWARE: Energy-efficient edge Al sensor system for industrial monitoring appli- >nm-precise 6D
cations; https://youtu.be/Yv-XzoZxICQ and https://www.linkedin.com/feed/update/ direct drives
urn:li:activity:7305144446898110464 > Contents

* Funding
ScoreChip: developing a SPAD-based line sensor for chemiluminescence detection;
https://youtu.be/0IVMcomHenM

Visit by the Conference of Medical Technology Student Unions in Erfurt; https://www.
linkedin.com/feed/update/urn:li:activity:7333125118602235906

Season’s greetings; https://youtube.com/shorts/zRINL3gGUmMY and https://www.
linkedin.com/feed/update/urn:li:activity:7407412380822999040

o S —
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Publications
Reviewed publications

Case Study on Compression of Vibration Data for Distributed Wireless Condition
Monitoring Systems, Rick PANDEY'. Felix GRIMM?3. Dominik NiLLE2. Christoph BOCK-
ENHOFF2. Jonathan GAMEZz'. Sebastian UzIEL'. Albert DORNEICH2. Tino HUTSCHEN-
REUTHER'. Silvia KRUG™4. Applied Sciences 2025, 15, 12346. DOI: doi.org/10.3390/
app152212346. IMMS Institut fir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenberg-
strafde 27, 98693 Ilmenau, Germany. Balluff GmbH, ZabergdustrafRe 8, 73765 Neuhausen auf den Fildern, Germany. 3Uni-
versity of Stuttgart, Institute of Smart Sensors (I1S), Pfaffenwaldring 47, 70569 Stuttgart, Germany. ‘Mid Sweden University,

Department of Computer and Electrical Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden.

Quantization Compensator Network: Server-Side Feature Reconstruction in Partitioned
loT Systems, Isaac Sanchez LEAL. Oscar Artur Bernd BERG’. Silvia KRUG™-2. Eiraj SA-
QIB". Irida SHALLARI'. Axel JANTSCH'-3. Mattias O’NiLs'. Tomas NORDSTROMA5, in IEEE
Access, vol. 13, pp. 186488 - 186508, 2025, DOI: doi.org/10.1109/ACCESS.2025.3627072.
'Mid Sweden University, Department of Computer and Electrical Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden.
AIMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 llmenau,
Germany. *Technische Universitat Wien, Christian Doppler Laboratory for Embedded Machine Learning, Institute of Com-
puter Technology, GuRhausstraRe 27-29, 1040 Vienna, Austria. ‘Umed University, Department of Applied Physics and

Electronics, 901 87 Umed, Sweden. sResearch Institutes of Sweden (RISE), Hogskolan i Bords, 501 90 Bords, Sverige.

Suitability of Radio Communication Technologies for Smart Orchards Considering Sea-
sonal Effects, Silvia KRuG"2. Falk EISENREICH". Tino HUTSCHENREUTHER". 2025 |EEE
International Workshop on Metrology for Agriculture and Forestry (MetroAgriFor),
October 28 - 30, 2025, Bologna, Italy. 'mwms institut fiir Mikroelektronik- und Mechatronik-Systeme
gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 llmenau, Germany. *Mid Sweden University, Department of Computer

and Electrical Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden.

Out-of-Band Over-The-Air-Update for LoRaWAN-based Sensor Networks using BLE, Flo-
rian JUNG'. Silvia KRUG™"2. Tino HUTSCHENREUTHER". 2025 IEEE International Work-
shop on Metrology for Agriculture and Forestry (MetroAgriFor), October 28 - 30, 2025,
Bologna, Italy. IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenberg-
strae 27, 98693 Ilmenau, Germany. Mid Sweden University, Department of Computer and Electrical Engineering,

Holmgatan 10, 851 70 Sundsvall, Sweden.
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NPS6D100-A 6D Nanopositioning System with Sub-10 nm Performance in a @100 mm
x 10 mm Workspace, Steffen HESSE'. Alex S. HUAMAN'. Michael KATZSCHMANN'. Lud-
wig HERzOG'. Actuators 2025, 14, 361, DOI: doi.org/10.3390/act14080361. 'vms Institut

fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstraie 27, 98693 Ilmenau, Germany.

Application of the Expert Design Plan Methodology on an Ultra-Low-Power Sensor
Frontend, Lorenz RENNER'. Ralf SOMMER™2. Yannick UHLMANN3. 2025 21th Inter-
national Conference on Synthesis, Modeling, Analysis and Simulation Methods and
Applications to Circuit Design (SMACD), July 7 - 10, 2025, Istanbul, Turkiye, pp. 1 - 4,
DOI: doi.org/10.1109/SMACD65553.2025.11092185. 'IMms Institut fiir Mikroelektronik- und Mecha-
tronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 Ilmenau, Germany. *Technische Universitat llmenau,
Department of Electrical Engineering and Information Technology, Electronic Circuits and Systems Group, P.0. Box 100565,
98684 Ilmenau, Germany. *Reutlingen University, Electronics & Drives, Oferdinger StraRe 50, 72768 Reutlingen-Rommels-

bach, Germany.

Trust is Good, Monitoring is Better: FPGA- & TEE-Based Monitoring for Malware-
Detection, Friederike BRUNS'. Georg GLASER?. Florian KOGLER?. Jonas LIENKEZ2. Nithin
R. NANJUNDASWAMY3. Gregor NITSCHE3. Behnam R. PERJIKOLAEI4. J6rg WALTER4. 13th
IMA International Conference on Modelling in Industrial Maintenance and Reliability
MIMAR2025, July 8 - 10, 2025, Université de Lorraine, France, DOI: doi.org/10.19124/
ima.2025.01.25. 'Carl von Ossietzky Universitat Oldenburg, Ammerlander Heerstrale 114-118, 26129 Oldenburg,
Germany. 2IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693
llmenau, Germany. 3Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Institut Systems Engineering fiir zukinftige Mobil-

itat, Escherweg 2, 26121 Oldenburg, Germany. “OFFIS e.V. Institut fir Informatik, Escherweg 2, 26121 Oldenburg, Germany.

TCL: Time-Dependent Clustering Loss for Optimizing Post-Training Feature Map Quan-
tization for Partitioned DNNs, Oscar Artur Bernd BERG"2. Eiraj SAQIB™. Axel JANTSCH'"2,
Irida SHALLARI'. Silvia KRUG':3. Isaac Sanchez LEAL'. Mattias O’NiILS’. in IEEE Access,
vol. 13, pp. 103640 - 103648, 2025, DOI: doi.org/10.1109/ACCESS.2025.3579107. Mid Swe-
den University, Department of Computer and Electrical Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden. *Technische
Universitat Wien, Institut fir Computertechnik, GuRhausstraRe 27-29, 1040 Wien, Austria. 3IMMS Institut fiir Mikroelek-

tronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstra®e 27, 98693 lImenau, Germany.
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https://doi.org/10.19124/ima.2025.01.25
https://doi.org/10.19124/ima.2025.01.25
https://doi.org/10.1109/ACCESS.2025.3579107

Automated Design Methodology for Electromagnetic Energy Harvesters, Bianca LEIS- 152 o——
TRITZ'. Ludwig HERZOG'. Sensors 2025, 25, 3358, DOI: doi.org/10.3390/525113358. >Integrated
'IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstraie 27, 98693 lImenau, sensor systems
Germany. > Distributed
measurement +
Optimized Measurement Methods Evaluating Crosstalk in different SOl Technologies,  test systems
Bjorn BIESKE'. Dagmar KIRSTEN2. Michael FREY3. Andreas OTT3. 2025 IEEE 22nd In- >nm-precise 6D
ternational Multi-Conference on Systems, Signals @ Devices (SSD), Monastir, Tuni-  direct drives
sia, 2025, pp. 1315 - 1321, DOI: doi.org/10.1109/5S5D64182.2025.10989885. Ivus Institut > Contents
fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 llmenau, Germany. * Funding
o—_—

2X-FAB Semiconductor Foundries GmbH, HaarbergstraRe 67, 99097 Erfurt, Germany. Melexis GmbH, Konrad-Zuse-Strafse

15, 99099 Erfurt, Germany.

Efficient Inference of parallel partitioned hybrid-Vision Transformers, Oscar Artur
Bernd BERG™2. Eiraj SAQIB2. Axel JANTSCH2. Mattias 0’NiLs2. Silvia KRuG?3. Irida
SHALLARIZ. Isaac Sanchez LEAL2. In Proceedings of the 4th International Workshop
on Real-time and IntelliGent Edge computing (RAGE '25). Association for Com-
puting Machinery, May 6th, 2025, New York, NY, USA, Article 5, 1 - 6. DOI: doi.
0rg/10.1145/3722567.3727849. "Technische Universitat Wien, Karlsplatz 13, 1040 Vienna, Austria. *Mid Swe-
den University, Department of Computer and Electrical Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden. 3IMMS In-

stitut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 llmenau, Germany.

High-Sensitive Demodulator with Built-in Negative Offset Comparator for Passive UHF  www.imms.de/
RFID Tags, Rohit KESHARWANI'. Andre JAGER'. Martin GRABMANN'. Georg GLASER'. publ

Eric SCHAFER'. 2024 IEEE International Conference on RFID Technology and Applica-

tions (RFID-TA), Daytona Beach, FL, USA, 2024, pp. 109 - 112, DOI: doi.org/10.1109/
RFID-TA64374.2024.10965142. "IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige

GmbH, Ehrenbergstrafie 27, 98693 Ilmenau, Germany.
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Quantization-Aware Training for Autoencoder-Based Partitioning of CNNs, Oscar Artur
Bernd BERG'"2. Eiraj SAQIB2. Isaac Sanchez LEAL2. Axel JANTSCH'-2, Irida SHALLARIZ.
Silvia KRUG?3. Mattias O’NiILS2. 2025 IEEE International Conference on Pervasive
Computing and Communications Workshops and other Affiliated Events (PerCom
Workshops), March 17 - 21, 2025, Washington DC, DC, USA, pp. 261-266, DOI: doi.
org/10.1109/PerComWorkshops65533.2025.00075. Technische Universitit Wien, Institut fiir Comput-
ertechnik, GuRhausstraRe 27-29, 1040 Wien, Austria. *Mid Sweden University, Department of Computer and Electrical
Engineering, Holmgatan 10, 851 70 Sundsvall, Sweden. 3IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme

gemeinnitzige GmbH, EhrenbergstralRe 27, 98693 llmenau, Germany.

Talks and specialist posters

Development and validation of a simplified coil model for CFD simulation of a na-
no-positioning planar drive system, Ina NAUJOKAT". Ludwig HERZOG. Steffen HESSE'.
Parastoo SALIMITARI'. Euspen Special Interest Conference: Precision & Performance
2025, November 18 - 20, 2025, Cranfield University, United Kingdom. imwms Institut fiir Mikro-

elektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstraie 27, 98693 llmenau, Germany.

Experimental characterization of thermal disturbances in a 6DOF nanopositioning
system under varying operational conditions, Parastoo SALIMITARI'. Steffen HEs-
SE'. Michael KATZSCHMANN'. Ludwig HERZOG'. Euspen Special Interest Conference:
Precision & Performance 2025, November 18 - 20, 2025, Cranfield University, United
Kingdom. 'IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27,

98693 llmenau, Germany.

Optical detected magnetic resonance (ODMR) of ASi-Sii defects: case of acceptor
indium, Kevin LAUER™2. Bernd HAHNLEIN'. Mario BAHR'. Kai KUHNLENZ'. Philipp
KELLNER'. Dirk SCHuLzE?2. Stefan KRISCHOK?. Alexander RoLAPP3. Christian MOLLER'.
Thomas ORTLEPP'. gth DRD3 week on Solid State Detectors R&D, 10. - 14. November
2025, CERN, Ziirich, Schweiz. 'cis Forschungsinstitut fiir Mikrosensorik GmbH, Konrad-Zuse-Str. 14, 99099 Er-
furt, Germany. *Technische Universitat llmenau, Institut fiir Physik, Weimarer Str. 32, 98693 Ilmenau, Germany. 3IMMS In-

stitut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 Ilmenau, Germany.
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NPS6D200: Long-Range-6D-Nanopositionierung mit interferometrischem Feedback fiir 154 o———
das Closed-Loop-Regelungssystem, Steffen HESSE'. Experten-Tag fiir Préizisionsmess- »integrated
technik, 28. - 29. Oktober 2025, bei SI0S Mefstechnik GmbH, IImenau, Germany. 'wms  sensor systems
Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 llmenau, Ger- > Distributed
many. measurement +
test systems
CMOS-basierte Sensorsysteme fiir die In-vitro-Diagnostik, Alexander HOFMANN'. >nm-precise 6D
Benjamin SAFT'. elmuggfuture, Technologiekonferenz, 21. - 22. OKtober 2025, Jena, direct drives
ThLiringen. 'IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, > Contents
98693 llmenau, Germany. * Funding
o—
Herausforderungen und Lésungsansatze bei der Entwicklung kraftgekoppelter Hoch-
prazisions-Vertikalantriebe, Ludwig HERZOG'. 18. Jahrestagung , Feinwerktechnische
Konstruktion*, 25. - 26. September 2025, Dresden, Germany. 'IMms Institut fiir Mikroelektronik-

und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstrafRe 27, 98693 Ilmenau, Germany.

Demonstration einer automatisierten Bewasserungssteuerung fiir den Obstbau, Falk
EISENREICH?, Brandenburger Kernobsttag Miincheberg, Lehr- und Versuchsanstalt fiir
Gartenbau und Arboristik e.V. (LVGA), 13. September 2025, Peter-Lenné-Weg 1, 14979
Grofsbeeren, Brandenburg, Germany. 'wws institut fiir Mikroelektronik- und Mechatronik-Systeme ge-

meinnitzige GmbH, EhrenbergstralRe 27, 98693 Ilmenau, Germany.

Before It Hits the Chip: A Gentle Introduction to Mixed-Signal IC Verification, Martin
GRABMANN'. ISSOM 25, International Summer School on Microelectronics, 25. - 29.
August 2025, Leibniz-Universitdt Hannover, Hannover, Germany. 'vms Institut fir Mikroelek-

tronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstra®e 27, 98693 lImenau, Germany.

Klimatische Anderungen am Standort Erfurt und deren Auswirkungen auf die Bewds- www.imms.de/
serung von Obstbdaumen, Silvia KRuG'- 2. Thiiringer Haselnusstag, 20. August 2025, publ
Thiiringer Landesamt fiir Landwirtschaft und Ldndlichen Raum, Lehr- und Versuchsz-

entrum fir Gartenbau (LVG), Erfurt, Germany. "wms Institut fir Mikroelektronik- und Mechatron-

ik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 Ilmenau, Germany.
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Demonstration einer automatisierten Bewasserungssteuerung fiir den Obstbau, Falk
EISENREICH". 2. Thiiringer Haselnusstag, 20. August 2025, Thiiringer Landesamt fiir
Landwirtschaft und Lédndlichen Raum, Lehr- und Versuchszentrum fiir Gartenbau
(LVG), Erfurt, Germany. 'mwms Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH,

Ehrenbergstrafie 27, 98693 llmenau, Germany.

Energy-efficient Sensor Systems for Environmental Monitoring, Marco GOTZzE'.
Al4PlantPhysio-Workshop, 16. Juli 2025, Universitdt Konstanz, Germany. 'mms institut fiir

Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 llmenau, Germany.

HF-Messtechnik 2: Klein gegen Grofs - nanoVNA: messen und kalibrieren, Bjorn
BIESKE'. HAM Radio, Internationale Amateurfunk-Ausstellung, 27. - 29. Juni 2025,
Friedrichshafen, Germany. 'mws institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH,

Ehrenbergstrafie 27, 98693 llmenau, Germany.

Demonstration einer automatisierten Bewasserungssteuerung fiir den Obstbau, Falk
EISENREICH". Thiiringer Kirschentag 2025, 25. Juni 2025, Thiiringer Landesamt fiir
Landwirtschaft und Ldndlichen Raum, Lehr- und Versuchszentrum Gartenbau (LVG),
Erfurt. IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693

Ilmenau, Germany.

Demonstration einer automatisierten Bewdsserungssteuerung fiir den Obstbau,
Silvia KRuG?, Oko Feldtage 2025 auf dem Wassergut Canitz, 18. - 19. Juni 2025, 04808
Thal[witz, Sachsen, Gemany. 'IMMS Institut fir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige

GmbH, Ehrenbergstrafie 27, 98693 Ilmenau, Germany

Datenaustauschaspekte entlang der Wertschopfungskette Obst im Projekt MIRO,
Silvia KRUG'. Bernburger Innovationstage, 18. - 19. Juni 2025, Hochschule Anhalt,
Bernburg-Strenzfeld. 'IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehren-

bergstraRe 27, 98693 lImenau, Germany.
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Wissensbasierte Automatisierung im Analogentwurf - Expert Design Plans im Einsatz
fiir energieeffiziente Sensorfrontends, Ralf SOMMER™"2. Lorenz RENNER'. Till MoLD-
ENHAUER3. edaWorkshop 2025, 12. - 13. Mai 2025, Dresden, Germany. "imms Institut fiir
Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 Illmenau, Germany. *Tech-
nische Universitat Ilmenau, Fakultat Elektrotechnik und Informationstechnik, Fachgebiet Elektronische Schaltungen und
Systeme, P.0. Box 100565, 98684 llmenau, Germany. *Reutlingen University, Electronics & Drives, Oferdinger Strafse 5o,

72768 Reutlingen-Rommelsbach, Germany.

A method for dynamic interferometric characterization of air bearings for nanopo-
sitioning stages, Steffen HESSE'. Michael KATZSCHMANN'. Alex HUAMAN'. Parastoo
SALIMITARI'. Ludwig HERZOG'. Internationales Wissenschaftliches Symposium zum
Welttag der Interferometrie, 8. - 9. April 2025, Technische Universitdt llmenau, -
menau. ""mMS Institut fir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrae 27,

98693 llmenau, Germany.

NeuroSensEar: Neuromorphic acoustic sensing for the high-performance hearing
aids of tomorrow, Claudia LENK'. Yuxuang HEZ2. Alirheza HOSSEINIZ. Fang ZHENG?2.
Aayushmi MUKHERJEE2. Jakob ABEfRER?. Lina JAURIGUEZ2 Kathy LUDGE2. Alexander
RAAKEZ2. Tzvetan IVANOV2. ko PIEPERZ. Paul FRITZSCHE3. Jan KULLER3. Daniel BEER3.
Stefan SCHONEICH4. Manuela NowoTNY4. Sebastian UzIEL®. Tino HUTSCHENREUTHERS.
Martin ZIEGLER®. DAGA 2025, 51st Annual Meeting on Acoustics, March 17 - 20, 2025,
Copenhagen, Denmark, DOI: doi.org/10.71568/dasdaga2025.523. ‘university Ulm, 89081 Ulm,
Germany. *Technische Universitat Ilmenau, P.0. Box 100565, 98684 Ilmenau, Germany. *Fraunhofer-Institut fir Digitale
Medientechnologie IDMT, Ehrenbergstr. 31, 98693 llmenau, Germany. *Friedrich-Schiller-Universitat Jena, Fiirstengraben
1, 7743 Jena, Germany. SIMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenberg-
stra®e 27, 98693 llmenau, Germany. °Christian-Albrechts-Universitat zu Kiel, Christian-Albrechts-Platz 4, 24118 Kiel, Ger-

many.

A virtual metrology frame test setup using fiber interferometric sensors, Davi Anders
BRrAsSIL'. Steffen HESSE'. Ludwig HERZOG'. Thomas FROHLICH2 Thomas KISSINGERZ.
22nd International Metrology Congress (CIM 2025), March 11-14, 2025, Lyon, France.
'IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstrafie 27, 98693 llmenau,
Germany. “Technische Universitat llmenau, Department for Mechanical Engineering, Institute for Process Measurement

and Sensor Technology, P.0. Box 100565, 98684 llmenau, Germany.
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https://doi.org/10.71568/dasdaga2025.523

Point-of-care solution for rapid monitoring of cytokine release syndrome by chemilu- 157 o———
minescence cytokine detection on sensitive Single Photon Avalanche Diodes (SPAD) > integrated
sensors, A. LOPES'. P. SCHOLz'. S. ALLELEIN'. A. KOLSCH". E. SCHAFER2. M. WIENER2.  sensor systems
B. SAFT2. N. ISSERSTEDT-JOHN3. D. KUHLMEIER'. 18. Research Festival for Life Sciences, > Distributed
30. ]anuar 2025, Leipzig. 'Fraunhofer-Institut fiir Zelltherapie und Immunologie 1ZI, Perlickstrafie 1, 04103 Leip- measurement +
zig, Germany. IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinnitzige GmbH, EhrenbergstrafRe 27, test systems
98693 llmenau, Germany. *microfluidic ChipShop, Stockholmer Str. 20, 07747 Jena, Germany. >nm-precise 6D
direct drives
Sortenversuche vor dem Hintergrund des Klimawandels: Wie kann der Erfahrung- > Contents
saustausch zwischen Akteuren verbessert werden?, Silvia KRuG'- 2. Mitteldeutscher * Funding
o—_—

Digitaltag, 21. Januar 2025, Leipzig. 'IMMs Institut fiir Mikroelektronik- und Mechatronik-Systeme gemein-

niitzige GmbH, Ehrenbergstrafie 27, 98693 llmenau, Germany.

Was braucht es, um die Sorteneignung vor dem Hintergrund klimatischer Anderun-
gen zu beurteilen? , Silvia KRUG'. Thiiringer Obstbautag, 16. Januar 2025, Erfurt. "imms
Institut fir Mikroelektronik- und Mechatronik-Systeme gemeinniitzige GmbH, Ehrenbergstraie 27, 98693 Illmenau, Ger-

many.
Publications in journals

Sensor for Picometer-Scale Positioning in Vacuum - Demonstration of an IDS3010-
Based Ultra-Precise Closed-loop Linear Drive System, Markus @VERLAND'. Gregor
SCHINDLER'. Alex S. HUAMANZ2. Ludwig HERZOG2. Technical Note: Motion & Sens-
ing 15, attocube systems GmbH. V1o/25. PDF: marketing.attocube.com/acton/attach-
ment/4434/f-ed569c35-99d8-435b-b87f-8f6az0ag7caz2/1/-/-/-/-/TechNote_MAS-15_Sen-
sor for Picometer-Scale Positioning in Vacuum.pdf. 'attocube systems GmbH, Eglfinger Weg 2, 85540
Haar, Germany. 2IMMS Institut fiir Mikroelektronik- und Mechatronik-Systeme gemeinnitzige GmbH, Ehrenbergstrafie 27,

98693 llmenau, Germany.

Smartes Maschinenmonitoring - Anomalien mit Edge-KI detektieren, Sebastian www.imms.de/
UzIEL'. in elektroniknet.de, 11. November 2025, www.elektroniknet.de/automa- publ
tion/industrie-4o0-iot/anomalien-mit-edge-ki-detektieren.228572.html und in Mark-

t&Technik, Trend Guide Industrie 4.0/1loT/KI 2025, S. 37 - 40, ePaper: wfm-publish.
blaetterkatalog.de/frontend/mvc/catalog/by-name/MUT. 'mwis Institut fiir Mikroelektronik- und @
Mechatronik-Systeme gemeinniitzige GmbH, EhrenbergstraRe 27, 98693 llmenau, Germany. Annual Report
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https://marketing.attocube.com/acton/attachment/4434/f-ed569c35-99d8-435b-b87f-8f6a30a97ca2/1/-/-/-/-/TechNote_MAS-15_Sensor for Picometer-Scale Positioning in Vacuum.pdf
https://marketing.attocube.com/acton/attachment/4434/f-ed569c35-99d8-435b-b87f-8f6a30a97ca2/1/-/-/-/-/TechNote_MAS-15_Sensor for Picometer-Scale Positioning in Vacuum.pdf
https://marketing.attocube.com/acton/attachment/4434/f-ed569c35-99d8-435b-b87f-8f6a30a97ca2/1/-/-/-/-/TechNote_MAS-15_Sensor for Picometer-Scale Positioning in Vacuum.pdf
https://www.elektroniknet.de/automation/industrie-40-iot/anomalien-mit-edge-ki-detektieren.228572.html
https://www.elektroniknet.de/automation/industrie-40-iot/anomalien-mit-edge-ki-detektieren.228572.html
https://wfm-publish.blaetterkatalog.de/frontend/mvc/catalog/by-name/MUT
https://wfm-publish.blaetterkatalog.de/frontend/mvc/catalog/by-name/MUT

Nanometer-Positionierung mit 6D-Regelung, Steffen HESSE'. Mikroproduktion, Fach-
magazin, Ausgabe 03/2025, Seite 44 - 48. 'MMs Institut fiir Mikroelektronik- und Mechatronik-Systeme

gemeinnitzige GmbH, EhrenbergstralRe 27, 98693 llmenau, Germany.

Granted patent

Verfahren und Sensoranordnung zum Uberwachen einer Funktion eines Bauteiles

einer Maschine, Rick PANDEY, DE 10 2024 100 703 B3
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* Funding

The NeAlxt project has received funding Co-funded by

the European Union

=3
&hips;y

With funding from the:

AR | Fedea My
AN | of Research, Technology

from the European Union’s Horizon Europe

research and innovation programme un-

2 Ministerium fiir Wirtschaft,
i Landwirtschaft

y  und Lindlichen Raum

Freistaat [

Thiringen

and Space

der the HORIZON-JU-Chips-2024-1-IA grant
agreement No 101194172. Views and opin-
ions expressed are, however, those of the
author(s) only and do not necessarily re-
flect those of the European Union or CHIPS JU. Neither the European Union nor the granting au-
thority can be held responsible for them. The project is also supported by its members France,
Italy, Czech Republic, Germany, Sweden, Danmark, Greece, Spain, Netherland, Portugal, Turkey,
Switzerland. In the NeAlxt project, IMMS is funded by the German Federal Ministry of Research,
Technology and Space under the grant agreement number 16MEEos90T, and Thiiringen’s Minis-

try of Economic Affairs, Agriculture and Rural Areas under the reference 2025 ECS 0004.

With funding from the:

AR | Federat ity

search, Technology and Space (BMFTR) within the photonics research g Tecnology

The FluoResYst project was funded by the Federal Ministry of Re-

funding framework under the reference 13N15807.

The HoLoDEC project on which this report is based was funded by the

German Federal Ministry of Research, Technology and Space (BMFTR)

under the reference 16ME0703. The author is responsible for the con-

tent of this publication.

The ProQuaOpt project on which this report is based was funded by the German Federal Minis-
try of Research, Technology and Space under the reference 01lS22019E. The author is responsi-
ble for the content of this publication.

The Waldmonitor project was funded by the German Federal Ministry of Research, Technology
and Space via the project management organisation Forschungszentrum Jilich (PT)) under the

reference 03WIR3607A.
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The work of IMMS as ”Smart Sensor Sys-
tems Model Factory” was funded by the
German Federal Ministry for Economic Af-
fairs and Energy in the ”SME Digital Centre

Ilimenau“ under the reference 01MF21008C.

Supported by:

The SecureTSN project - ‘Intelligent Security
for Real-Time and Interoperable Communi-
cation Networks’ - is funded by the Federal
Ministry for Economic Affairs and Energy
under the reference number o1IF23657N,
based on a resolution of the German Bun-

destag.

The EXPRESS project was supported by
funds of the Federal Ministry of Agriculture,
Food and Regional Identity (BMLEH) based
on a decision of the Parliament of the Fed-
eral Republic of Germany. The Federal Of-
fice for Agriculture and Food (BLE) provides
coordinating support for digitisation in
agriculture as funding organisation, grant

number FKZ 28DE102D18.

i - Federal Ministry
Mlt.teIStand . % for Economic Affairs
D|g|ta| and Energy

on the basis of a decision
by the German Bundestag
Supported by:
h & Federal Ministry
for Economic Affairs
sousrmee | NI T and Energy
GEMEINSCHAFISFORSCHUNG
on the basis of a decision
by the German Bundestag
With support from Project manager

Federal Office

Federal Ministry
ﬂ? for Agriculture and Food

of Agriculture, Food
and Regional Identity

*

by decision of the
German Bundestag

The project on which this report is based, ‘Experimental Platform for Smart, Data-Driven Net-

working and Digitalisation in Agriculture’ (EXPRESS.smart), was funded by the Federal Ministry

of Agriculture, Food and Regional Identity (BMLEH) following a resolution of the German Bunde-

stag, via the project management agency, the Federal Office for Agriculture and Food (BLE), un-

der reference 28DE4o05E23. Responsibility for the content of this publication lies with the author.

The Research Training Group 2182 on Tip-
and laser-based 3D-Nanofabrication in ex-
tended macroscopic working areas (Nano-
Fab) was funded by the German Research
Foundation (DFG) under the funding code
DFG GRK 2182.

Funded by

UFG

Deutsche
Forschungsgemeinschaft

German Research Foundation
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.. . freistaat
Thiringen

Hier hat Zukunft Tradition.

IMMS was funded to support activities in

the InSignA Innovation Hub (iHUB). IHUB is
a project of the German Land of Thiiringen
that promotes start-ups and spin-offs in
the field of intelligent signalling analysis
and assistance systems in Thiringen and
beyond.

The thurAl research project was funded by the German Land of Thiiringen via the Thiringer
Aufbaubank under the reference 2021 FGI 0008.

The in-house research group ,Time-resolved fluorescence reader for lateral-flow tests“ (TIRE-
LESS) was funded by the German Land of Thiiringen.

The research group ‘Application of Al-based virtual sensor technology to effectively increase

the precision of positioning systems - VirtuSen’ was funded by the German Land of Thiiringen.

Freistaat

Funded b oo o
o Europs Thiringen

the European Union

The joint project ‘ERA-AMR - Development and implementation of optimised drive systems for
autonomous mobile robots’ was being supported by the funding programme of the German
Land of Thiiringen for the promotion of research, technology and innovation (RTI) as a research
and development initiative Thiiringen Verbund Dynamik and co-financed by the European
Union under the reference 2024 VDY 0045.

The joint project ‘Inline cleaning process for washing media in resin-based 3D printing process-
es’ (Inline3D) was supported by the funding programme of the German Land of Thiiringen for
the promotion of research, technology and innovation (RTI) as the research and development
initiative Thiringen Verbund and co-financed by the European Union under the reference 2024
VFE 0113.

The joint project “Motion controller for the NPS6D100 nano positioning platform” (MC_NPS) was
supported by the funding programme of the German Land of Thiiringen for the promotion of
research, technology and innovation (RTI) as the research and development initiative Thiiringen
Verbund under the joint project number 1007528 , the IMMS topic “Porting and adaptation of
the NPS6D100 control software to the NMM DSP controller from SI0S” under the reference 2025

VDY oo050.
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Rt Funded by . . Freistaat
PR the European Union ThUI'Inan

*
*

The joint project ‘Development and integration of graphene sensor technology for the analysis
of micropollutants in combination with separation column and mass spectrometer technologies’
(MikroGraph) was supported by the funding programme of the German Land of Thiiringen for
the promotion of research, technology and innovation (RTI) as the research and development
initiative Thiiringen Verbund and co-financed by the European Union under the joint project
number 1003625, the sub-project ‘Development of electronic evaluation methods for the signal
acquisition of graphene sensors’ under the reference 2024 VFE 0114.

The interdisciplinary partnership for innovative spectroradiometers from Thiiringen (PANDIA)
was supported by the funding programme of the German Land of Thiiringen for the promo-
tion of research, technology and innovation (RTI) as the research and development initiative
Thiringen Verbund under the joint project number 1004537, the IMMS topic “Development and
research of line sensor ICs for spectroradiometers” under the reference 2025 VFE 0027.

The joint project “Wireless vibration measurement system for resource-efficient concrete block
production” (Wireless Accel) was supported by the funding programme of the German Land of
Thiiringen for the promotion of research, technology and innovation (RTI) as the research and
development initiative Thiringen Verbund under the joint project number 1004825, the IMMS
topic “Hardware and software design of the sensor node and development of the communica-

tions protocol for data transmission” under the reference 2025 VFE 0026.

The Multi-Interact research group was funded by the German Land of Thiirin-

gen and the European Social Fund Plus (ESF+) under the reference 2024 FGR o0070.

Freistaat S Ministerium . . .
Th . . o=t fiir Bildung, S Kofma__r,mert von (_:Ier
UflﬂgGﬂ &fpy  Wissenschaft und Kultur Sy i Europaischen Union
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Abbreviations

6D 6 degrees of freedom

AC alternating current

ADC analog-to-digital converter
AFE analog frontend

Al artificial intelligence

ASIC application-specific integrated circuit

BLE bluetooth low energy

CMOS complementary metal-oxide semiconductor
CFD computational fluid dynamics

CNN convolutional neural network

CSV comma-seperated values

CTW contact wall module

DC direct current

DOFs degrees of freedom

EDA electronic design automation

EDP expert design plan

FD floating diffusion
FFT fast Fourier transformation

FPGA field programmable gate array
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I2C inter-integrated circuit > Distributed
IC integrated circuit measurement +

P intelligent-IP test systems
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LFA lateral flow assay > Contents

* Funding

NPS nanopositioning system

PCB printed circuit board

PINN physically informed neural network

QSPI quad serial peripheral interface

RAM random-access memory

SME small and medium-sized enterprises
SPAD single-photon avalanche diode

SRAM static random-access memory

TSN time-sensitive networRing

TSV through-silicon via

ULP ultra-low power
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Imprint and privacy
Website owner identification

IMMS Institut fiir Mikroelektronik-
und Mechatronik-Systeme
gemeinniitzige GmbH (IMMS GmbH)’
Ehrenbergstrafie 27

98693 llmenau,

GERMANY

+49.3677.87493.00 Phone
+49.3677.87493.15 Fax
imms@imms.de

www.imms.de

www.imms.de/imprint

Authorised as representative
Dipl.-Kfm. Martin Eberhardt,

Managing Director

Legal format: GmbH

(German equivalent of limited company)
Court of registration:

Amtsgericht Jena, Gemany

Registered no.: HRB 303807

VAT registration number under § 27a
UStG: DE 177 527 119

Use of Matomo to analyse linked content
For the content linked to www.imms.de
in the digital version of this report, we
are using Matomo to help with ano-
nymised analysis and with improve-

ments. This open-source software ob-
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>Integrated
serves data protection law and has been  sensor systems
configured in the manner recommended > Distributed
by the ULD (Independent Centre for Pri-  measurement +
vacy Protection). Our privacy statement  test systems
is at www.imms.de/privacy. >nm-precise 6D

direct drives

External links > Contents
The digital version of the annual re- * Funding
o S —

port contains links to external websites.
When such external links have been  www.imms.de/
provided, there is no implication that privacy
IMMS has ownership of the linked con-
tent. Responsibility for the content of
such websites rests solely with their op-
erator(s). We at IMMS have no influence
of any kind over the present and future
constitution or content of such external

websites.

Proof reading
Dipl.-Kfm. Martin Eberhardt

www.imms.de/
contact

Dipl.-Hdl. Dipl.-Des. Beate Hovelmans

Graphic design, layout & photography
Dipl.-Hdl. Dipl.-Des. Beate Hovelmans

All rights reserved. Reproduction and
publication only with express permis-
sion of IMMS.

www.imms.de/
1 IMMS Institute for microelectronic and mechatronic
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