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CSEM SA 
 

 

CSEM is a private Swiss research and technology 
organization that delivers advanced technologies and unique 
R&D services to industry. Targeting emerging, strategic, 
high-impact technologies, CSEM plays a central role in 
national innovation ecosystems, bridging the gap between 
industry and academia in order to develop technologies that 
feed directly into new goods, processes, and services.  

A 440 strong workforce, with an extremely impressive 
academic background and often industrial experience, 
dedicates its passion to this mission. Thus, CSEM can 
effectively contribute to the process of innovation and 
diffusion that requires increasingly close interaction between 
the world of science and technology and the marketplace. 

What makes CSEM special is its high level of expertise in 
integration and industrialization, and its multidisciplinary, 
system-oriented approach, operating through five strategic 
programs — microsystems, systems, ultra-low-power 
integrated systems, surface technologies, and 
photovoltaics & energy management — corresponding to 
domains in which the center has acquired, over the years, a 
national and international reputation. 

Research activities are the cornerstone of our success, 
certainly, but we never forget the overriding importance of the 
customers who provide us with invaluable insights into the 
global marketplace. Based on extensive market research and 
evolution of technological insight, our strategy allows us to 
develop, today, technologies needed tomorrow.  

Even if this report is only the “tip of the iceberg” of our 
accomplishments—since we have to respect our customers’ 
confidentiality requirements—we hope you enjoy reading it 
and that doing so gives you a real sense of how CSEM 
engineers and researchers can, by using their creativity and 
innovative prowess, help industry and society, day after day, 
to prepare for the future. 
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PREFACE 
 

 

Dear Reader, 

 

When applied research meets luxury products, major 
technological breakthroughs can occur. Such was the case in 
the field of mechanical watchmaking this year with the 
Genequand escapement, which delivers an exceptional 
power-reserve of over one month. This amazing development 
is a perfect example of CSEM’s ability to integrate different 
technologies and to transpose them from one field to another; 
in this case by combining our expertise in silicon micro-
manufacturing with our long-standing experience in flexible 
articulations, gained while developing mechanisms for the 
aerospace industry. 

Later in the year, the world gazed on new and exciting 
horizons through CSEM’s “eyes”, as ESA’s Philae lander — 
equipped with unique, high-definition miniaturized cameras 
developed at CSEM — beamed the first ever pictures taken 
from the surface of a comet back to an expectant Earth.  

The patience and constancy of application required to bring 
such long research-horizon development work to fruition is 
extraordinary, but perfectly befits an organization that, in 2014, 
celebrated its 30th anniversary. A longevity that makes 
“technology that makes the difference” less of a slogan and 
more of a well-documented fact. 

It is then, in CSEM’s thirtieth year, with particular pride that we 
present you, in the form of this year’s Scientific and Technical 
Report, with the highlights of our 2014 research activities. 

None of this would be possible, of course, without the exacting 
demands of our partners, and their enthusiasm for sharing 
those demands, and their vision of creating wealth and 
welfare, with us. And, of course, without the brilliance and 
dedication of CSEM’s engineers and researchers: developing 
technologies that will, I have no doubt, be capturing mankind’s 
imagination for decades to come; making the difference — 
making a better future for us all. 

 

Mario El-Khoury 

CEO, CSEM SA 
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MULTIDISCIPLINARY INTEGRATED PROJECTS – MIPS  
Harry Heinzelmann 

Many of CSEM’s research activities are carried out within the 
framework of its five research programs – namely, 
microsystems, systems, ultra-low-power integrated 
systems, surface technologies, and photovoltaics & 
energy management. These research programs are 
constantly advanced and reviewed, and adapted to emerging 
trends and future demand from industry. They are presented 
in detail in the following chapters.  

Often, however, innovation needs to be driven by a 
multidisciplinary effort in order to build technology platforms 
across our individual research programs. For years CSEM has 
encouraged collaborative projects of this type – 
Multidisciplinary Integrated Projects (MIPs). MIPs are 
characterized by their high degree of interdisciplinarity and 
their high level of maturity (high technology readiness level, 
TRL), which allow them to demonstrate novel applications with 
high market potential in relatively short amounts of time. 
Approximately one quarter of CSEM’s annual R&D effort is 
carried out within the MIP program.  

The MIP program is reevaluated every year, and consists of 
ongoing projects and new proposals in a healthy balance that 
allows quick response times to new market needs. In this way, 
MIPs complement CSEM’s five topical research programs in 
an ideal way. The MIP program enables CSEM to offer its 
industrial clients an even richer portfolio of technologies 
beyond the possibilities of its individual research programs. 
Ideally, one deliverable of each MIP is a demonstrator with 
specifications close to those demanded by industry.  

In 2014 a total of 11 projects were carried out. An overview of 
the projects is given here; each MIP is presented in more 
detail on the following pages. 

SMAC+ – Assembly Processes for a Miniature Atomic 
Clock 
The objective of the SMAC+ project is to develop a miniature 
atomic clock with dimensions, power consumption, and 
frequency stability compatible with implementation in a 
wristwatch. SMAC+ is this year’s “star MIP” and hence 
benefits from additional support in order to accelerate its 
planned developments. The central physics package of 
SMAC+ will incorporate a laser, a photodetector, heaters, a 
temperature sensor, thermal management, optical 
design/geometry, and the atomic cell. The electronics will be 
based on the currently available ASIC and control electronics 
(with incremental upgrades).  

Other applications besides the implementation of an atomic 
clock into wristwatches for the Swiss watch-making industry 
are those where an ultra-stable time base / frequency 
reference is required in a compact and low power-
consumption format. Such applications are typically portable 
with battery operation, and range from handheld GPS 
receivers; portable, high precision inertial measurement units 
(IMUs); small satellites; and high-end wireless communication 
systems (frequency agile systems), to avionics (in particular 

unmanned aerial vehicles (UAVs)) and natural resource 
exploration (oil and gas in particular). 

EagleEye – an Automated Audiovisual Platform for 
Quality Control of Watch Pieces 
The MIP EagleEye aims at developing a vision and audio 
platform for quality control in the watch industry. The 
underlying idea is to extensively record watch parts before or 
after assembly using optical and audio equipment in order to 
identify defects.  

The demonstrator is a system that will detect a specific defect. 
It is made up of a custom flash hemisphere that illuminates 
the watch part from various angles, a polarization sensitive 
camera (or a light-field camera), and an analysis algorithm. 
The sound of a watch will be characterized for quality control 
and, for example, to determine whether the sound 
corresponds to the characteristics of the brand. 

HybSi – Hybridization of Silicon Micro-components  
The machining of macroscopic compliant mechanisms in 
monocrystalline silicon has decisive advantages such as the 
ideal elastic properties of the material, the absence of fatigue, 
the high machining accuracy, which is typically one order of 
magnitude better than that of wire-EDM, the possible 
integration of sensors and actuators into the articulated 
structures themselves, and batch production and wafer-level 
assembly. 

So called macro-MEMS (macro Micro-Electro-Mechanical 
Systems) with typically 10 mm outer dimensions can be used 
in advanced MEMS/MOEMS and high-precision micro-
mechanics applications such as watch components (e.g., 
gears, springs, and escapements), instrumentation for 
microsurgery and microbiology, metrology probes, and 2-D 
scanners. The main objective of the MIP HybSi is to develop 
assembly techniques for such components for the production 
of small to medium size batches where a full integration is not 
technically feasible or economically meaningful. 

IMBIM – Ubiquitous Deployment of PV in Residential 
Buildings: a Micro-grid Approach 
The objective of IMBIM is to develop technologies for the 
integration of solar photovoltaic (PV) generation into the 
buildings of a new residential district, and the intelligent 
management of such generating capacity in combination with 
stationary energy storage (BIPV: Building Integrated PV). 

In particular, system design and software development will 
deal with the evaluation and optimization of the different 
possible micro-grid architectures, the evaluation of the 
suitability of BIPV modules currently being developed at 
CSEM in other projects, and the design of a complete power 
management software package that will allow a short-term 
prediction of PV power output as well as the scheduling of 
access to energy storage facilities. 
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MEMSPlant – Active MEMS-based, Implantable Devices 
MEMSPlant’s main objective is to develop long-term-
implantable active devices, for example in the form of an 
implantable pressure sensor or an implantable drug delivery 
device with a strain gage for occlusion detection. These 
devices are typically based on commercially available MEMS 
components and a biocompatible, long-term-implantable 
micropackage containing a wireless connection.  

There are numerous application domains for this technology, 
including pressure monitoring for orthopedics and 
cardiovascular, for cranial, and for bladder diseases, as well 
as a generic platform for miniaturized, active, long-term 
implants for spinal cord stimulation, as cochlear implants, and 
for implantable microphones. Moreover, there is considerable 
potential for exploitation in the areas of fuel cells and in 
integrated sensors for harsh environments.  

MicroMS – New Electrostatic Resonator Ion Trap with 
Multiple Inductive Charge Detection for Mass 
Spectrometry 
High resolution mass spectrometry (MS) is a powerful tool for 
detecting and identifying chemical and biological compounds. 
The MicroMS project aims at developing a miniature, high-
resolution mass analyzer, without losing the resolving power 
of large mass spectrometers, by repeated measurement of the 
same ions using a multi-reflection time-of-flight (MRTOF) 
mass analyzer. A detector array featuring optimized MOSFET 
detection circuits and ultra-low-noise amplifiers measures the 
same ions repeatedly.  

The resulting device will be compact and low-cost, with the 
potential to replace traditionally bulky and expensive MS 
equipment that currently restricts the use of mass 
spectrometry to large laboratories.  

MOFETs – MHz-operating Organic Field Effect Transistors 
CSEM has developed a method of fabricating organic field 
effect transistors (OFETs) by hot embossing nanoimprint 
lithography (HE-NIL) and self-alignment. The MIP MOFETs 
will fabricate short channel and thin dielectric layer OFETs 
operating in the MHz range.  

Several methods of producing thin oxide films (thickness 
< 50 nm) exhibiting good mechanical and structural 
characteristics (high film uniformity, low surface roughness, 
pinhole-free) and good electrical properties (insulating, high 
dielectric constant, and high dielectric voltage breakdown) are 
being optimized and evaluated. The MOFETs technology is 
promising for applications in display backplanes, RFID tags, 
and sensing.  

MONIMIP – Wearable EIT System with Cooperative 
Sensors 
The goal of MONIMIP is to further develop the technology of 
stand-alone electrode sensors. This ongoing MIP will 
demonstrate synchronized sensors that can be simultaneously 
recharged without removing them from the measuring shirt 
and that feature robust and watertight packaging that will 
withstand machine washing. New sensing techniques will be 
explored, such as biochemical sensing, for example, of pH 
values on the skin as an indicator of biological function. 

The MONIMIP hardware developed here will offer the perfect 
platform for non-invasive, non-occlusive blood pressure 
(NOBP) measurement. NOBP measurement is a highly 
desirable feature, since the currently available technology for 
measuring blood pressure, based on inflatable cuffs, is rather 
uncomfortable for the patient, in particular for measurement 
during the night. 

nanoPV – Flexible PV for Low-illumination Applications 
Thin-film silicon photovoltaics are a promising technology for 
providing solar energy at low cost and high efficiency. State-
of-the-art thin film silicon solar cells are grown on a rough, 
transparent, conductive oxide layer which scatters light and 
therefore increases light absorption in the solar cell.  

The typical features of nano-textured surfaces for light 
trapping are pyramidal in shape and have a lateral size of 0.2 
to 2 microns. There is a critical trade-off between this surface 
texture and the subsequent growth of the silicon solar cell, 
leading to cracks and voids and a deterioration of the 
performance of the cells if the nano-texture of the substrate is 
too rough. In this MIP we bring our expertise in creating 
nanostructured surfaces to thin-film PV technology, going far 
beyond a mere variation of the oxide deposition parameters. 
The objective is to achieve conversion efficiencies of up to 
14%. 

RomaSOL II – R2R OPV for Mobile Applications 
RomaSOL II is the continuation of last year’s RomaSOL 
project. It aims at establishing and further developing the 
necessary technologies for organic photovoltaics (OPV) at 
CSEM, in order to offer OPV-related know-how and services 
to the solar industry. An increase in OPV power-conversion 
efficiency shall enable early applications. A roll-to-roll (R2R) 
OPV pilot line is being established at CSEM Brasil, a line 
which necessitates an adaption of the conventional fabrication 
and packaging processes to the R2R process.  

uSALIVAsense – an Oral Sensor System for In-mouth 
Monitoring 
Most of the biomarkers present in blood and urine can also be 
detected in a sample of saliva. While the characterization of 
the biomarkers in saliva is advancing, user-friendly and smart 
technologies for developing diagnostic devices are broadly 
lacking.  

This MIP, uSALIVAsense, builds on the results of last year’s 
MIP TBSense which provided a proof of concept of biomarker 
detection in saliva. It aims at developing a complete system 
that can be put into the patient’s mouth for more efficient 
saliva sampling and diagnosis. The main objective is to 
develop and validate a thin, flexible, oral diagnostic device for 
saliva analysis consisting of a sensor, microfluidics, detection, 
and (wireless) data transmission. Diagnostic applications for 
rapid dental care diagnosis and for hemodialysis efficacy are 
being demonstrated. As a further and exploratory objective the 
feasibility of using RF waves for sensing purposes is being 
evaluated, similar to what has been shown in the literature 
regarding the direct measurement of bacteria in fluids. This 
sensing method has significant potential as a low-cost, easy-
to-use point-of-care technology.  
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SMAC+ – Assembly Processes for a Miniature Atomic Clock 
J. Pierer, R. Jose James, S. Grossmann, L. Balet, J. Haesler, S. Lecomte 
The development of a low-power miniature atomic clock (MAC) system requires a smart and efficient assembly solution. This paper reports on the 
different assembly and integration processes developed for a low-cost and low-power MAC physics package (PP) within the Swiss-MAC project. 

The Swiss-MAC project [1] targets a miniature atomic clock for 
telecom applications for which the assembly and integration 
processes are key aspects to reach the requirements in terms 
of manufacturability and low production costs. 

Standard materials and processes, known from the electronic 
packaging industry, were selected for the assembly of the 
MAC physics package (PP). Hence, it consists of several 
stacked printed circuit boards (PCBs), assembled and 
connected using adhesive and wire bonding, and used to 
mechanically and electrically connect the different 
components of the MAC. Figure 1 shows the individual PCB 
layers as well as a partially assembled MAC, with the atomic 
vapor cell and part of the magnetic shielding on the top. 

 
Figure 1: (top) Individual PCB layers to be stacked; (bottom) Partially 
assembled MAC physics package with the vapor cell on the top. 

The lower part of the physics package contains a miniature 
heating plate with a VCSEL on top. This laser assembly is 
suspended for a better thermal insulation and is connected by 
gold wire bonding and electrically conductive adhesive. The 
challenging wire bonding process connects the suspended 
laser layer to a lower PCB through open cavities (Figure 2). 
The optical module (with prisms, quarter-wave plate, filter and 
photodiodes) is assembled around a central beam splitter 
cube using optically transparent UV curable adhesive and 
then stacked on top of the laser module. An optional 
collimating lens can be aligned to the laser emitter if needed. 

 
Figure 2: (left) PCB with assembled heater and laser; (right) PCB 
with optical assembly (optional collimating lens not shown). 

The heart of the Swiss-MAC is the atomic vapor cell, which 
has the particularity to integrate a printed temperature sensor, 
resistive heaters and coils onto both of its glass windows [1]. It 
is mounted on a dedicated suspended and thermally isolated 
PCB. The electrical connection between both sides of the cell 
is obtained by wrapping the cell with a flexible PCB. Handling 

and bending the tiny flexible PCB turned out to be easier if it is 
cut in 3 individual PCBs, which are fixed around the cell using 
temperature curable adhesive. Conductive adhesive is then 
used for the electrical connection between those 3 flexible 
PCBs (top, bottom, edge). The atomic vapor cell is electrically 
connected to the flexible PBCs by conductive adhesive on one 
side and by wire bonding on the other side (Figure 3). 

 
Figure 3: (left) Top view of the cell with attached flexible PCB; 
(top right) Gold wire bond; (bottom right) Flexible PCB on the cell 
edge. 

 
Figure 4: Vacuum encapsulated PPs (left) traditional soldering; 
(right) Seam welding followed by laser soldering of a hole on top of 
the lid.  

Reducing the convective heat transfer in the PP and hence 
the power needed for heating the laser and the cell is obtained 
by vacuum encapsulation (Figure 4). Two different low 
temperature (<200°C) methods have been studied: i) low 
temperature solder based sealing and ii) localized sealing 
using a combination of seam welding and laser soldering. The 
best results were obtained with the second approach. This 
approach enabled a higher vacuum (<10 mbar) and a more 
reliable seal. 

CSEM would like to thank the Swiss Confederation, the 
Canton of Neuchâtel, the Canton of Baselland and the 
Cantons of Central Switzerland for their financial support. 

[1] J. Haesler, et al., "Miniature atomic clock: route to further 
miniaturization", CSEM Scientific and Technical Report (2013), 
17 
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EagleEye – an Automated Audiovisual Platform for Quality Control of Watch Pieces 
A. Chebira, D. Hasler, P-A. Beuchat, S. Bechetoille, M. Dadras, M. Leboeuf, G. Basset, N. Glaser, J.-M. Koller, S. Pernecker, J. Sun 
EagleEye is a vision setup designed to acquire and classify images of small watch parts under various illumination angles. The goal is to detect the 
smallest defects on specific watch parts using image processing and recognition algorithms. 

The goal of the EagleEye project is to build an automated 
quality control system capable of perceiving “defects” in small 
watch parts, by taking pictures and analyzing them. The setup 
is thus accompanied by a software toolbox, based on neural 
networks, capable of localizing and recognizing whether 
aesthetic defects are present or not. The challenges here are 
manifold. First, watch parts have complicated 3D surface 
structures with different types of materials, textures or finishes. 
Second, the defects are extremely small, in the order of the 
micron. Third, depending on the orientation and intensity of 
the light, the defects may become invisible. The question then 
is: Can we design a flexible solution that can be adapted to 
different parts, is accurate, reproducible and works for all 
types of defects? 

We have designed and developed a flexible image acquisition 
setup, which enables us to take multiple images of the same 
part with different illumination angles and light intensities. In 
this challenging problem, controlling the incident angle of the 
light is key. In partnership with a group of watchmakers, we 
were able to establish which types of samples and which 
defects are relevant in the industry today.  

 
Figure 1: EagleEye hemisphere (left) and glass setup (right). The 
LEDs in the hemisphere are at different elevations and azimuths, 
while the camera looks at the samples from the top. 

Based on the industry needs, we have designed two 
EagleEye vision setups: A hemisphere for metallic pieces, and 
a glass setup for watch glasses. The hemisphere is of radius 
260 mm and supports 108 white LEDs distributed on a 
non-uniform sampling grid. It is internally coated with optical 
black paint to ensure minimal light reflection. 

The images can be acquired through different cameras, 
depending on the type of samples. We chose a Nikon D7100, 
equipped with a 24.1 M pixels, 3.84 μm pitch color CMOS 
sensor. A 200 mm macro lens is mounted on the camera, 
which allows for a 1:1 ratio between the actual object size and 
the image on the sensor (as long as the object is smaller than 
the sensor). The high resolution and small pixel size of the 
camera, along with the lens, allow us to observe extremely 
small defects. The illumination is controlled by an USB 
interface card connected to several LED driver cards. The 
EagleEye hemisphere allows us to acquire up to 108 images 
per sample, each with different parameters and settings. 

 
Figure 2: A sample image of a MEMS. Details of 10 μm are visible. 

This enables us to fine tune the setup to specific samples, 
material and defects. The glass setup works in a similar way 
to the hemisphere. It contains 6 LEDs surrounding the sample. 
The LED ring has been designed so that the light penetrates 
the entire surface of the glass sample through the sides, while 
the camera overlooks the setup. We have acquired a 
database of more than 3TB of images to use as the input to 
our image analysis system.  

 
Figure 3: Block diagram showing the EagleEye hemisphere (top) and 
glass setups (bottom), as well as main components of the software 
toolbox. 

The next steps consist of designing pre-processing algorithms 
to optimize the “light patterns”. Namely optimize which LEDs 
with which current intensity should be used for which sample. 
This is a prerequisite of the application of the classification 
methodologies used to detect the presence of defects. As a 
next step, classification algorithms based on generative 
learning methods will be implemented. Either convolutional 
neural networks or deep belief networks will be used to 
classify the samples into either defect or defect-free bins.  

The main advantage of the EagleEye system lies in its unique 
ability to control each LED individually and to have many 
possible incident angles through which a sample is illuminated. 
The whole system, including the optimization and 
classification algorithms, does not rely on a priori information. 
If new types of defects appear after the learning phase, there 
is no need to redesign the system: It will automatically adapt. 
Similarly, if new sample types are added, the only constraint 
will be to build a new database of images and run the same 
software. Later, we plan to be able to derive a quick 
specification of the system with parameters suited to detect 
defects of specific sample types on a production line.  

Two EagleEye patents were submitted. 
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HybSi – Hybridization of Silicon Micro-components 
F. Barrot, J. Auerswald, T. Bandi, D. Bayat, N. Blondiaux, P.-A. Clerc, J.-D. Cretin, F. Cosandier, S. Droz, L. Giriens, J. Goldowsky, 
L. Guillot, S. Ischer, S. Jenny, J. Kruiss, S. Lani, A. Merethab, S. Mouaziz, G. Musy, P. Niedermann, Y. Pétremand 
The hybridization of silicon parts with other materials at the centimeter-scale opens up new opportunities to high added value markets such as the 
watch industry, medical implants and scientific instrumentation. At the frontier between MEMS and mechatronics, this challenging approach 
enables the production of new and innovative high performance centimeter scale mechanisms and systems. Combining its expertise in the domains 
of precision mechanisms and micro-manufacturing techniques, CSEM has become the Swiss competence centre for the design, manufacturing, 
assembly and characterization processes of hybrid silicon based micro-mechanisms. 

By using micro-manufacturing techniques within the 
microelectronics field, it is possible to batch process at 
micrometric precision for centimeter scale silicon parts 
featuring fine mechanical functions. Besides, silicon is 
characterized by an ideal elastic behavior, a low density, high 
fracture strength, is corrosion free, and amagnetic, and which 
makes it an attractive material for the design of high precision 
mechanisms up to the centimeter scale [1].  

 
Figure 1: Monolithic balance wheel comprising a spring function 
implemented with silicon flexure hinges. The inertia is set with a gold 
ring assembled manually (8 mm diameter). 

This approach enables the emergence of new concepts such 
as the monolith balance-spring wheel, shown in Figure 1, and 
which combines at the scale of a watch case, the functions of 
a balance wheel, a hair spring, and a pivot in one single 
component. In this context silicon material and batch 
manufacturing techniques open new opportunities; however, 
due to its brittle nature, the assembly of silicon parts is a 
difficult task requiring specific design and care, especially 
when associated with other material, the so-called 
hybridization process. CSEM strategy to tackle this challenge 
consists in studying in parallel two complementary 
approaches and which are:  

• Wafer level assembly, and which enables precise  batch 
assembly at the scale of micrometers of tens to thousands 
of components (refer to Figure 2). 

• Part level assembly, which addresses the prototyping and 
small volume production needs and also complements 
wafer level assembly technics when they are not 
applicable (refer to picture of Figure 3). 

 
Figure 2: Silicon based hours and minute hands with wafer level 
assembly of a metal insert used as a press fitting interface. 

 
Figure 3: Tip-tilt-piston mirror mechanism. A gold coated silicon 
mirror is precisely positioned by three monolithic and compliant 
silicon slabs actuated with piezo-actuators. 

This strategic research activity addresses the design for 
assembly of parts, as well as the manufacturing and assembly 
processes. In addition, the bonding strength and quality of 
both part levels; as well as the wafer assembly techniques are 
studied and optimized further. In this context, to improve the 
quality and cleanliness of part level assembly of silicon parts 
using glue, CSEM has developed a technique based on 
surface modification of silicon to ensure a simple and selective 
deposition of glue on silicon parts prior to assembly.  

  
Figure 4: Surface modification of a macroscopic silicon part for 
selective glue deposition (left: the silicon part is dipped in glue, right: 
the silicon part with the resulting glue pattern). 

This strategic activity is performed in the frame of a multi-
divisional research program and CSEM would like to thank the 
Swiss Confederation and the Canton of Neuchatel for their 
financial support. 

[1] A. Perret, "Le silicium comme matériau dans la fabrication de 
pièces mécaniques", Bulletin de la Société Suisse de 
Chronométrie, SSC, Neuchâtel, CH, no. 38, 9 novembre 2001 
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IMBIM – Ubiquitous Deployment of Photovoltaics in Residential Buildings: a Micro-grid 
Approach 
V. Musolino, P.J. Alet, Y. Stauffer, A. Hutter, L.-E. Perret-Aebi, C. Ballif 
The high penetration of distributed energy sources, especially PV, is opening new challenges in low voltage systems where different loads and PV 
generators are connected to the same distribution system. The high volatility of PV power generation requires new methods and tools to design, to 
operate, and to manage these evolving grids. This project was focused on multi-occupancy residential buildings; in particular on evaluating the 
benefits in sharing a unique PV system between different dwellings connected at the same point of common connection.  

Low-voltage grids are normally characterized by several 
feeders connected to the same substation where a 
medium/low voltage transformer is installed. Across each 
feeder loads and distributed energy sources are connected 
and share the same grid infrastructure. 

PV generation is extremely variable because of dependence 
on the sun irradiation. In addition, its power generation profile 
is independent from the load profile. This creates new 
challenges in terms of power quality, reliability and availability 
of the entire infrastructure while guaranteeing the 
maximization of energy harvesting. 

However these challenges only materialize at very high 
penetration rates of distributed energy sources in distribution 
networks. Urban grids which tend to be more densely meshed 
than rural ones and have a higher density of loads are 
particularly robust. This is why the application considered in 
this study is a new residential district under planning in 
Corcelles-Cormondrèche (NE, Switzerland), where all 
buildings are expected to be fitted with PV systems. 

In a first analysis, a deterministic approach was used to size 
the low-voltage (LV) distribution feeders to meet the maximum 
allowable voltage variations in worst case conditions: 

• Maximum PV production with no load 
• Maximum load with no PV production 

Dimensions of network cables and transformers were 
determined as function of installed PV capacity through 
parametric analysis. 

In a second step, system optimization was considered. The 
starting point for optimization is the low probability of events 
corresponding to worst-case conditions, especially those 
concerning maximum PV production. Most of the time power 
flows through the grid are characterized by much smaller 
values than the nominal ones. In addition, PV peak production 
can be limited by a proper management of the power inverters. 
Furthermore, the composition of power profiles is strongly 
dependent on the distribution grid architecture.  

As shown in Figure 1, two cases have been considered: single 
houses equipped with their own PV installations and, in the 
case of multi-occupancy building, multiple dwellings with a 
shared PV installation all connected to the same point of 
common connection (PCC). For comparison purposes, values 
were normalised to the total power consumption in each case. 

In case of multi-occupancy buildings, it is possible to increase 
the share of self-consumed energy by approximately 5% as 
compared to the case of single houses with the same per unit 
installed PV generation. Moreover a more uniform and flatter 
power profile at the PCC was found. As a direct consequence 
higher levels of power quality can be guaranteed. Both load 

aggregation and PV power generation play a positive role in 
this result.  

 
Figure 1: Electrical layout for the integration of PV sources in 
residential buildings: single house layout on the left and multi-
occupancy building on the right. 

The evaluated benefits for centralized PV installations in multi-
occupancy buildings can be summarized as follows: 

• The aggregation of dwellings reduces the standard 
deviation of the power values exchanged at PCC by up to 
10% (analysis conducted on the basis of 1 h resolution) 

• The maximum PV size to guarantee adequate levels of 
quality in the feeders is 3n kWp where n is the number of 
aggregated houses 

• The standard deviation of exchanged power values at the 
PCC increases due to the introduction of PV generation 
but remains lower or equal to the one calculated for a 
single house without PV. 

• Higher shares of self-consumed energy than in single 
houses are achievable and values greater than 80% can 
be reached 

• Shared PV systems carry lower specific installation costs, 
which reduces the financial payback time by 20% as 
compared to the case of a single house. 
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MEMSPlant – Active MEMS-based Implantable Devices 
R. Jose James, J. Auerswald, M. Sénéclauze, M. Fretz, O. Sereda, T. Parkel, G. Spinola Durante, S. Berchtold, N. Schmid, 
C. Kassapoglou-Faist, E. Le Roux , D. Severac, C. Henzelin, D. Hasler, T. Bandi, A. Neels, P.  Niedermann, C. Bosshard 
The project focusses on beyond state-of-the-art miniaturization of implantable MEMS (micro electro mechanical systems). Two demonstrators are 
in development. The first demonstrator is an active pressure-sensing device. The second demonstrator is an active drug delivery device. With the 
achievements of this project, CSEM is laying the foundations of a technology platform in the emerging field of implantable MEMS.  

The first demonstrator is a generic technology platform 
featuring a long-term implantable pressure sensor using long-
term biocompatible materials. Potential applications comprise 
pressure monitoring inside the body, e.g in hypertension 
patients, brain implant or for prosthetic vascular grafts. This 
demonstrator requires the development of novel hermetic 
sealing techniques and novel concepts for hermetic electrical 
feedthroughs and reliable mechanical coupling between 
sensor and package membrane as shown in Figure 1.  

 
Figure 1: Schematic of the proposed long-term implantable pressure 
sensor. 

Furthermore, the platform will provide a miniaturized module 
for remote powering, secure communication and data 
processing connected to the implantable pressure sensor as 
shown in Figure 2.  

  
Figure 2: General design concept of the demonstrator including the 
electronics. 

One highlight of this demonstrator is the localized sealing 
technique to create miniature long-term active implants 
(patent pending). Long-term active implants needs to be 
sealed at low temperatures compatible to the electronics 
integrated inside, using limited number of long-term 
biocompatible materials and needs to have very high 
hermeticity (<10-12 mbar·l/s, depending on the size). The 
sealed packages were tested to be helium leak tight to better 
than 10-12 mbar·l/s, which is the detection limit of the 
measurement method. The sealing method was found to be 
low temperature compatible for less than 150°C and 
repeatable seals were achieved. A miniature biocompatible 
and hermetic feedthrough with 4 I/O on an area of 3 mm2 is 
being developed as well, which is in the final stages of 
development. All the parts for this demonstrator are fabricated 
at wafer level which makes it cost effective as well.   

Another important development for the demonstrator is the 
mechanical coupling between the biocompatible membrane 
and the pressure sensor. A polymer material is used for 
mechanical coupling (patent pending). It transmits outside 
pressure to the sensor, provided the outer membrane is 
compliant. The larger surface area of the outer membrane 
compared with the sensor's membrane allows for amplification 
of the sensor signal of up to a factor of three. Thus, by 
choosing the membrane material, size and thickness, and the 
coupling silicone, one can tune the pressure sensor's output 
signal. 

For this demonstrator, a beyond state-of-the-art miniaturized 
electronics module for remote powering, secure 
communication and data processing will be available at the 
end of 2014. For secure data transmission, which is required 
for medical implants, key generation, cryptography algorithms 
and corresponding software tools are developed. This module 
can also be used for other similar applications and projects. 

The second demonstrator is an implantable micropump for 
insulin delivery developed according to ISO 13485 guidelines. 
The focus will be on basal and bolus injection control (i.e. 
long-term acting insulin between meals and short-term acting 
insulin during meals, see also ISO 60601-2-24). Further 
features comprise wireless communication, power 
management, contactless energy transfer through the body 
and an ultra-low power consumption microcontroller. The 
implantable double-piston infusion pump is intended for use in 
laboratory experiments. The application focus is on mid-term 
use for animals. The reservoir size will be 1 ml, the shot 
volume 1 μl and the basal insulin injection rate 1 μl/h. 

 
Figure 3: Design concept for the drug delivery device. The insulin 
reservoir is 1 ml, the stroke volume of the double-piston pump 1 μl. 

The project team acknowledges the funding by the Swiss 
Confederation.  
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MicroMS – New Electrostatic Resonator Ion Trap with Multiple Inductive Charge 
Detection for Mass Spectrometry 
D. Schmid, D. Bayat, P. Heim, A. Hoogerwerf, I. Kjelberg, K. Krasnopolski, C. Latkozy, P. Persechini, V. Revol, P.-F. Rüedi 
Present day mass spectrometers are either bulky and come at very high costs or they lack mass resolving power. There is a substantial market 
potential for miniaturized, portable MS and new high resolution detectors with better mass range and linear dynamic range. The MicroMS MIP aims 
at developing a cost-efficient, small, high-resolution MS, based on CSEM ultra-low noise charge detection technology. Potential applications are 
point-of-care diagnostics, metabolic profiling, VOCs monitoring or identifications of toxins and pollutants in the environment. 

High resolution mass spectrometry (MS) is a powerful tool to 
detect and identify chemical and biological compounds. 
Traditionally, it requires bulky, expensive equipment, and is 
therefore restricted to large laboratories. In addition, 
instruments are complex and require specially trained and 
qualified personnel. These drawbacks limit the penetration of 
MS into further markets such as point-of-care diagnostics. 
However, the compelling advantage of MS over other 
techniques is its intrinsic identification of chemical and 
biological entities, without requiring any markers or labels. 

MicroMS aims at developing a miniature mass analyzer with 
high resolution detection, based on cost-efficient hybrid 
MEMS technology, without losing the resolving power of large 
MS. 

 
Figure 1: 3D visualization of a portable MS based on the MicroMS 
analyzer and detector technology revealing the miniaturization 
potential. 

The resonator-type MS is based on a purely electrostatic ion 
trap, that has been previously described [ 1 ], where ions 
oscillate between two isochronous reflectrons. The ion 
bunches flying by mirror charges on central pick-up electrodes 
that can be amplified and sent to the data acquisition system. 
The oscillation frequency is proportional to sqrt(z/m), with m 
and z being the ion's mass and charge and thus by performing 
e.g. a Fourier Transformation all masses of specific ions in the 
resonator can be revealed at once. 

Due to CSEM core competencies in microtechnology and 
electronics this system can be miniaturized. In combination 
with CSEM patented ultra-low noise charge detection 
technology with single-electron detection capability at room 
temperature the system is able to detect a large range of 
masses with high dynamic range, i.e. from very low to high 
concentration and with high mass resolution. 

First ion-optical simulations of the analyzer and electrical 
simulations of the charge detection and amplification circuit 
show promising results and reveal the geometric scaling 
potential.  

 
Figure 2: Sum of particle kinetic energies in the resonator taken from 
ion-optical simulations reveals stable oscillation of ions between 
isochronous mirrors. 

For both high mass resolving power and cost-effective 
production, the detection electronics circuit is being fabricated 
using macro-MEMS hybrid technology combining CMOS 
based ASIC with sub-mm 3D pick-up structures. 

 
Figure 3: CAD of the <10 cm resonator with electrostatic mirrors on 
the left and right and the pick-up region in the middle. 

The first technology demonstrator has a length of <10 cm and 
a discrete detection circuit bonded directly to the pick-up rings. 

[1] D. Zajfman, et al., "High resolution mass spectrometry using a 
linear electrostatic ion beam trap", Int. J. Mass. Spec. 229 (2003) 
55 
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MOFETs – MHz-operating Organic Field Effect Transistors 
N. Marjanović, F. Zanella, F. Herzog, Z. Szamel, A. Bionaz, O. Fryckova, J. Tillier, O. Sereda, S. Nicolay, D. Rufieux, R. Ferrini 
CSEM’s state-of-the-art organic field effect transistors (OFETs) technology – a combination of hot embossing nanoimprint lithography (HE-NIL) and 
self-aligned patterning of source and drain contacts – was further enhanced in this project by thinning down the dielectric layer through molecular 
vapour deposition (MVD) from 200 nm down to 5 nm. From the obtained high capacitance of ~1 μF/cm2 combined with reduced short channel 
effects, OFETs can be operated faster (toward MHz) and at low voltages (down to 1 V) thus opening new opportunities for CSEM (e.g. 
radiofrequency identification tags and smart printed circuits boards).  

Organic Field Effect Transistors (OFETs), which can be 
fabricated with high throughput technologies on flexible and 
disposable substrates, can provide an alternative to inorganic 
amorphous silicon TFTs (a:Si TFTs). High performing OFETs 
(e.g. switching frequencies in MHz-range and low operating 
voltages) could enter the well established markets, such as 
display backplanes, RFID tags or disposable sensors. 

The aim of this MIP project was to enhance CSEM’s state-of-
the-art organic field effect transistors (OFETs) technology – a 
combination of hot embossing nanoimprint lithography (HE-
NIL) and self-aligned patterning of source and drain contacts 
(with respect to the gate contact) – by thinning down the 
dielectric layer from ca. 120-200 nm below 50 nm. Thinner 
dielectrics should enable organic transistors to be operated 
with low bias voltages and increasing transistors switching 
speed. 

Three technologies were tested to deposit thin dielectric layer 
e.g. Al2O3. On the one hand, molecular vapor deposition 
(MVD) and atomic layer deposition (ALD) as vacuum 
deposition techniques. On the other hand, printing of Al2O3 

layer from precursor demonstrated the ability of printing thin 
oxide layers with similar film quality as the sputtered ones. All 
obtained films were fully characterized by optical and non-
destructive X-ray diffraction methods for quality control. Finally 
capacitors based on those films (between two metal 
electrodes) were fabricated and electrically characterized. 

4-inch polycarbonate (PC) foils were used as substrate on 
which 5 nm of Al2O3 was deposited by MVD. 

 
Figure 1: Best capacitor obtained with 5 nm of Al2O3 deposited by 
MVD. Measurement performed at 0 V (blue curves) and 1 V (green 
curves) fiving the capacitor figures of merit (FoM). 

Figure 1 shows one of the best obtained capacitor by MVD. 

A dielectric capacitance of 1079 nF/cm2 (σrel = ±3%) with tanδ 
of 1.95% (±7%) both at 100 Hz, and with a yield of 40% were 

extracted. For comparison, the state of the art is 700 nF/cm2 
with 3.6 nm of AlOx deposited by ALD and coated with a self-
assembled monolayer (SAM, 2.1 nm) on 80x80 mm2 plastic 
(PEN) foils [1]. 

An alternative route for depositing thin oxide layers – a high 
throughput inkjet printing technology - was selected to enable 
the printing and direct patterning of the Al2O3 layers. 

As a proof of concept the Al2O3 precursor was deposited from 
the solution phase by spin-coating on glass. XRD analyses 
were performed on the obtained films in order to determine 
the crystallographic nature of the layers. The crystalline Al2O3 

hexagonal phase was found for the samples with typical 
thicknesses comprised between 134 nm and 154 nm after 
annealing at 220°C (Figure 2.) 

 
Figure 2: XRD spectrums of Al2O3 films deposited on ITO coated 
glass substrates and with Au top electrodes. 

The measured I-V and C-f characteristics showed good 
dielectric properties of those films. The typical values ranged 
from 30 – 35 nF/cm2. The thinnest obtained film from the 
Al2O3 precursor was 53 nm. 

Since the selected Al2O3 precursor requires high annealing 
temperature (above 200°C), which limits usage to glass 
substrates only. Therefore, in the next project phase, this 
process has to be transferred to PC foils by further decreasing 
the annealing temperatures. 

In summary, three selected techniques clearly demonstrated 
their ability to deposit thin dielectric films of targeted quality 
and all can be considered as key enabling technologies for 
realizing the main objectives of the MOFETs project: low 
voltage and high frequency OFETs. 

[1] H. Klauk, et al., Nature, vol. 445, pp. 745–748, Feb. 2007 
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MONIMIP – Wearable EIT System with Cooperative Sensors 
O. Chételat, M. Rapin, J.-A. Porchet, C. Meier, J. Wacker, M. Frosio, P. Pilloud 
Cooperative sensors are a new technology developed by CSEM that allows simultaneous measurement of high-quality biopotentials (e.g., ECG) 
and impedance with dry-electrode low-power button-sensors. One advantage is the extremely low connection requirement that allows the 
integration of the electronics in textile easy and 'seamless', especially for systems with large numbers of sensors. The MONIMIP demonstrator 
features 50 sensors simultaneously measuring 25 ECG-leads (each at 500 #/s) and 25×25 tetrapolar complex impedances (each at 80 #/s). 

The key to successful wearable systems is ergonomics and 
signal quality. Unfortunately, the classical approach for 
ECG/EIT metrology cannot simultaneously fulfil these two 
requirements: either a system has good signal quality, but 
poor ergonomics (mainly due to shielded cables, cumbersome 
high-power electronics, and gel electrodes) or better 
ergonomics, but lower signal quality (e.g., crosstalk, noise, 
mains disturbance, motion artefacts, etc.). 

A few years ago, CSEM proposed a new approach that solved 
the issue for a single ECG lead and impedance channel 
thanks to two cooperative dry-electrode sensors connected 
with a single unshielded and weakly insulated electrical 
connection. It can be theoretically shown and has been 
experimentally verified that the signal quality is equivalent 
(also in electromagnetically noisy environment) to what can be 
obtained with the best shielded cables or with active 
electrodes. This patented technology has been transferred to 
the Swiss startup company SenseCore (left of Figure 1). 

 
Figure 1: (left) SenseCore's product; (right) EIT system made of 
cooperative sensors. 

Among other goals, MONIMIP intended to go a step further by: 
1) extending the number of measured biopotential and 
impedance signals beyond one; 2) reducing the size and 
packaging complexity of the sensors; and 3) eliminating the 
sensitivity of the measurements to impedance variations of the 
electrical connection linking the two sensors (which is an issue 
if the electrical connection is made of conductive textile). 

The solution to these three challenges has been found and a 
patent filed. A first demonstrator is shown in Figure 1 (right). It 
comprises a vest (with central zipper for easy donning and 
doffing) in which are clipped 25 sensors injecting a current 
and 25 sensors measuring the skin potential (with respect to 
the vest electrical connection). The principle of the MONIMIP 
approach is shown in Figure 2. The two sensors in the middle 
represent two of the 25 sensors injecting a current. They 
basically consist of a current source injecting a current j2 in 
one sensor which is counterbalanced by the current source 
j1 = −j2 of another sensor. Any mismatch between the two 
sources would result in a leakage current j0 that is measured 
in the leftmost sensor so that one of the two sources can be 
automatically adjusted. Each current source can be 
programmed to inject a current resulting from a linear 
combination of 25 sine and cosine carriers at 50'000±k∙80 Hz 
with k ≤ 12.The skin potentials are measured with respect to 

the electrical connection by the rightmost sensor—which is 
one among 25 sensors dedicated to this function. The 
potential of the electrical connection is controlled to equal the 
average of all measured potentials by the controller G. 
Therefore, the voltage between the electrical connection and 
the body is of the order of fractions of millivolts (instead of 
several volts in classical cables). Hence, the skin impedance 
itself suffices to ensure the insulation between the vest and 
the body core (no shield needed). The measured voltage 
u3, … is a) the ECG for the low frequency band and b) the 
impedance when demodulated at the carrier frequencies. 

 
Figure 2: Principle of the MONIMIP approach (patent pending). 

Of course, this can work only if all sensors work in concert, i.e., 
share the same time base and exchange information. This is 
achieved thanks to the voltage source u0 in the leftmost 
sensor that sends synchronization and other information to the 
other sensors at high frequency (2 MHz)—so not to interfere 
with ECG and impedance measurements. The other sensors i 
received this information by the voltages ui. The 
communication in the other direction is achieved thanks to the 
current sources ji that inject a current, also at high frequency, 
which is picked up by the leftmost sensor. This mechanism 
solves the first of the aforementioned challenges. 

The goal of further miniaturizing the sensors is achieved by 
endowing each sensor with only one contact with the skin. 
The previous technology required two contacts and a 
minimum distance between them limiting the size reduction. 
With the newly developed technology, the size of the sensor 
mostly depends on the degree of integration and therefore can 
be substantially reduced. 

The last challenge is mastered thanks to a subtle arrangement 
of the electrical connection (see Figure 2) resulting from the 
following method: considering the frequency band about 
50 kHz, 1) connect together the sensors crossed by a current; 
2) connect together the other sensors; and 3) connect the two 
groups at a single point (see Figure 2).   

We expect the cooperative-sensor technology to be a major 
future breakthrough in the domain of ergonomic complex 
humvan vital sign monitoring systems and we would like to 
thank the Swiss Confederation for their financial support. 
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nanoPV – Flexible PV for Low-illumination Applications 
D. Dominé, J. Bailat, L. Löfgren, P. Kohler, R. Pugin, E. Scolan, N. Blondiaux, A. Bionaz, R. Ferrini, F. Zanella, A. Luu-Dinh,  
C. Schneider, S. Nicolay, L. Sansonnens, M. Benkahira, M. Dadras, M. Leboeuf, S. Biselli, C. Ballif 
In the MIP nanoPV, CSEM is developing a new architecture of flexible thin-film silicon solar cells. The goal is to develop flexible solar cells 
dedicated to indoor and low-illumination applications such as wearable devices, wireless sensors etc. This cross-program project taps into CSEM 
know-how in nano-surface engineering, thin-film optics and thin-film deposition. 

Wearable devices, wireless sensors and other electronic tags 
become more and more present in daily life. Energy 
harvesting solutions to improve the autonomy of these devices 
– and to ultimately make them fully independent – are being 
developed by many research groups. At CSEM, one of the 
different ways being explored consists of photovoltaic devices 
based on amorphous silicon. With its strong absorption of 
visible light, it is a well suited active material to harvest energy 
from modern lighting sources with efficiencies, reaching 
conversion efficiencies up to 20% under artificial light. 

Usually, flexible amorphous silicon solar cells have been 
produced on opaque substrates and are deposited in the n-i-p 
configuration. Empirically, however, world record efficiencies 
on glass plates have been achieved using the p-i-n deposition 
sequence (10.1% efficiency after 1000 hours under 1 sun). In 
this project our strategy is to match the performance of the 
best cells on glass on transparent flexible polymer sheets. 
CSEM's state-of-the-art p-i-n deposition technology developed 
in 2013 reaches a stabilized efficiency of 9% after 1000 hours 
under 1 sun. The prototype designed in this project is shown 
in the pictures of Figure 1.  

Three challenges have been addressed:  

• Identification of commercially available transparent 
polymer sheets compatible with chemical vapor deposition 
and plasma processing around 200°C ; 

• Selection of a conductive, nano-textured and transparent 
front electrode for light trapping in thin amorphous silicon 
absorbers suitable for flexible applications ; 

• Development of a metallic back contact and reflector with 
low parasitical absorption. 

Thin (less than 50 microns) polymer sheets have been tested. 
The atomic force microscopy picture in Figure 2 shows the 
morphology of the textured surface, with tetrahedral features 
produced over the entire 80x80 cm2 area. As depicted in the 
right panel of Figure 2, PV cells deposited on this flexible 
substrate show conversion efficiencies close to 7% near 
0.1 sun illumination.  

 
Figure 1: Single 12 cm2 solar cell made of thin-film amorphous silicon 
deposited on a flexible polymer substarte, before (left) and after (right) 
lamination. 

 
Figure 2: AFM picture of the textured surface of the substrate (left); 
Conversion efficiency and working point voltage (Vmpp) under 
various irradiance levels of a test cell deposited on this flexible 
substrate (right). 

 
Figure 3: Calculated and experimental zero order reflectance of a 
zero order dielectric mirror made of ZnS. 

Advanced concepts of back reflector have also been studied 
with the aim to reduce plasmonic absorption inherent to rough 
metallic layers. Such a concept promotes reflectance in the 
spectral band pertinent to amorphous silicon with a zero order 
dielectric mirror made of a high refractive index material (zinc 
sulfide), which is topped with a flattened metallic back reflector. 
In Figure 3, the simulated reflectance of this structure is 
compared to experimental data. 

These flexible PV solar cells will be integrated in wearable 
devices and further tested in real life conditions to estimate 
the amount of energy harvested. 
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RomaSOL II – Roll-to-roll Organic Photovoltaics for Mobile Application 
T. Offermans, M. Chrapa, J. Schleuniger, B. Satilmis, N. Glaser, L. Mühlebach, G. Nisato, R. Ferrini, L. Sansonnens, S.-J. Moon, 
S. Nicolay, C. Ballif, E. Scolan, R. Pugin, J. Goldowsky, J. Auerswald, P. Dallemagne, V. Zanchin ●, G. Pocznoczy ●, D. James ●,  
T. Augusto ●, D. Bagnis ●, J. Mwaura ●, D. Wolin ●, T. Alves ●, E. Györvary 
The aim of the RomaSOL II project is to strengthen the technology portfolio of CSEM in the photovoltaic domain with innovative organic 
photovoltaic (OPV) devices, processes (solution processed and printable OPVs) and materials (transparent conductive oxides and J-aggregate 
based compounds). One specific focus of the project is to demonstrate the feasibility of working prototypes OPV modules fabricated with industrially 
up-scalable techniques (from sheet-to-sheet (S2S) to roll-to-roll (R2R) printing). These latter prototypes initially target low-power portable and 
mobile applications, where power conversion efficiency (PCE) of 3% is sufficient to access the off-grid market, one of the biggest opportunities in 
new, fast developing and high-potential markets like Brazil.  

Three demonstrators of technology integration:  

The MIP aims to integrate the various technologies developed 
at CSEM and CSEM Brasil into OPV modules. To this end 
three demonstrators were defined: 

• An OPV module in the shape of water-lily, illustrating the 
flexibility and customizability of printed PV, powering 
CSEM's wire-less sensors in an off-grid application; 

• A highly efficient module combining state-of-the art 
materials with CSEM's printed electronics capabilities and 
laser scribing; 

• A final demonstrator based on R2R-printed large area 
OPV modules with robust decorative logos integrated 
within the flexible encapsulation. 

Roll-to-Roll fabrication of OPV modules 

At the time of writing, CSEM Brasil can R2R-print 10x40 cm2 
organic photovoltaic (OPV) modules. Using standard 
photoactive material (P3HT / PCBM), the maximum possible 
power conversion efficiency (PCE) of 2.3% for 10x10 cm2 
R2R printed modules has been achieved. In order to boost the 
performance to higher efficiency, novel photoactive material 
has been evaluated.  

On a S2S level, using green non-chlorinated solvents, 1 cm2 
devices with PCE=4.9% have been realized on flexible 
substrates with this new material. The high efficiency 
photoactive material will be introduced to the R2R process 
and >3% modules are expected by the end of 2014. 

 
Figure 1: Module test layout for laser scribing. Cell area (with dead 
area = L*W = 2.1 cm2). Active area=L*(W-Wdead). 

Fabrication of efficient modules by laser scribing 

In order to improve the module efficiency further, CSEM has 
been developing successfully a process for patterning OPV 
cells using laser scribing. Analogous to the production of 
inorganic solar panels, P1, P2, P3 laser scribes are applied to 

the transparent front electrode, photoactive layers, and metal 
back electrode, respectively (see Figure 1). By reducing the 
distance between the P1, P2 and P3 scribe lines, the dead 
area could be decreased to less than 500 microns, and the 
geometrical fill factor could be significantly improved. The 
modules, prepared with the abovementioned high efficiency 
organic material, thus patterned on a glass substrate, were 
characterized with a calibrated solar simulator: Module PCE's 
up to 4.2% were measured corresponding to an active area 
PCE of 4.6%, which are very close to the 4.7% PCE obtained 
for single 1 cm2 reference cells made with the same material. 

Light management 

Aiming to improve the efficiency further, CSEM is developing 
processes to integrate sub-wavelength diffractive light 
management structures into the flexible OPV module. Such 
light management structures can be designed to increase the 
optical path length in photoactive layer, thereby increasing the 
absorption and thus the photocurrent.  

As a first example of processes development we realized 
decorative light management structure was integrated in one 
half of a S2S printed module, the other half being used as 
reference (see Figure 2). This particular structure used was 
designed to reflect colors at a shallow angle, while limiting 
current output losses to less than 10%.  

Such eye-catching decorative structure could be used for 
advertisement, branding or anti-counterfeiting. Is this case a 
logo to highlight the 30 years of CSEM's existence was 
chosen. 

 
Figure 2: Flexible OPV module with decorative logo. 

● CSEM Brasil 
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microSALIVAsense – an Oral Sensor System for In-mouth Monitoring 
S. Generelli, S. Paoletti, D. Migliorelli, N. Glaser, T. Volden, N. Schmid, C. Hennemann 
A platform combing different point-of-care technologies for salivary diagnostics has been developed. Within the past 10 years, the use of saliva as a 
diagnostic tool has gained considerable attention and become a well-accepted method. As a diagnostic fluid, saliva offers superiority over serum 
due to both a noninvasive collection method and a cost-effective approach for screening of large populations. 

Saliva is a clinically informative biological fluid that has been 
shown to have a big potential for novel approaches to 
diagnostics and monitoring of patients with both oral and 
systemic diseases. For example, the "Oraquick" at-home 
saliva-based diagnosis system for HIV was approved by FDA 
ten years ago. Whole saliva can be collected non-invasively 
with little training, and may thus provide a cost-effective 
approach for the screening of large populations. Most of the 
biomarkers present in blood and urine can also be detected in 
a sample of saliva. 

 
Figure 1: Remote monitoring of patients from home is part of the 
vision of the electronic patient record concept (eHealth) being 
implemented in Switzerland [1], as well as in the rest of Europe. 

In this work, the use of disposable screen-printed electrodes 
(SPEs) for rapid, robust, and cost-effective detection of 
salivary markers is investigated. Thick film electrode printing 
and hot embossing, both high throughput techniques, are 
combined on the same substrate to realize a functional fluidic 
foil (Figure 2).   

   
Figure 2: Screen printed sensors are printed into a 200 micron deep 
channel. The micro-channel is then closed by lamination. 

The disposable-sensor based detection unit is completed with 
a sample collection and preparation unit, as well as a wireless 
data transfer unit.  

A sample injection concept has been designed to obtain a 
defined sample flow through the sensor without additional 
pumping and metering components (Figure 3). A modified, 
range-limited syringe and a flow restriction allows the operator 
to generate a pumping pressure and resulting flow with less 
dependence on the applied handling force and speed. For 
sample pretreatment a glass fiber filter membrane removes 
larger particulates, as well as foam, from the saliva sample. 

 
Figure 3: Modified syringe sample injection prototype connected to 
the fluidic board. 

The biologic markers relevant for diagnostic purposes are 
often protein metabolites. Thus, for a first proof of concept, a 
sensor has been developed for the detection of the enzyme 
alpha-amylase in saliva. Due to the abundance of α -amylase 
in saliva (in average 2.6 mg/ml), this marker has been chosen 
as the positive control for future tests. α-amylase detection is 
performed by a sandwich immunoassay-HRP system, 
immobilized on the surface of magnetic beads. The successful 
formation of the sandwich is detected by chronoamperometry, 
giving a response curve with a limit of detection of 3 μg/ml, 
and a maximum sensitivity at 80 μg/ml (Figure 4). 

 
Figure 4: Calibration curves of α -amylase in buffer solutions. 

Further salivary markers identified as potentially interesting for 
this project are pH and microorganisms, both related to the 
dental care diagnostic, and uric acid for at-home monitoring of 
the efficacy of the dialysis in patients suffering from renal 
failure.  

 
Figure 5: Modular cartridge concept. 

For the detection of microoganisms an approach based on 
magnetoelastic sensors has been investigated [ 2 ]. 
Characteristic resonant frequency shifts depending on the 
bacteria concentration are recorded. These sensors are 
wireless interrogated providing a convenient remote detection. 
Such magnetoelastic sensor and associated reader were 
prototyped. 

[1]  www.ehealth.admin.ch 
[2]  R. Guntupalli, et al., Biosens. Bioel. 22 (2007) 1474–1479 
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MICROSYSTEMS 
Michel Despont 

Today, MEMS technology is used almost everywhere in 
devices that sense and monitor parameters and control 
actions of importance and interest in our daily lives. It plays an 
essential role as interface with the user or the environment. 
This technology is used to fabricate a large variety of devices 
and represents a market size approaching USD 10 billion. As 
an example of MEMS technology that has penetrated our daily 
lives, today’s cars can easily make use of more than 30 
different devices based on MEMS-related technology for 
monitoring and controlling engine functions as well as for 
safety, navigation, and passenger comfort. 

As MEMS processes are often derived from those used in the 
fabrication of microelectronic circuits, one could imagine that 
similar low-cost, high-volume manufacturing could be 
achieved for MEMS-based devices through process 
standardization as is the case in CMOS technology. In reality, 
however, MEMS require many different processes and custom 
packaging solutions making it difficult to have a common 
technology platform. On the one hand, the extreme variety of 
physical effects used in MEMS devices necessitates a unique 
set of processes and materials and, on the other hand, there 
is extreme fragmentation of the market with large differences 
in requirements regarding cost, time to market, form factor, 
operating environment, and performance.  

Hence, a customized MEMS technology scheme is often 
developed for each specific application. Moreover, as MEMS 
devices have mechanically functional structures and are 
exposed to the environment, reliability and lifetime need much 
more attention than in purely CMOS-based devices. Therefore, 
the industrialization of such devices is extremely critical and 
necessitates significant know-how in MEMS technology, 
packaging, material science, and reliability. With such know-
how, acquired over decades, and a track record in bringing 
MEMS technology to the market, CSEM is uniquely positioned 
to be an essential partner in moving ideas to market for many 
Swiss, high-tech SMEs active in MEMS. 

Unlike in academia, cross-disciplinary work between 
microelectronics and system integration as well as reliability 
and quality control are key components of CSEM’s MEMS 
concept and a differentiator of the center's R&D offering to 
industry. Partnerships are also a key CSEM strategy for 
speeding up developments and providing access to critical 
skills to best serve our customers. Hence, CSEM is increasing 
collaboration with EPFL’s CMI and members of the HTA 
(CEA-LETI, Fraunhofer Microelectronics Alliance, and VTT). 
Likewise, regarding reliability and quality control, CSEM 
enjoys a strong and strategic collaboration with EPFL, EMPA, 
and PSI as microsystems applications create a strong 
demand for quality control and failure analysis. Last but not 
least, the presence of Microcity on the CSEM–EPFL campus 
is creating a technology pole of great importance. This is a 
unique opportunity for CSEM to leverage research in the 
MEMS field pursued at EPFL.  

Long-term objectives 
The global objective of the MEMS program is to establish a 
micro-fabrication and packaging technology for MEMS 
devices for CSEM's partners and to offer to Swiss and 
international industries a full product-development platform 
from feasibility demonstration of new device ideas to 
industrialized, qualified fabrication processes including the 
production of mature devices in small volumes. Therefore, the 
activities of this program are aimed at continuing to excel and 
to build up new competences in MEMS technology, in 
particular for application fields such as watch technologies, 
scientific instrumentation and lab automation, optoelectronics, 
and medical device technology, with a strong focus on 
packaging, reliability, and cost reduction for demanding 
applications. 

 
To address the demand for MEMS technology, the program is 
composed of two main activities: (i) Design & Process and 
(ii) Integration & Packaging. 

The Design & Process activity deals with the development 
and industrialization of specific MEMS in a wide spectrum of 
applications. The global objective of this activity is to maintain 
a state-of-the-art platform capable of developing and 
fabricating reliable MEMS products, from prototypes to small 
volume production or technology transfer. This platform, at the 
service of Swiss SMEs and industry, consists of a fully 
equipped MEMS fabrication clean room, a reliability laboratory, 
and an R&D infrastructure focusing on the investigation of 

   

  
A selection of developments pursued at CSEM in the Design & 
Process activity. From above left to bottom right: hybrid (Si-Au) 
hairspring; section of a micro-mirror array; MEMS gas cell for atomic 
clock; large (10x10 cm2), deep (100 µm) X-ray grating; metallic glass 
microstructure; finite-element simulation of a micro-mirror. 
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advanced and novel MEMS-based devices. Today, 
developments are being pursued in the fields of watches & 
timekeeping, instrumentation & aerospace, and health, 
biotech & lifestyle — the domains in which Swiss industry is 
highly successful on a global scale and which have a 
significant impact on the Swiss economy.  

For industrial applications reliability is of the utmost 
importance and CSEM's reliability and microstructure 
characterization capabilities are a powerful tool for supporting 
process development in order to eliminate defect- and stress-
generated failure modes and performance limitations. The 
continuous improvement and systematic documentation of 
development and production process flows within ISO 9001 
ensure the successful exploitation of the developed 
technology platforms. This enables a systematic approach to 
MEMS development from feasibility demonstration, via 
prototyping, to industrialization.  

 
The Integration & Packaging activity focuses on the 
development of new integration platforms for CSEM’s 
customers, enabling new products. The chosen approach 
allows CSEM to serve a large number of customers in 
different application fields and markets. Its primary objectives 
are the integration of active MEMS dies, sensors, and 
actuators into prototype systems and products. The activity 
addresses today’s global packaging challenges in sensor 
platforms for medical and environment monitoring, integration 
of measurement solutions for harsh environments, and 
optoelectronics. The integration of microsystems continues to 
be a key element of many future high technology application 
areas. Hybrid integration technologies — from silicon 
embedded in polymer to M(O)EMS — find broad uses in 
markets such as healthcare and energy. Combined with 
hermetic sealing and embedded self-testing, this opens up 
additional applications in sensors for harsh environments, in 

particular for the medical field. In addition, miniaturization in 
optoelectronics continues to be a main innovation driver from 
devices to architecture.  

The promotion and exploitation of the MEMS program is 
leveraged through CSEM's multidisciplinary capabilities and 
system approach and is naturally strongly linked to the 
research programs Systems (novel, mechanical watch 
mechanisms; precision mechanics; miniature atomic clocks), 
Ultra-Low-Power Integrated Systems (ASICs), and Surface 
Engineering (chemical- and biosensors). This adds unique 
value as all aspects of a system can be included early in the 
development. 

Highlights  
CSEM has reached a milestone in its development of extreme 
high brightness laser modules by reaching an optical power 
output exceeding 160 W. Based on groups of spatially 
multiplexed, high power, multimode diode lasers, highly 
efficient wavelength multiplexing at very narrow line spacing 
has been demonstrated. Hence a spectral width of less than 
250 pm in two spectral peaks each, separated by only 1.5 nm 
with a high side mode suppression ratio of 40 dB has been 
achieved. A typical application of such high power diode laser 
modules is for material processing. This development has 
been pursued within a CTI project with II-VI Laser Enterprise 
GmbH. 

With the trend for the miniaturization of microelectronic 
devices, it has become common to fabricate chips with 
<1 mm2 dimensions. Accordingly, the size of the dicing street 
has become an important loss of wafer area in device 
manufacturing. Stealth laser is a solution to reduce the dicing 
street width. However, an understanding of defects induced by 
this process is crucial to really taking advantage of this 
technology. Within a CTI project with EM Microelectronic-
Marin SA, CSEM conducted high resolution X-ray diffraction 
(HRXRD) analysis combined with mechanical testing to 
analyze defects and residual strain induced by the cutting 
process and optimize the capabilities of laser dicing for die 
separation. This has led to the possibility of reducing the size 
of the dicing street by a factor of four, down to 10 µm. 

For more than a decade, CSEM has invested in the 
micromachining of micro-mechanical structures, in particular 
to meet the increasing demands of watchmakers for ever-
more-complex parts. Recently, CSEM demonstrated the 
fabrication of the whole chain of components of a watch 
escapement (hairspring, plate, balance, escapement wheel, 
and pallet) using wafer-level hybridization technology. This 
method allows the production of 2.5-D, high-aspect-ratio 
microstructures made out of silicon and metal in order to 
combine the best of silicon with its outstanding mechanical 
properties with metal structures necessary to, for example, 
deliver inertial functionality or a mechanical interface for 
reliable assembly with axes. Thanks to wafer-level bonding 
technology, a metal–silicon structure alignment accuracy of 
around 5 μm is achieved. Moreover, we have extended the 
hybridization technology to up to five levels of structures 
bonded together to form sophisticated components. 

 

 

 
A selection of developments pursued at CSEM in the Integration & 
Packaging activity. From above left to bottom right: high stroke 
PDMS-based pneumatic actuator, high-power laser module, 100 µm 
AuSn ring for hermetic sealing, RF-ID antenna package, AuSn 
bonding, solder reflow for package sealing. 
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Infra-red Filters for Thermal Photovoltaic Applications 
L. A. Dunbar, M. Balimann, B. Timotejevic, R. P. Stanley 
Ultra-thin metal membranes made by a photolithographic batch process are used as bandpass filters at infra-red wavelengths. Their high reflectivity 
at long wavelengths allows energy recycling for thermal photovoltaic applications. Applications in hyperspectral imaging and sensing are also 
envisaged.  

Thermal photovoltaics is a technique that converts heat to 
electricity by using the light created by a hot object and 
focusing it on a photovoltaic cell. Micro-combustion based 
thermal photovoltaic systems could offer a higher storage 
capacity than conventional chargeable batteries. Therefore 
they would be ideally suited as power supplies for mobile 
communication devices. However the commercialization of 
thermal photovoltaic systems is hindered by low efficiencies 
and high costs. 

One way to increase thermal photovoltaics' efficiencies is to 
use an infra-red filter to recycle the radiation that cannot be 
converted by the photocell. 

 
Figure 1: Schematic of a thermal photovoltaic set-up using a metal 
filter to recycle the light. 

A schematic of a typical thermal photovoltaic setup is shown 
in Figure 1. Here a flame heats a selective emitter, whose light 
is converted into electricity by a photocell. Ytterbium oxide 
emitter is often used as it has an emission peak at around 
1.0 μm, which is at an energy slightly above the silicon 
bandgap. The conversion efficiency of the ytterbium emitter at 
1735K and emitting at 0.98 μm and 1.49 μm is 34%. The 
integrated power of the convolution spectrum of the integrated 
power of the ytterbium oxide spectrum is calculated to be 
79% [1].  

The efficiency of this system can be further improved by 
placing a filter between the emitter and detector. The main 
requirement of such a filter is that it should have a high 
transmission band overlapping with the external quantum 
efficiency of the solar cell and the emission spectrum of 
ytterbium whilst being highly reflecting for all other 
wavelengths. The reflected light heats the emitter and this 
energy is then recycled back into the system to be 
subsequently converted into electricity. 

At CSEM metal membranes were designed and manufactured, 
that use plasmonic effects to work as high reflecting filters at 
infrared wavelengths. These filters have advantages over 
conventional dielectric filters, in that they have higher 
reflectivities at the non-transmitted wavelengths, they are less 
angular dependent and they are much more resistant to heat.  

The membranes are made in a standard batch 
photolithographic process. Thin (500 nm) silicon nitride 
membranes patterned with holes of 2 μm diameter in a square 
array, with a period of 4.3 μm were made at CSEM. These 

membranes were then sputtered with 50 nm of gold on both 
sides. A scanning electron microscope image of a typical 
membrane is shown in Figure 2a. To optically characterize the 
membranes a Fourier transform infra-red spectrometer was 
used. The transmissions of the membrane with unpolarized 
light at different angles are shown in Figure 2b. 

 
Figure 2: a) Scanning electron microscope image of membrane; 
b) Transmission measurements through the membrane at different 
angles. 

Figure 2b shows that more than 90% of the light is transmitted 
at normal incidence. Moreover the position of the peak does 
not vary substantially up to 10°. This angular dependence 
may be sufficient to give high overall efficiency depending on 
the geometry of the TPV unit. Most importantly high 
reflectivities are obtained at longer wavelengths were their 
energy can be recycled. 

The membranes tested here were designed as band pass 
filters around 4 μm. Currently Talbot lithography [ 2 ] is being 
used to fabricate membranes for shorter wavelengths, which 
have a period of approximately 1 μm. These membranes will 
then be tested in a thermal photovoltaic setup using an 
ytterbium doped emitter and a CSEM photovoltaic cell. 

Further applications for these infra-red filters are seen for the 
hyperspectral imaging and molecular fingerprint sensing 
applications. 

[1] B. Bitnar, W. Durisch, J.-C Mayor, H. Sigg, H. R. Tschudi, 
"Characterization of rare earth selective emitters for thermo 
photovoltaic applications", Solar Energy Materials & Solar Cell, 
73:221-224, 2002 & B. Bitnar, W. Durisch and R. Holzner, 
Thermophotovolatics on the move to applications, Applied 
Energy, 104:430+438, February 2013 

[2] L. A. Dunbar, D. Nguyen, B. Timotijevic, U. Vogler, S. Veseli, 
G. Bergonzi, S. Angeloni, A. Bramati, R. Voelkel, R. P. Stanley, 
"Talbot lithography as an alternative for contact lithography for 
submicron features", Proc. SPIE 8974, Advanced Fabrication 
Technologies for Micro/Nano Optics and Photonics VII, 89740F, 
March 2014 

25 

                                                                 



 

Micro-patterned Silicon Substrates and 3D Heteroepitaxy for X-ray Detectors 
P. Niedermann, M. Despont, P.-A. Clerc, P.-F. Rüedi, T. Kreiliger ●, F. Isa ●, H. von Känel ●, G. Isella ●●, L. Miglio * 
The goal of the Novipix project is to provide the scientific basis for a novel X-ray detector, relying on direct integration of a thick Ge absorption layer 
on the backside of a CMOS readout device. The direct integration is made possible by a novel growth mode resulting in dense arrays of perfect, 
space filling Ge crystals while avoiding wafer bending and cracking. 

Dislocation-free epitaxial growth of Ge on Si is ordinarily 
limited in thickness due to very high stresses caused by the 
lattice mismatch of 4.2% and the thermal expansion 
coefficients which differ by ~123% for these materials. This 
problem can be overcome by using a novel technique known 
as 3D heteroepitaxy. Densely packed but separate, pillar-
shaped perfect crystals are grown epitaxially on patterned 
silicon pillar arrays [1,2,3]. 

Defect free Ge on Si will enable the development of novel, 
energy discriminating, high spatial resolution, integrated X-ray 
detectors. 

The Ge pillars are grown on patterned Si substrates by low-
energy plasma-enhanced chemical vapor deposition 
(LEPECVD) at a rate of ~4 nm/s at relatively low substrate 
temperatures ranging from 400°C to 700°C. By suitable 
tuning of growth parameters, the crystals can be be made 
dislocation-free from a few μm above the Si-Ge interface, 
becoming space-filling thanks to self-limiting lateral growth, 
remaining separated by sub-100 nm gaps. The dislocation 
free growth continues over a virtually unlimited by crystal 
height. 3D heteroepitaxy on silicon pillars was also 
demonstrated for GaAs, showing strain relaxation with 
increased aspect ratio [1]. 

Typical substrates for the pillar growth consist of dense arrays 
of silicon micropillars fabricated by DRIE etching, 8 μm high, 
2 μm diameter and with a periodicity of 4 μm or higher 
(Figure 1). In order to avoid surface leakage currents, the 
sidewalls of the pillars have to be passivated, which is 
achieved by coating the surfaces with ~100 nm PECVD SiO2 
that is anisotropically removed again from the top of the pillars 
by RIE or ICP plasma etching. 50 μm high Ge 3D 
heteroepitaxial layers have been demonstrated (Figure 1). 

 
Figure 1: Patterned Si substrates. Inset: 50 μm high space-filling Ge 
pillar array. 

 
Figure 2: Silver coating of Ge pillars by 3D aerosol jet printing. Inset: 
concept of direct integration of Ge absorber layer on backside of 
CSEM readout device. 

A key challenge is to avoid excessive dark current for the very 
high ratio of lateral surfaces to volume in this system. Until 
now, a relatively low leakage current of 0.1 mA/cm2 has been 
demonstrated on individual pillars, and work is under way to 
achieve reproducibly low dark current on large areas. 

The aim of the project is the fabrication of a demonstrator with 
a thick Ge layer integrated on the backside of a CMOS 
readout chip capable of energy-discriminating X-ray photon 
detection (Figure 2). 

Financial support SNSF Sinergia through the Novipix project 
is gratefully acknowledged. 
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MEMS Reliability Approach at CSEM 
O. Sereda, M. Despont, P. Albert, A. T. Pereira ●, R. Fettig ●, F. Souchon ●●, D. Vogel *, M. Lahti ** 
Two HTA [1] reliability platform projects are currently running at CSEM, which are focused on MEMS evaluation and its qualification for space 
application. The scope of those projects is to provide a Technical Memorandum for ESA based on the obtained results.  

With dramatically lower mass, lower power consumption, 
smaller volume, and the possibility of tight integration with 
electronics, the field of MEMS offers new functionality and 
performance advantages, but also brings new challenges, 
particularly in the fields of testing and qualification.  

In spite of the tremendous interest for MEMS technology, until 
now just a few MEMS components have been or are planned 
to be used in space applications. This can be explained by 
rather low technology readyness levels (TRL) of the existing 
specific MEMS used for space. The key reason for this low 
TRL is the lack of appropriate standards for qualification of 
MEMS components. Therefore, MEMS reliability is a key topic 
for integration of MEMS into space applications.  

For this reason, the aim of two currently running projects is to 
present a qualification strategy for MEMS in space 
applications that is being developed with the support of ESA 
by a consortium of Lusospace and HTA member institutions 
including CSEM. The objective is to present to the MEMS 
community a route for standardization of the MEMS devices’ 
qualification process. The strategy for establishing a 
qualification methodology is based on the definition of the 
device’s specific criteria. The intention is to have universal 
criteria applicable to all existing and future MEMS devices. 
The proposed qualification process contains a general test 
flow that is complemented with additional tests that are 
applicable depending on three different criteria: presence of 
hermetic package, presence of moving structure and the 
principle of electrical actuation/detection. Three levels of 
analysis are defined: system level, MEMS specific level and 
functional level. MEMS failure types can be divided between 
MEMS structural failures and package & assembly related 
failures.  

The test plan will be divided between a generic part and 
additional tests procedures. The MEMS classification is 
related to the failure modes. Each MEMS device shall be 
verified to identify its characteristics and then the additional 
tests will be defined according to the three criteria defined 
above. Besides these, also functional characteristics of the 
MEMS device will be used to define additional test procedures. 
The system level, MEMS specific level and functional level are 
schematically represented in Figure 1. The acceleration loads 
to be applied during the test plan are specifically defined for 
each mission. 

The procedures that are included in the final inspection phase 
are presented in Figure 2. The first step is to verify the status 
of the samples. This information may be provided by the 
results of the test performed during the qualification phase 
and should indicate if the samples are still functional or not. 

External visual inspection and electrical parameters check  
 

 
Figure 1: Hierarchical representation of the different levels of failure 
analysis. 

should be applied. After this the sample device should go 
through functional measurements. 

 
Figure 2: Final inspection and failure analysis. 

In conclusion, the defined classification criteria will allow us to 
draw a qualification procedure for MEMS. We believe that the 
defined qualification procedure can be easily adapted for each 
MEMS device by analyzing its characteristics and which of the 
test procedures shall be applied. 

                                                                 
● Lusospace, Portugal 
●● CEA, LETI, MINATEC Campus, France 
* Fraunhofer-ENAS, Germany 
** VTT, Finland 
[1] Heterogeneous Technology Alliance, www.hta-online.eu  
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Characterization of Thin Films by X-ray Reflectometry 
J. Tillier, O. Sereda 
The continuous miniaturization of microelectronic devices and integrated microsystems has been pursued not only by shrinking the structure size 
but also by downscaling of the thin film thicknesses used in such elements to well below the 10 nm range. At such thicknesses, deep understanding 
of the morphology of the ultra-thin films and their interfaces down to the atomic level is a crucial matter. X-ray reflectometry (XRR) is able to offer 
quantitative structural information on thin films and multilayers with a sub-nanometer resolution for the measurements of thicknesses, but also 
roughness of surfaces and interfaces. It is a key characterization technique to ensure the performance and reliability of today and future integrated 
devices. 

Performance improvements in microelectronic integrated 
circuits over the past few decades have, for the most part, 
been achieved by increasing transistor speed, reducing 
transistor size, and packing more transistors onto a single chip. 
Smaller transistors work faster, so integrated circuits have 
become faster and more complex. Today’s microelectronic 
devices rely on structure that needs to be controlled at the 
nanometer ranges. In particular thin films used in such device 
are approaching the 1 nm thickness.  

XRR is a technology that is able to offer quantitative structural 
information of thin films and multilayers. Its non-destructive 
feature makes it a very attractive technique. The XRR 
measurement technique is used to analyze X-ray reflection 
intensity curves from grazing incident X-ray beam to 
determine thin film parameters including thickness, density, 
and surface or interface roughness. The reflectivity profile 
shows oscillations caused by the interference which occurs 
between the X-ray reflected from the surface of the deposited 
film and the interface between the film and the substrate. The 
period of oscillations directly depends on the film thickness 
and decreases with increasing film thickness [1]. 

The amplitude of the oscillation and the critical angle for total 
reflection provide information on the density of films. The 
amplitude of the oscillations depends on the contrast between 
the densities of the film and its substrate and increases with 
greater density differences. The XRR technique also gives 
information on surface and interface roughness. The decay 
rate of X-ray reflectivity curves increases with higher surface 
roughness. On the other hand, the amplitude of the oscillation 
decreases with increasing interface roughness. 

 
Figure 1: Information which can be obtained from an X-ray reflectivity 
curve [Bruker AXS]. 

Figure 1 shows the summaries of the effect of film thickness, 
density, roughness of surface and interface on the X-ray 
reflectivity curve of a thin film deposited on a Si substrate.  

An XRR experimental measurement is compared to the 
theoretical curve calculated based on a layer structure model. 
The solution with optimal parameter values of thickness, 
density, and roughness of the interface(s) in the mono or 
multilayer film is obtained when the residual between the 
measured and calculated reflectivity data reaches a 
minimum [1]. 

An example of fit is given on the Figure 2 below, for an 
Al2O3(50 nm)/SiO2(1.4 nm)/Si layer stack. The model also 
includes densities and roughness for the simulated curve.  

 
 
Figure 2: Experimental (blue) and simulated (red) XRR curves for a 
50 nm thick Al2O3 layer deposited on a SiO2/Si substrate. 

XRR offers sub-nanometer resolution for the measurements of 
thickness, surface and interface roughness of thin films and 
multilayers. The high resolution and nondestructive features 
make it not only an important probe in exploring the structural 
nature of surface and interface, but also a promising tool in in-
situ monitoring of production processes of microelectronics 
devices. The XRR method should become a popular 
technique for materials characterization, like X-ray diffraction, 
but not limited to crystalline structures, since XRR works 
equally well for crystalline and amorphous thin films [2]. 

[1]  The Rigaku Journal 26 (2010) 1 
[2]  The Rigaku Journal 16 (1999) 3 
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Fabrication and X-ray Analysis of Microfluidic Devices with Integrated Heaters for High 
Pressure Particles Detector Cooling 
S. Mouaziz, J. Tillier, O. Sereda, T. Bandi, S. Lani, A. Guillet, P.-A. Clerc, M. Despont, A. Mapelli ● 
In the framework of the collaboration with CERN, CSEM has developed demonstrator devices [1] based on a thin silicon micro-channel for particle 
detector cooling. This second part of the project consists of producing the same microfluidic devices with integrated thermal sensors for 
temperature control. For the understanding of failure it is essential to obtain information about the stressed material on the atomic scale. 
Experimental measurements of local deformations and an analysis of defects have been obtained by high resolution X-ray diffraction methods 
(HRXRD). 

In previous work, CSEM has realized microfluidic devices 
based on silicon fusion bonding technology (SFBT) [ 1 ]. 
Different parameters of surface activation and annealing 
techniques have been tested in order to achieve strong micro-
channels able to withstand a pressure of 200 bars. CSEM has 
taken care of the silicon structuring, based on process flows 
previously agreed with CERN. The fabricated devices showed 
the ability to withstand a pressure up to 125 bars and proved 
hence the suitability of the SFBT to realize microfluidic 
devices for high pressure particles detector cooling.  

The developed technology has been used in this work with the 
novelty to add heaters on the microfluidic devices (see 
Figure 1 and 2). The starting step was a DRIE etching, 
performed on silicon wafers (380 μm thick) to define channels 
of 50 μm depth. Then silicon fusion bonding was carried out 
by activating surfaces to silicon wafers (380 μm) followed by a 
high temperature (1050°C) annealing. A thinning to 200 μm of 
the channels top cover wafer was done with the grinding 
process. Heater elements (Ti/Pt) were integrated on the top 
cover wafers with the standard lift-off process. A final etching 
was carried out to open inlets and outlets for the fluidic 
connections. 

 
Figure 1: Final device containing micro-channels realized with fusion 
bond process and heater elements integrated on the top cover wafer. 

 
Figure 2: Infrared image of the heater and the channel. 

The stress investigations in MEMS packaging in an early 
MEMS development stage reveal potential failure 

mechanisms, thus being indispensable in reliability issues. 
HRXRD is used to investigate the composition, strain, 
orientation and overall quality of thin films and bulk crystalline 
structures. A high resolution X-ray diffractometer allows 
measuring the strain of a crystal. This accurate, non-
destructive method can be applied in the field of MEMS to 
obtain quantified results on the crystalline disorder. HRXRD is 
therefore an optimal analysis tool for aging investigations on 
MEMS. 

 
Figure 3: a) graphical view of the investigated model system (top) 
and the rocking curve mapping of a single chip (down); b) view at the 
side (top) and stress profile (down). 

The X-ray rocking curve (RC) method allows measuring the 
strain of a crystal, curvature as well as the defect 
concentrations. The rocking curve map of a single chip has 
revealed differences in the peak shapes of the chip: the peaks 
are thinner and more intense close to the middle of the 
substrate whereas larger and less intense peaks are observed 
for the freestanding part of the chip (see Figure 3a). The 
profile of the induced stress in the device during the 
fabrication process is shown on Figure 3b.  

In conclusion, the technology developed in this project allows 
producing robust microfluidics with integrated thermal sensors 
for particles detector cooling. Further characterizations will be 
carried out to prove the reliability of the devices and their 
applications for detector cooling. 

● CERN, Physics Department 
[1] A. Pezous, S. Lani, R. Fournier, A. Mapelli, G. Romagnoli, 

P. Petagna, M.-A. Dubois, CSEM Scientific and Technical Report 
(2012), 29 
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A MEMS-based Gas Chromatograph 
A. Hoogerwerf 
CSEM is developing MEMS based gas chromatographs for use in portable mobile chemical analysis systems for wafer and food quality and 
detection of toxins or other dangerous substances. 

Gas chromatography (GC) has, since its development in the 
1950's, become a standard chemical analysis tool for any 
analytical laboratory. It uses a mixture of the gas to be 
analysed with a carrier gas (typically He) that is led through a 
long, narrow, tube (historically called the column). During its 
passage through the column the different gases to be 
analysed absorb and desorb into the coating of the column. 
The difference in absorption and desorption coefficients for 
the different gases results in different retention times in the 
columns making the gases elute from the columns at different 
times making them easily detectable. 

Today's GCs are typically benchtop instruments with columns 
optimized for the separation of different types of gases. They 
are typically used for off-line analysis due to their size and 
cost.  

If a GC could be miniaturized to the size of a hand-held 
instrument and if its cost would significantly come down, a 
large number of new application fields could be opened up. 
Such an instrument could be used for portable food and water 
quality analysis, but also for the detection of toxins and 
explosives in hazardous environments. 

The use of MEMS technology enables the fabrication of 
miniature GCs and the batch fabrication of MEMS devices 
presents the potential for low-cost, high-volume manufacturing. 
It is therefore no surprise that as early as 1979 [1] work has 
been done on MEMS-based GCs. The columns of these 
chromatographs were typically etched in silicon in a spiral-like 
shape in order to achieve a long column length on a small 
surface. The silicon wafer is then capped with a second silicon 
or glass wafer and a coating is applied to the interior of the 
column thus formed. 

Columns that are fabricated using MEMS techniques are 
today not commercially available. The reason is that these 
columns do not have a round cross-section making it 
exceedingly difficult to obtain a coating of the column interior 
with an uniformity that is comparable to that of classical tube 
columns. The only way that a uniform coating could be applied 
is when the coating is applied before the bonding of the cap to 
the silicon. However, in this case the high temperatures 
involved in the bonding severely limit the material choice for 
the coating layer. 

CSEM is leading an ESA project on the development of a 
combined gas chromatograph - mass spectrometer for future 
Mars missions. The GC part of this instrument will be fully 
MEMS-based, whereas the mass spectrometer will be 
fabricated using conventional machining technology. The 
MEMS GC development, carried out by CSEM three individual 
GCs, each consisting of a pre-concentrator, a column, and a 
thermal conductivity detector (TCD). The three GCs will have 
three different coatings in their columns, which should be 
capable of distinguishing different types of molecules. One 

column is designed to separate polar gases, a second non-
polar gases, and a third light volatile organics.  

The schematic technological cross-section that will be used 
for the fabrication of the MEMS GC is depicted in Figure 1. In 
this figure, the gas to be analyzed enters the system through a 
tube at the bottom left. The components of this gas are 
concentrated in the pre-concentrator at the top-left part of the 
design before entering the column depicted at the bottom. A 
TCD is placed in the column near the right end of the design. 
The TCD is electrically connected to a cover plate that also 
seals that part of the column, allowing the gas flow only 
through the TCD. The gas is pumped out through the tube at 
the right of the design. 

 
Figure 1: Schematic cross-section of the MEMS gas chromatograph 
under development at CSEM.  

The design of the process allows the different components of 
the GC to be fabricated on separated wafers, enabling the 
optimization of the fabrication technology for each component. 
Much attention has been given to the joining technologies 
between the components, since each joint should be leak tight. 
A bonding process using gold-gold thermo-compression 
bonding has been selected as the most promising approach. 
The bonding temperature for this process is in the 200-250°C 
range, which is compatible with almost all coating materials 
used in gas chromatography. 

The MEMS components need also to be connected to other 
components of the system through standard metal tubing that 
is compatible with gas chromatography applications. The 
connections between the silicon MEMS components and the 
tubes will be done using an approach similar to the hybrid 
metal-silicon technology developed at CSEM for the 
fabrication of hybrid watch parts.  

[1] S. C. Terry, J. H. Herman, J. B. Angell, "A gas chromatographic 
air analyzer fabricated on a silicon wafer", IEEE Trans. Electron. 
Dev, vol. ED-26, no. 12, December 1979  
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PVD Sputtering Technology of Complex Thin Films for MEMS 
Y. Pétremand, J. Baborowski, J. Tillier, J. Fonjallaz, S. Nicolay, O. Sereda, M.-A. Dubois, M. Despont 
CSEM's PVD sputtering tool provides deposition capabilities of high homogeneity and reproducibility for complex films and layer stacks. It allows 
CSEM to develop thin films with demanding properties for a variety of applications in MEMS and photovoltaics.  

PVD (physical vapor deposition) sputtering technology is a 
common thin film deposition technique used in many 
microtechnology applications such as microelectronics, MEMS, 
surface protection and functionalization, as well as 
photovoltaics. By the co-sputtering of different materials, by 
the reactive sputtering, and by the large latitude of material 
properties achievable by tuning the sputtering conditions, this 
technique allows one to deposit a wide class of films with 
unique specifications. Moreover the cluster sputtering system 
allows fabricating complex film stacks in a highly reproducible 
way.  

CSEM develops innovative thin film solutions, for MEMS and 
functional coating applications using its in-house Oerlikon 
Clusterline CLN200 II production tool (Figure 1). Its 
configuration consists of: 

• 1 transfer module 

• 1 alignment module 

• 2 load-locks 

• 1 soft etching module 

• 1 DC sputtering module 

• 1 RF sputtering module 

• 1 multisource sputtering module (DC & RF) 

The tool can be used for large scale processing of wafers up 
to 200 mm diameter or for glass plates with different 
dimensions with high throughput. The control of the deposition 
parameters allows a very good reproducibility from wafer to 
wafer and the 300 mm diameter targets of the RF and DC 
modules ensure an optimum uniformity of the deposited layer 
over the whole wafer. The DC module is dedicated to sputter 
coat metallic or conductive materials, such as Al, W. Reactive 
processes during deposition allow sputtering of metals with a 
controlled partial pressure of nitrogen or oxygen to produce, 
for example, AlN (CMOS compatible piezoelectric material) or 
ITO (indium tin oxide layer used as transparent conductive 
film). The RF module is dedicated to the deposition of non-
conductive materials and oxides like SiO2, IZO, WO and 
various ceramics.  

The cluster configuration allows not only producing high 
quality single layers but also multilayer stacks. The robotized 
transfer module can transfer the wafers from one chamber to 
the other as many times as required without breaking the 
vacuum. The control of the atmosphere through the whole 
process prevents the oxidation or contamination between the 
layers that can degrade the properties of the stack structure. 
Moreover, deposition of different alloys can also be performed 
by co-sputtering in the multisource sputtering module. The 
large panel of operation modes is ideal for testing new 
materials, in particular in the multisource module. 

 

 
Figure 1: Clusterline CLN200 II sputtering cluster tool installed at 
CSEM. 

The cluster tool has notably been used to fabricate high 
performance piezoelectric stacks for MEMS resonators 
(Figure 2) on 150 mm wafers. This development was made for 
the Wales-Plus ESA project. The stack consists of a W bottom 
electrode optimized for the growth of a highly orientated 1 μm-
thick AlN (002) layer which is subsequently capped with a 
SiO2 protective layer. Figure 3 is an example of an XRD 
measurement done on deposited piezoelectric stacks across 
one 150 mm wafer (Figure 3a) and on three consecutive 
wafers (Figure 3b). The narrow FWHMs demonstrate the 
quality and homogeneity of the deposited films as well as the 
stability of the process.  

 
Figure 2: Fabricated piezoelectric in-plane resonator before 
packaging (fres = 430 kHz). 

  
Figure 3: AlN (002) XRD rocking curves, a) of 3 points along the 
equator of one 150 mm wafer, b) of 3 consecutive wafers. All curves 
have FWHMs < 2.3°. 
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2D MEMS Large Micro-mirror Array for High Power Application 
S. Lani, D. Bayat, Y. Pétremand, P.-A. Clerc, S. Ischer, J.-D. Cretin, S. Pochon, M. Dadras, M. Leboeuf 
The present work aims at developing and fabricating a novel vertical integration process for the electrostatic actuation and the interconnections of a 
micro mirror array comprising 400 mirror elements. A tilt angle of +/- 4° was achieved with a voltage of 140V. A surface quality better than 1 nm rms 
roughness was obtained. For achieving high integration level, a microelectronic chip was successfully integrated to the MEMS device during the 
micro fabrication. 

Micro-mirror arrays (MMA) have continuously been a subject 
of interest to academic and industrial researchers for 
applications like optical cross-connects, adaptive optics and 
displays. A growing application area for this type of 
microsystems is laser beam and pulse shaping, which 
imposes tight thermal budget limits on the electromechanical 
design space. For certain applications, large arrays of mirrors 
are needed, requiring a modular assembly.  

A first development had been carried out previously [ 1 ], 
demonstrating the vertical electrostatic actuation concept 
consisting of 3 vertical electrodes (Figure 1). Only a fill factor 
of 12% was achieved when taking into account the packaging 
surface. 

 
Figure 1 Vertical electrostatic actuation. 

To fabricate extendable mirror surfaces, a higher fill factor is 
required. In this work, a fill factor of 80% has been achieved 
by vertically integrating not only the actuation but also all 
electrical connections using through silicon vias (TSV) as well 
as the driving electronics, allowing a modular assembly. To 
ensure interconnection with the external driving electronics, 
electrical contacts were made with Pogo pins (spring loaded 
pins) with the MEMS chip containing a ferromagnetic foil for 
mounting by permanent magnets. This packaging concept is 
depicted in Figure 2. 

 
Figure 2: Vertical integration concept. 

To fabricate the MMA, a total of 3 SOI wafers were required 
completed by 25 integrated electronics chips per array and a 
ferromagnetic foil. The different SOI wafers were used to 
obtain the wafers containing the mirrors (MW), the actuation 
(AW) and the electrical interconnections (IW). The assembly 
of the different parts was done at wafer level by a Au-Si 
eutectic bonding step and a Au-Au thermocompression 
bonding step. The assembly of the electronics chips was 
ensured by thermosonic bonding. An example of the obtained 
devices is depicted in Figure 3, with the MEMS chip clamped 
by magnetic force to magnets fixed on a 1 mm thick aluminum 
plate. 

 
Figure 3: Micro mirror array clamped on an aluminum plate. 

The performances of the interconnection concept were 
evaluated by measuring an electrical chain formed between 
the electronics, the wafer to wafer interconnections and the 
TSVs. Only the interconnections between the electronics and 
the MEMS chip have presented defects but only for 0.2% of 
the interconnections. 

Thermal behavior was evaluated by measuring the 
temperature at the mirror surface under vacuum for an optical 
load of 2 W. A temperature rise of about 100°C was 
measured with an IR camera at a pressure of 50 Pa. 

[1] C. Ataman, S. Lani, W. Noell, F. Jutzi, D. Bayat, N. de Rooij, 
“Fabrication and characterization of a 3D integrated 2 DOF 
micromirror arrays for excessive thermal loads”, Proc IEEE 
MEMS 2011, 684 
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Laser Scanner with Integrated Piezoresistive Strain Sensors  
S. Lani, D. Bayat, M. Despont 
A position feedback has been integrated in a 2D micro mirror device for high optical power applications. The developed solution consists of doped 
silicon piezoresistive sensors integrated directly on flexible parts of the membrane. 

Scanning and beam deflecting devices present a high interest 
for various applications like picoprojectors, LIDARs or 
scanners. For beam deflecting devices, the actuation is is 
general made with a DC analogue signal. The investigated 
basic device was previously described by Ataman, et al. [1] and 
consists of a mirror fixed on silicon springs where a 
permanent magnet is attached. The actuation is insured by 
two pairs of coils enabling a 2D analogue tilting capability 
(Figure 1). It presents a large tilt angle of +/- 10° and high 
resistance to optical power. To achieve a fine positioning of 
the mirror a sensor is needed which could, in general, be 
optical, capacitive, magnetic, thermal or piezoresistive. Optical 
detection would be the simplest way to measure the position 
but will be used in this work as reference only because it 
would be too expensive and space consuming to integrate. 
Capacitive detection commonly used in accelerometers are 
incompatible with the present geometry. Magnetic and thermal 
sensors could have been a solution but would have been 
difficult to implement. Piezoresistive sensors are commonly 
used in pressure sensors and were chosen as position 
sensors. The sensor consists of 4 silicon doped resistances 
arranged in a Wheatstone bridge to decrease the effect of 
resistance variation with temperature. One of the resistances 
is placed on a part of the device having a deformation 
proportional to the tilt angle, here on a flexible arm of the 
membrane (Figure 2). A total of 4 Wheatstone bridges are 
required to obtain the tilt angle and the tilt direction. 

 
Figure 1: 2D tilting electromagnetic deflecting mirror concept. 

 

 
Figure 2: Piezoresistive sensors located at the center of the 
membrane. 

A linear behavior of the sensor output was measured as a 
function of the tilt angle (Figure 3), with a sensitivity of 
0.6%/mrad. Drift with and without actuation, minimum tilt angle 
measurable, and sensitivity to temperature variation, external 
stress and light were also measured, with satisfactory results. 

 

 
Figure 3: Output signal of a Wheatstone bridge versus tilt angle. 

[1] C. Ataman, S. Lani, W. Noell, N. de Rooij, “A dual-axis pointing 
mirror with moving-magnet actuation", J. Micromech. Microeng. 
23 (2013) 025002 

Piezoresistor on 
flexible arm 
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Wafer Level Assembly Technology 
S. Lani, G. Bergonzi, T. Overstolz, S. Ischer, M. Amine, J.-D. Cretin, P.-A. Clerc, V. Ruhaut, A. Guillet, S. Mouaziz, F. Cardot 
A wide range of wafer level assembly techniques have been developed to fulfill the requirements of different components so their properties can be 
optimized for their application. Here we show different techniques for components made for accelerometers, atomic clocks, micro mirrors and watch 
parts.  

Novel micro structures and devices are increasing complex 
and as such they are limited in their development by 
conventional thin film or bulk material processing. This 
limitation is due to the fabrication technology based on 
photolithography and etching as they allow only stair shaped 
structures. Wafer level assembly can increase the level of 
complexity with each adjoining wafer; there is a doubling the 
complexity by the assembly of two wafers. 

CSEM has developed different technologies of wafer to wafer 
assembly which can be applied to a broad range of fabrication 
processes. Four well established techniques are: 

• Anodic bonding 

• Au-Si eutectic bonding 

• Au-Au thermocompression bonding 

• Fusion bonding 

Anodic bonding is most often used to assemble a transparent 
glass wafer with a silicon wafer without adding an interface 
layer. Anodic bonding is made by applying an electrical field 
whilst heating the wafers which allows a strong bond to be 
formed between the two wafers. An advantage is this 
technique is that the bond is strongly hermetic however it is 
highly sensitive to the surface quality (roughness, steps). It is 
used for fabricating an atomic clock cells (Figure 1) for which it 
is necessary to control the atmosphere inside the cell. 

  
Figure 1: (left) An atomic clock cell made by anodic bonding; (right) A 
micro mirror array made by 2 wafer level assembly steps [1]. 

Au-Si eutectic bonding consists of joining two substrates by 
the use of an eutectic alloy which becomes liquid at a 
temperature higher than 363°, but that once cooled to room 
temperature will form a permanent bond. The advantage of 
this technique is that it is less sensitive to the surface 
topography and can be used even when there is only a very 
small surface available for bonding, down to 8x6 μm. An 
example of a micro mirror array made using this process is 
shown in Figure 1. 

Au-Au thermocompression bonding consists of joining two 
substrates by applying a temperature below 300°C and a 
large force to join two gold surfaces. The main advantage with 
this technique is that it can be coupled with Au-Si eutectic 
bonding, due to the different bonding temperature needed, 
allowing 3 level wafer bonding. Moreover this technique 
provides a very efficient wafer to wafer electrical 

interconnection. The main drawback of this technique is that a 
high force is required which can easily damage fragile parts if 
the fabrication process is not well controlled. This technique 
was used as a wafer level packaging solution (capping and 
electrical interconnections) for a micro mirror array (Figure 1 
right) and also to form watch components (Figure 2). This 
technique can satisfy the requirements for the watch industry 
which are very tight: high alignment accuracy (< 5 μm) and 
high manufacturing precision (1 μm on silicon and 2 μm on 
metal part). The use of metal assembled by Au-Au 
thermocompression bonding into a silicon watch parts 
presents a large panel of advantages such as:  

• Standard press fitting on the metal parts without damaging 
the silicon components 

• Improvement of moment of inertia 

• Shock stopper or guiding structures 

• Decorative aspect 

 
Figure 2: From left to right, hybrid spiral, plate and anchor. 

The latest assembly technology developed at CSEM is called 
fusion bonding. Fusion bonding assembles two silicon wafers 
by putting them in contact whilst applying a high temperature 
annealing (>1000°C). Its main advantage is that it combines 
the 2 wafers into near single crystal giving almost no interface 
or a very low stress interface (SiO2). The excellent adhesion 
property of the bond allows the fabrication of silicon micro 
components with high mechanical performance and 
temperature stability like a watch spiral/plate system. 

 
Figure 3: Spring/plate watch components obtained by fusion bonding. 

Although CSEM has developed a broad set of wafer level 
assembly processes it continues to strive for innovation and to 
further improve its technology portfolio to answer its 
customer's needs. 

[1] S. Lani, D. Bayat, Y. Petremand, "2D MEMS large micro mirror 
array for high power application", Conf. Proc. ISOT 2013 
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High Aspect Ratio, Large Area Gratings for X-ray Phase Contrast Imaging 
P. Niedermann, J. Baborowski, A. Guillet, F. Cardot, V. Revol, A. Madrigal, M. Despont 
A set of silicon gratings has been developed for large field, 40-keV X-ray phase contrast imaging. To take in account the cylindrical nature of the 
X-ray wave front, the gratings are mounted on a cylindrically curved surface which required to thin them down to be flexible enough. 

X-ray phase contrast imaging (PCI) relies on the phase shift 
rather than absorption of X-rays in a sample. It is uniquely 
capable of imaging objects with low atomic number Z and thus 
low absorption, such as soft biological tissues, fiber reinforced 
composites or polymer objects and other industrially relevant 
materials.  

A modern general-purpose laboratory setup typically relies on 
Talbot-Lau interferometry [1]. This setup comprises a source 
grating (G0), placed in front of an X-ray tube, and generating 
an array of coherent line sources. A phase grating (G1) 
generates a near-field Talbot image which is converted into a 
phase image by a scanned analyser grating (G2) with the 
periodicity of the selected Talbot pattern. High aspect ratio, 
large area gratings are desirable as it allows the use of higher 
X-ray energy and increases the size of the imaging field for 
imaging thicker and larger objects.  

CSEM offers customized sets of silicon-gold wafers or dies for 
grating-based PCI and has the capability of small series 
production of such devices. 

The schematic geometry of the G0, G1 and G2 gratings is 
shown in Figure 1. Due to the high penetration depth (in Au) 
and low phase shift (in Si) of X-rays, PCI gratings have to be 
made with small, precise periods and high aspect ratios. This 
is achieved by highly anisotropic silicon etching and 
electroplating.  

 
Figure 1: Cross section of grating geometry. 

 
Figure 2: Six 2x2 cm G0 gratings on the same wafer. 

G0 source gratings with p0 = 20 μm, WSi ≥ 4 μm and H0 up to 
100 μm have been fabricated and are shown in Figure 2, with 
six gratings on a 100 mm wafer. 10x10 cm2 G1 phase gratings 
with p1 = 3 to 10 μm, H1 = 20 to 40 μm as shown in Figure 3 
were made on a 150 mm wafer. Same size G2 analyser 
gratings with p2 = 3 to 5 μm and H2 = 30 to 100 μm were 
fabricated (Figure 4), also on a 150 mm wafer. 

Such a large area grating set has been tested successfully for 
PCI at 40 keV as shown in Figure 5.  

 
Figure 3: 10x10 cm2 G1 grating (inset: SEM top view). 

 
Figure 4: 10x10 cm2 G2 grating (inset: SEM cross section). 

 
Figure 5: Large area PCI at 40 keV of a mobile phone with a test 
setup using the fabricated grating set (inset: test setup). 

A further challenge arises if large area images are to be taken 
or the interferometer setup is to be made smaller, as the 
gratings have to be bent in order to be perpendicular to the 
X-ray wave front. Hence G1 and G2 gratings have been 
thinned to 300 μm to make them flexible enough to be curved 
to a cylindrical shape with ~1 m radius. 

Grating based X-ray PCI is expected to have widespread 
applications in quality control in specialty textile and advanced 
structural material manufacturing as well as in medical 
diagnostics and soft tissue imaging. 

[1]  C. David, B. Nöhammer, H. Solak, E. Ziegler, "Differential X-ray 
phase contrast imaging using a shearing interferometer", Appl. 
Phys. Lett. 81(2002) 3287 
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High Precision Mechanic Parts Fabricated with Ultra-short Pulsed Lasers 
J. Kaufmann, B. Jäggi ●, K. Imhof ●●, J. Auerswald, B. Neuenschwander ●, T. Bewer ●● 
Ultrashort pulsed lasers offer new possibilities to process materials, whose high precision processability was strongly restricted or even impossible 
so far. Examples are hard and brittle materials like ceramics, silicon and similar materials possessing high Young's modulus, high wear resistance 
and low specific weight. These characteristics are very important for numerous applications in the watchmaking industry, precision optics and 
precision mechanics in general. In the underlying studies the following materials are analyzed: Silicon, Silicon Nitride and Sapphire. In order to 
comply with the high demands on part quality (roughness, taper angle, contour consistency), novel laser machining processes need to be explored. 
This report is about developing and establishing such methods using UV, green and IR ultra-short pulsed laser systems, all related work was done 
within in the framework of the CTI project PICOFAB. 

In order to get a representative bench mark study, each of the 
materials tested is processed with three different lasers, the 
respective laser properties are summarized in Table 1. 

Table 1: Properties of the laser systems used 

 TruMicro 
5350 

TruMicro 
5250 

FUEGO 

Wavelength (nm) 343 515 1064 
Max. mean power (W) 10 30 36 
Max Pulse rate (kHz) 400 200 8200 
Pulse length (ps) 6 6 10 

The first step of the process development is a proper 
characterization of the materials to be processed. Besides 
general physical characteristics (density, thermal conductivity, 
etc.) and optical characteristics like absorption coefficients, 
reflection coefficient, etc. Specifically the ablation threshold of 
the materials is an important value to be known. It cannot be 
calculated directly from the other physical characteristics, it 
has to be determined experimentally for each material/ 
wavelength combination, using empirical ablation models [1 ]. 
Figure 1 shows an example set of measurement values and 
the respective modelled curve fits for the determination of the 
ablation threshold for silicon when processed with a green ps 
laser. 

 
Figure 1: Ablation threshold determination for silicon processed with 
a green ps laser. 

In a second step, for each material/wavelength combination 
the optimal kerf width, with respect to taper angle and cutting 
time, is determined. This is done empirically by evaluation of 
kerfs of different cut widths. Figure 2 shows examples of 
respective test kerfs, cut with UV in silicon. 

 
Figure 2: UV cut kerfs in silicon, kerf width 74 μm (left) and 222 μm 
respectively (right). 

By following this procedure, processes could be developed 
which allow the cutting of silicon, silicon nitride and sapphire, 
achieving the following specifications: 

• Silicon: Ra = 170 – 350 nm, Taper angle > 86° 

• Si3N4: Ra = 250 – 300 nm, Taper angle > 87° 

• Sapphire: Ra = 150 – 330 nm, Taper angle > 85° 

These processes were already successfully transferred from 
straight experimental cuts to complex geometries relevant to 
the watchmaking industry. Examples are shown in Figure 3. 

 
Figure 3: Watchmaking industry related geometries, half cogwheel 
half escapement wheel, once in Si (left) and once in Si3N4 (right). 

This work is supported by the Swiss Commission for 
Technology and Innovation CTI (project Nr. 16049.1 PFNM-
NM PICOFAB). We thank them for their support. 

● BFH Bern University of Applied Sciences, Institute for Applied 
Laser, Photonics and Surface Technologies ALPS 

●●  TRUMPF Maschinen AG Baar 
[1]  B. Neuenschwander, et. al., "Processing of metals and dielectric 

materials with ps-laserpulses: results, strategies, limitations and 
needs", Proc. SPIE 7584, Laser Applications in Microelectronic 
and Optoelectronic Manufacturing XV, 75840R (2010) 
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MEMS-based Tunable Quantum Cascade Laser for Gas Sensing 
M. Tormen, B. Timotijevic, M. Lützelschwab, S. Grossmann, J. Pierer, R. P. Stanley 
Tunable quantum cascade lasers are key instruments in different domains, from industrial process control to medical diagnostics and environmental 
monitoring. At present, speed and cost are limiting their broader use for gas sensing. CSEM, in collaboration with Camlin Technologies, is 
developing a novel approach with a compact tunable Quantum Cascade Laser emitting at a wavelength of 10 μm, to improve speed and reduce 
production costs. The developed laser is based on a proprietary tunable MEMS gratings technology. 

Mid-infrared (Mid-IR) is the key spectral region to detect and 
analyze gas molecules. Mid-IR sources are therefore essential 
tools for industrial process control, environmental monitoring, 
spectroscopic imaging, explosive detection; hyperspectral 
imaging for medical diagnosis, microscopy, food safety and 
contamination detection.  

In this context tunable quantum cascade lasers (QCLs) are a 
key light source. Fixed wavelength QCLs are readily available 
thanks to recent advances in the technology. But for tunable 
QCLs to reach high-volume applications the QCL modules 
have to become smaller and cheaper. Moreover, to be of 
interest for high resolution spectroscopic techniques, such as 
the photo-acoustic spectroscopy, the laser needs to be 
tunable at the kHz regime.  

The mentioned goals could be demonstrated by implementing 
a novel and simplified external cavity laser configuration, 
based on proprietary MEMS tunable gratings. Their particular 
design enables the external cavity configuration to be reduced 
to three basic elements (Figure 1): the laser chip, as gain 
medium and to provide a high reflectivity from the back facet; 
a lens, to control the focusing properties of the laser beam; 
the MEMS grating, to select the wavelength of interest and as 
reflective surface to out-couple the light. Figure 1 shows the 
experimental characterization of the laser: up to 20 mW of 
optical power were obtained for 750 mA of injected current, a 
spectral bandwidth of 25 nm at a wavelength of 10.5 μm was 
achieved, and 100 nm of wavelength tuning was obtained by 
exploiting a mechanical rotation of the MEMS grating.  

 

   
Figure 1: Lab demonstration of the tunable quantum cascade laser 
based on MEMS gratings. The graphs report the experimental laser 
intensity curve, spectral curve and tuning curve, respectively. 

CSEM’s MEMS tunable blazed grating [1] is manufactured from 
a 500 μm thick silicon wafer. The chip dimensions are 5 by 
5 mm2. The maximum achieved tuning range is 4% of the 
central wavelength. The first mechanical resonance is at 
12 kHz, enabling the chip to be operated safely up to 1 kHz. 

The technology has passed severe shock (3200 g) and 
vibration tests (60 g in the frequency range 100 Hz – 10 kHz). 

 
Figure 2: Two-level package solution includes an already packaged 
QCL laser and the MEMS grating. The laser beam exits the second 
level-package via a ZnSe window. A meander shaped water cooling 
channel removes the heat generated by the laser. 

The package solution envisaged for a future product is a two-
level package: an already packaged QCL laser, mounted with 
a collimating lens, is embedded in an external package 
including the tunable MEMS grating, the cooling system, an 
optical window, a T-shaped support to simplify the laser 
mounting in spectroscopic setups (Figure 2). The conceived 
second-level package includes as well a micro optical bench, 
to enable the realization of more sophisticated internal optical 
systems, and an empty space to accommodate different types 
of packaged QCL. Although not hermetic, the second level 
package is designed to be highly gas tight and features as 
well a gas input and output port for flushing the interior with a 
gas. To provide the required tilt, the MEMS grating is mounted 
on a wedge, placed on a plano-convex lens. The fine 
alignment is performed using a 6-axis parallel kinematic 
alignment device. The UV transparent material of the plano-
convex lens allows the adhesive to be cured uniformly.  

In conclusion, the demonstrated Quantum Cascade Laser, 
based on CSEM’s proprietary MEMS grating technology, 
opens the path for future compact and affordable devices for 
spectroscopic applications in the mid-IR spectral region. 

[1] M. Tormen, et al., “MEMS grating based micro-spectrometers 
and tunable lasers”, Conference PittCon 2010, Orlando (USA) 
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Wavelength Combining and Stabilization in High Power Diode Laser Applications 
J. Pierer, M. Lützelschwab, S. Grossmann, S. Mohrdiek 
Based on groups of spatially multiplexed high power multimode diode lasers, highly efficient wavelength multiplexing at very narrow line spacing 
has been shown. The wavelength of each group was locked using a single volume Bragg grating (VBG) placed in the collimated beam. Two beams 
have been wavelength multiplexed using another VBG with an efficiency of 96% and a total output power of 94 W. A typical application of the 
technology is in the field of high power diode laser modules and systems for material processing. 

In telecom applications wavelength multiplexing allows for 
increased data density and therewith higher bandwidth to be 
transmitted through one optical fiber. For high power 
applications, such as laser material processing, e.g. welding, 
soldering and cutting, it enables higher radiance (total power 
divided by the product of the beam area in the focus and the 
solid angle in the far-field). Depending on the desired radiance 
of the beam it is possible to combine several laser diodes 
spatially [1] before actually doing the wavelength multiplexing. 
The reason to do so is simple: The added cost of spatial 
multiplexing is rather low compared to wavelength 
multiplexing. In our case groups of 5 spatially combined laser 
diodes have been used. 

Due to limitations of the diode lasers itself as well as other 
system components and AR coatings, it is preferable to 
achieve a very narrow spacing of the wavelengths. Common 
in telecom applications (e.g. DWDM) are numbers between 
0.4 nm and 1.6 nm. However, specifically at small spacings 
optical losses of several dB are accepted. For high power 
diodes this is not acceptable as the dissipated power remains 
in the system and may damage other components and 
generates unnecessarily heat. It is also in conflict with the goal 
to achieve higher output powers. This requires that the 
spacing is made sufficiently large to ensure highly efficient 
multiplexing. Furthermore it is very important that this spacing 
does not change much with varying operating conditions 
(drive current, temperature). 

Both, emission bandwidth and wavelength drifts can be 
controlled using external feedback components, such as 
volume Bragg gratings (VBGs), as is used in our case. The 
VBGs are placed in the combined beam path of the 5 lasers 
and are designed to back-reflect a few percentage of light 
back into the individual lasers. Each diode in combination with 
the common VBG forms an external cavity laser. The two 
groups are finally combined using another VBG with different 
characteristics. 

Figure 1 shows the unlocked and locked spectra of the two 
individual groups consisting of 5 lasers each. Clearly visible is 
the dramatic improvement in spectral width of more than 
10 nm down to about 200 pm. Given in Figure 2 is the 
spectrum after multiplexing of the two groups showing the 
spacing of 1.6 nm, which was achieved with 96% efficiency 
and a combined output power of 94 W. A further remarkable 
result is the suppression of side lobes by several tens of dB 
outside the spectral window defined by the VBG. 

The results presented have been generated within a project 
supported by CTI (13288.1 PFFLR-NM) and II-VI Laser 
Enterprise GmbH, Zürich. CSEM thanks them for their support. 

 
Figure 1: Spectral data of free of running (green) and locked (blue) 
lasers, inserts: high resolution scan of locked peak, top: group 1, 
bottom: group 2. 

 
Figure 2: Spectrum of combined laser groups. The different colors 
indicate the changed drive current and the related wavelength shifts. 

[1] J. Pierer, et al., "Automated assembly process of high power 
single emitter diode lasers for 100 W in 105 μm / NA 0.15 fiber 
module", Proc. SPIE 7918, High-Power Diode Laser Technology 
and Applications IX, 79180I (21 February 2011) 
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Combined Inspection Solutions for Advanced Packages: Leak Tests and X-ray Imaging 
V. Revol, T. Bandi, I. Kastanis, R. Jose James, E. Rutz, G. Spinola 
Packaging accounts for up to 90% of a micro-optoelectronic system cost and remains a challenge for many applications. A package including a 
controlled atmosphere or vacuum inside must protect components against corrosion without compomising functionality. The development of 
dedicated inspection methods is necessary for controlling the devices during and after assembly and ensuring a good traceability of potential 
failures. 

Quality control and failure mode analysis are two key points in 
the development of application specific packaging solutions. 
Both allows to quantify the influence of process parameters 
and improve the manufacturing yield and the reliability during 
operating life. Within an internal research project, new 
inspection and testing tools have been developed to inspect 
micro-systems packages. Their potential is illustrated here 
based on two applications: hermetic sealing and flip-chip 
underfilling. 

Hermetic sealing 
Miniature sensors, MEMS and electronic systems with wafer-
level or system-level dimensions often need to be hermetically 
sealed to avoid moisture penetration or to maintain a 
controlled atmosphere for long-term stability. The MIL-883 
method 1014 standard for leak testing gives a reject limit of 
10-7 to 5·10-8 mbar∙l/s, which correspond to standard industrial 
techniques like helium bombing. 

 
Figure 1: Schematic of helium spraying method (left); Leak rate 
measured for a sealed package (leak rate of 4·10-11 mbar∙l/s) (right). 

For even more demanding applications, CSEM has developed 
a specific helium leak testing method combining helium back 
filling and spraying methods, which enables to measure leak 
rates down to 2·10-10 mbar∙l/s (see Figure 1). In specific 
applications a membrane deflection method using an optical 
profilometer or an integrated sensor to measure the amount of 
gas leaking is used for leak rate measurement down to 10-12 
to 10-14 mbar∙l/s but these are application specific testing 
methods. 

Leak tests allow to perform a functional test of the device but 
do not help to get to the root cause as to why a device is 
leaking. Conventionally, the leaking device is analyzed by 
polish cut – a slow and destructive process. As an alternative, 
X-ray computed tomography allows to reconstruct a three-
dimensional image of the device with different gray levels for 
each material. 

Figure 2 shows the three-dimensional rendering of the 
metallization (sealing and via) of a hermetic chip between two 
Borofloat Glass substrates. The porosity that can be observed 
in the sealing explains why this particular package was not 
hermetic.  

 
Figure 2: Three-dimensional rendering of the Au-Sn sealing of a 
hermetic chip obtained by X-ray computed tomography. 

Underfilling quality 
Underfillers are used extensively in the packaging of 
microchips. The underfiller plays a role in the thermo-
mechanical stability and ensures that the electrical contact of 
the flip-chip bumps will not degrade during chip operation. The 
underfiller material is typically a polymer matrix highly filled 
with particles (SiO2 and others). 

The quality and distribution of the underfiller between two 
chips can be inspected non-destructively by computed 
tomography as shown in Figure 3 for a sample that electrically 
passed 1000 temperature cycles between -40°C and +150°C. 

 
Figure 3: (top) Axial and (bottom) longitudinal cross-sectional images 
of the underfiller in a flip chip package obtained by computed 
tomography. Note the presence of filler segregation defects in the 
underfiller layer. Beam hardening artefacts can be seen around the 
metal bumps. The reduction of these artefacts will be investigated in 
future projects. 

Applications that can benefit from the advanced inspection 
solutions presented here are e.g. 

• Hermetic sealing inspection 
• Underfilling quality control 
• PV cell electrical contact investigation 
• Wire or bump bonding inspection 
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EVITA Project: Characterization of a New X-ray Phase Contrast Imaging Demonstrator 
for Aeronautical Composite Structures 
V. Revol, J. Baborowski, F. Cardot, S. Droz, W. Glettig, I. Kjelberg, P. Niedermann, T. Stadelmann, A. M. Madrigal 
The European project EVITA [1] aims at bringing the grating-based X-ray phase contrast imaging technology to the non-destructive evaluation and 
inspection of primary aeronautical structures. Thanks to the contrast enhancement provided by the technology, the level of detectability of micro-
defects (micro-cracks, porosity, fiber waviness…) is improved and enables a better quality control during the component lifecycle from design and 
manufacturing down to the assembly and repair. As a consequence, this new technology will help reduce the defect threshold accepted in primary 
composite structures resulting in the application of lower safety factors in the design of composite components without compromising safety. The 
subsequent gain in weight will lead to a reduction of the operational cost and NOx and CO2 emissions.  

The specifications of the EVITA demonstrator have been 
defined based on an exhaustive review of the fabrication, 
assembly and repair processes of aeronautical composite 
structures. This work was performed with the support of the 
academic partners (National Technical University of Athens 
and University of Manchester) and of the industrial partners 
(Dassault Aviation and GMI Aero). The input from industry 
ensures the pertinence of the developed EVITA system and 
technology for the targeted aeronautics applications. 

The EVITA system is based on the use of a grating 
interferometer for X-rays – a technology developed at CSEM 
since 2006 [2,3]. Grating interferometry allows to measure pixel-
wise the refraction angle and the scattering of the beam going 
through the sample – two additional contrast mechanisms to 
help detect flaws or defects in the sample on top of the 
conventional absorption-based image. 

The detailed system design was carried out to fulfill the 
mechanical and thermal specifications required to operate the 
grating interferometer and manipulate the sample. In particular, 
dedicated flexure stages made out of aluminum were 
developed to offer precise and stable displacements of the 
X-ray gratings. 

  
Figure 1: (left) Top view of a silicon grating acquired by scanning 
electron microscopy (SEM) and (right) top view of a gold filled silicon 
grating by optical microscopy. 

 
Figure 2: Plot of the interference visibility as a function of the 
acceleration voltage of the X-ray tube source as measured (square). 

In parallel, the grating fabrication based on CSEM micro-
fabrication technology was pushed one step further compared 
to the state-of-the-art by addressing higher aspect ratios of the 
gratings and larger wafer sizes. The top view of a silicon 

grating is shown in Figure 1. The gratings were also 
characterized experimentally as displayed in Figure 2. 

The assembly of the demonstrator components and the 
programming of the control unit has been started. The system 
counts more than 150 parts (not including fixing components), 
8 motorized axes plus the X-ray detector and source, which 
can be all controlled through the graphical user interface. The 
acquired data is then analyzed by the image processing 
module to reconstruct the final images and highlight flaws or 
defects on the sample under investigation. 

 
Figure 3: Picture of the EVITA system being assembled with the 
X-ray shielding cabinet around. 

A picture of the system under assembly is shown in Figure 3. 
A custom shielding cabinet was also designed to block the 
X-ray radiation and ensures safe operation. 

In the next phase the system will be benchmarked with 
respect to two standard non-destructive technologies 
(ultrasonic inspection and computed tomography) in order to 
validate the expected advantages of the EVITA system for the 
inspection of thick aeronautical composite components. 

[1]  Grant number N°314735, www.evita-project.eu 
[2] Revol, et al., NDT&E International, 58 (2013) 64–71 
[3] Kottler, et al., European Cells and Materials 26. Suppl. 1, (2013) 
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Low Temperature Hermetic Sealing of Sapphire Substrates  
R. Jose James, G. Spinola Durante, M. Fretz, S. Berchtold, J. Auserwald, C. Bosshard, S. Mohrdiek  
This work focuses on a generic low temperature hermetic sealing technology which could be adapted to different applications. Sapphire is chosen 
as the packaging material because of the recent interest in the material for different applications like LED substrates and implantable devices due to 
exceptional properties like high thermal conductivity, good dielectric strength, good transparency, high purity, scratch resistance, low permeability 
for gases and good durability.  

Sapphire is single crystalline Al2O3 crystal with exceptional 
hardness (9.0 Mohs), electrically insulating and a very good 
thermal conductivity. Due to these properties, Sapphire is 
becoming more and more a choice for substrate material for 
applications in electronics and lighting sectors, with the need 
to be thin or having a very high thermal conductivity. It is also 
a good material choice for electronic packaging applications in 
harsh environments, e.g. high temperature, corrosive media or 
high pressures, due to its properties like chemical inertness 
and mechanical toughness. It is being chosen for some 
specific optical applications like covering lenses, buttons and 
displays for non-LED applications such as smartphones due 
to its high transparency in different wavelengths and scratch-
resistance. LEDs and general lighting continue to make up a 
major part of the sapphire substrate market [1]. 

As sapphire is a single crystalline material with high purity, it 
has very low permeability to gases including Helium and water 
vapor. This makes it a choice of material for hermetic sealing 
applications that needs a long life time, like active implantable 
medical devices (AIMDs). The chemical inertness and 
biocompatibility are other important properties which makes it 
a material of great importance for implantable devices. 

To use sapphire material for packaging applications 
mentioned above, a method for hermetic sealing that is 
compatible to the electronics to be encapsulated inside needs 
to be used. This corresponds to a bond temperature of less 
than 250°C for many electronic chips. In many of these 
applications the use of materials like flux or other organic 
materials is not acceptable.  

A hermetic sealing technology for sapphire substrates was 
developed, which uses one of the lowest sealing temperature 
reported. This technology has been used to seal electronics 
like RFID (Figure 1) and MEMS devices for long-term implants. 
In this process a laser is used to enable localized sealing 
(patent pending), which helps to keep the temperature low 
and compatible to the electronics sealed inside. The seal can 
sustain temperatures of up to 550°C after bonding. 

  
Figure 1: RFID chip hermetically sealed inside a sapphire package 
(left); Cavities made on wafer level on sapphire wafers (right). 

Cavities of different sizes from 500 μm square to 4 mm square 
depending on the electronic chip that needs to be packaged 
are made in sapphire wafers (Figure 1). 

Materials with different melting points were placed inside the 
cavity to check the temperature inside the package. The 

materials were observed using a microscope before and after 
the sealing to see if there was any melting or change in shape 
due to deformation during the sealing process. The 
temperature inside the cavity of a 500 μm square sealing ring 
was found to be lower than the melting point of the lowest 
melting point material (Melting point: 150°C), which was 
placed about 100 microns from the sealing area. This shows 
that the temperature inside the cavity about 100 μm from the 
seal is less than 150°C. 

  
Figure 2: Gross leak test: before (left) & after applying Iso-propanol 
(middle) showing change in color (interference method) outside the 
seal; Low melting point material inside the sealed cavity (right). 

The strength of the bond was tested using shear testing. 
Bonds of different surface areas were tested. Average shear 
strengths of 110 MPa were achieved with a standard deviation 
of about 8 MPa. The failure was mixed (not in a particular 
interface) with no breakage seen in the sapphire, which shows 
that there were no micro-cracks in sapphire induced during 
the sealing process. 

The hermeticity of the bond was tested using a Helium 
spraying method. A hermeticity of less than 10-12 mbar·l/s 
(limit of the testing machine) was measured with a yield of 
80%. The 20% leakage is related to sample quality and could 
be further improved. Optimum sample preparation is currently 
under investigation. 

This process can also be adapted to other materials like fused 
silica, silicon and some types of glasses. It can be used 
instead of hermetic sealing processes like anodic bonding 
process / soldering or thermo-compression bonding where low 
temperature bonding is necessary. The process is fast and 
can be carried out in a few seconds, making it compatible to 
volume production. Further batch process like bonding of 
arrays or parallel processes are under investigation.  

The project team acknowledges the funding by the Swiss 
Confederation. 

[1]  E. R. Dobrovinskaya, et al., 2009, Sapphire: Material, 
Manufacturing, Applications, Springer Science + Business Media 
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Jetting Technology for Advanced Packaging Solutions 
G. Spinola Durante, M. Fretz, T. Stadelmann, S. Mohrdiek 
Jetting technology is nowadays more advanced and can be integrated in fast and modern pick & place equipment. CSEM worked in optimizing 
processes for underfilling of flip chip stacks. The same methodology can be applied to highly integrated and miniaturized optoelectronic systems. 
CSEM offers this prototyping service for highly precise adhesive dispensing with highly filled media and viscosity up to 2'000'000 mPa·s. 

Nowadays jetting technology is still under development due to 
availability of faster electronics, and new engineered materials 
capable of surviving more than 1000 bar and delivering better 
jetting performance with highly viscous media. A jetting head 
with 50 μm nozzle diameter (Figure 1a) and its controller were 
installed on a pick & place machine (IP500, Figure 1b) at 
CSEM. 

      
Figure 1: a) Jetting head with 50 μm nozzle and attached nozzle 
heater; b) IP500 pick & place equipment with installed jetting head. 

With the current pick & place setup it was possible to fine tune 
the jetting parameters for a highly filled underfiller media. This 
was done at first observing the parameters delivering a stable 
jetted droplet size on a substrate. To optimize the jetted 
underfiller amount and targeting the smallest droplet size, it 
was necessary to observe with a fast camera the impact of 
dispensing parameter change. In Figure 2a the jetting of the 
underfiller can be seen. It is quite remarkable that the jetted 
stream diameter is much smaller than the nozzle diameter.  

     
Figure 2: a) Jetting of highly-filled underfiller with a 50 μm diameter 
nozzle; b) jetted droplet has ~150-200 μm diameter. 

Smaller droplets can be achieved than 150-200 μm 
(Figure 2b), but at the cost of process stability and 
reproducibility. A typical issue using a jetting nozzle is the fluid 
accumulation at the nozzle outlet, when parameters are not 
set properly. Satellite formation occurs, as can be clearly seen 
in Figure 3. It is an important process step to overcome this 
satellite droplet generation, since the underfiller could land on 
the wirebonding pads, compromising the final packaging 
assembly step. To improve dispensing stability, the 
temperature of the nozzle was optimized. In Figure 4a can be 
seen the instability effect of the non-optimal temperature 
setting. In Figure 4b can be observed the optimized nozzle 
temperature selection leads to very reproducible results.  

 
Figure 3: Underfiller jetting with tight fillet control <150 μm. Visible 
satellite droplets are indication of sub-optimal jetting parameters. 

With the pick& place machine it was possible to do pattern re-
cognition of the droplet size. Statistics on 100 droplets yielded 
a very stable average diameter of 219 μm ± 1.3 μm 
(Figure 4b). 

     
Figure 4: a) Jetted underfiller with temperature T1; b) Jetted 
underfiller with temperature T2≠T1. 

With further jetting optimization it was also possible to obtain a 
controlled underfiller fillet of ~75 μm width as specified by the 
requirements on both glass and silicon substrates (Figure 5a, 
b). 

     
Figure 5: a) Controlled underfiller fillet on silicon chip; b) on glass 
substrate. 

In conclusion CSEM can offer process development of highly 
accurate jetting of filled viscous media in an automated and 
modern pick & place machine equipped with vision control. 

This work was funded by the CTI under project Nr.13444.1 
PFNM-NM. HMT AG and Hybrid SA have contributed as 
industrial partners to the developments in the project [1]. CSEM 
thanks them for their support. 

[1] G. Spinola Durante, et al., "Underfilling technologies for high-
density and high operating temperature System-in-Package", 
CSEM Scientific and Technical Report (2013), 44 
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Wafer-level Galvanic Deposition for Hermetic TLP Bonding 
G. Spinola Durante, R. Jose James, S. Mohrdiek, M. Despont, P. Niedermann, P. Staiger ● 
CSEM offers structured AuSn galvanic depositions for wafer-level hermetic Transient Liquid Phase (TLP) bonding. Focus of this development is the 
high AuSn thickness uniformity (in-wafer <10%) and low roughness (<300 nm peak-to-peak), allowing for extended process window, high yield and 
wafer scalability. Applications are in the field of MEMS/IC packaging suited for harsh-environment and high-vacuum sealing. 

The main driving force for this development is to address the 
needs for low-cost and hermetic wafer-level packaging 
technologies targeting high yield, wafer scalability and 
improved reliability in harsh environments. Possible 
applications of this technology are in the field of die-attach for 
MEMS operating in corrosive media or in high temperature 
conditions. Wafer-level high-vacuum hermetic MEMS sealing, 
compatible to getter activation (350°C – 450°C), is also of 
interest for packaging microsystems requiring a stable 
vacuum atmosphere over life. Other possible applications are 
in the field of optoelectronic die-attach due to the shorter 
melting time and low chip-scale bonding pressure (< 0.1 MPa) 
required for TLP bonding of the AuSn layers. 

Transient liquid phase (TLP) bonding is a bonding process 
that joins materials using a low temperature melting interlayer. 
On heating, the interlayer melts and diffuses into the substrate 
materials, causing isothermal solidification. AuSn solder alloy 
is chosen as a base for TLP bonding, since it doesn’t require 
flux and has high yield strength and is well established as a 
reliable solder material in both the micro-electronics and 
optoelectronics industry. The most distinctive advantage of 
TLP bonding is that the resulting bond only re-melts at much 
higher bonding temperature without forming brittle 
intermetallic phases.  

AuSn solder joint composition can be tuned and excess of 
gold can provide a mechanical stress buffer if required by the 
application. By thermal annealing it is possible to form a 
uniform joint with diluted Sn-content thereby increasing 
corrosion resistance and hindering the formation of weak 
AuSn intermetallic phases. 

This work is mainly focused in realizing high quality AuSn 
layers suitable for wafer-level TLP bonding (Figure 1), in 
continuity with former developments at CSEM. The first 
development task was concentrating in optimizing the under-
bump metallization (UBM) to increase solder joint shear 
strength [1 ]. A further development step was to solve AuSn 
galvanic deposition compatibility issues with Silicon wafer 
manufacturing standards [2,3]. 

 
Figure 1: AuSn deposition suited for TLP bonding on 4" silicon wafer. 

Main achievements of this work are the following: high quality 
AuSn layer deposition with controlled in-wafer thickness 

uniformity below 10% and low roughness <300 nm up to the 
edge of the wafer (Figure 2a, b). Bonding line thickness is 
about ~15 μm and the bonding pressure can be as low as 
0.01 MPa on each individual sealing ring of 100 μm width 
(chip-scale bonding). The chip size is 1.5x2 mm2. Typical 
sheartest strength after bonding is above 3 kg on 0.5 mm2 

sealing ring surface, and after annealing at 450°C for 30 
minutes the strength drops down to values still above 1.5 kg. 
Potential for shear values improvement lies in the UBM layer 
optimization. 

     
Figure 2: a) AuSn rings of 100 μm width near wafer edge; b) zoom. 

The bonding is proven to be hermetic using conventional 
helium spraying leak test method. This method allows 
normally a very high resolution down to 10-12 mBar·l/s. Due to 
the small O-ring size required to connect the TLP bonded chip 
to the He-leaktester, a custom O-ring with very low Helium 
permeation has been used (Figure 3a). With this configuration 
a resolution of about 10-11 mBar·l/s is still obtained (Figure 3b). 

    
Figure 3: a) laser-milled hole in TLP bonded sample and O-ring; 
b) O-ring permeation contribution for leak tight TLP bonded sample. 

In conclusion CSEM can offer structured AuSn depositions 
suited for hermetic sealing, and special die-attach applications, 
both compatible to wafer-level scale and TLP bonding. Know-
how in bonding, reliability testing and failure analysis is also 
offered to adapt the solder deposition layers according to 
challenging customer requirements. 

● Injector Solutions AG, Alpnach Dorf 
[1] G. Spinola Durante, et al., "Reliable hermetic chip-scale 

packaging targeting wafer-level bonding", CSEM Scientific and 
Technical Report (2010), 100 

[2] G. Spinola Durante, et al., "Gold-tin galvanic optimization for 
hermetic sealing", CSEM Scientific and Technical Report (2011), 
23 

[3] G. Spinola Durante, et al., "Gold-tin based hermetic wafer level 
packaging", CSEM Scientific and Technical Report (2013), 43 
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Micropump Integration into Dolomite Laboratory Package 
T. Volden, S. Berchtold, S. Graf, T. Heldal ●, H. F. Knapp 
A packaging design for Osmotex micropumps has been developed to allow interconnection with microfluidic accessories in cooperation with the 
global distributor Dolomite Centre Ltd. The design is streamlined for cost-efficient mass production of pumps. 

CSEM has been the main partner in Osmotex' development of 
their electroosmotic micropump portfolio. The main distributor 
of these micropumps to the microfluidics market is Dolomite 
Centre Ltd, a company specialized in providing microfluidic 
solutions to customers around the world. In cooperation with 
Osmotex and Dolomite, CSEM has developed the packaging 
of Osmotex micropumps to adapt to Dolomite's range of 
laboratory equipment and components for microfluidic 
systems. This has enabled Dolomite to manufacture 
accessories for the Osmotex micropumps such as pump 
enclosures which are easy to use and to integrate in 
microfluidic laboratory setups and OEM devices. 

 
Figure 1: Osmotex micropump cores (left) inlet side, showing top 
electrode; (right) outlet side, showing degassing membrane. The 
diameter is 15 mm and the thickness is 4 mm. The flat edge on the 
upper side and the small hole on the lower side are alignment 
features. 

Osmotex micropump cores are designed to be compact and 
therefore suitable for integration into devices with strict 
requirements on space and weight (see Figure 1). Their 
characteristics such as pulse-free flow, precise flow rates 
scalable down to the microliter per minute range, and low 
power consumption makes them interesting also in many 
other applications, including laboratory and development 
environments. 

 
Figure 2: Dolomite single pump enclosure for "open reservoir" 
applications. The top part locks to the bottom part in a twist of a hand, 
and clamps the pump core tightly between the two gaskets (black). 
The open inlet reservoir (white) is exchangeable and available in 
different sizes.  

The enclosures manufactured by Dolomite for the Osmotex 
micropumps provide standard fluidic and electric connectors 
suitable for laboratory and ad-hoc setups. Alignment features 
facilitate the correct insertion of the micropump core units, and 
the whole assembly is simply and quickly done by hand, 
without screws or special equipment (see Figure 2). 

The micropump core is composed of a layered structure 
integrated in a polymer housing. The housing is itself 
composed of several parts. A hot bonding process fuses the 
polymer parts together and seals all internal layers in one step. 
The alignment structures consist of a flat edge of the pump 
core and a pin hole and guarantee that the pump is inserted 
correctly into the enclosures. The metal electrodes serve as 
electrical connections directly, available through openings in 
the housing on one side, accommodating spring-loaded 
contact pins in the enclosure. 

The micropump design and manufacturing processes are 
compatible with efficient mass production. The polymer parts 
can be injection molded, and remaining parts stamped out. 

The materials have been chosen for compatibility with working 
fluids such as aqueous solutions and alcohols (ethanol and 
methanol). Material stability has been demonstrated by 
continuous pumping of methanol for 3000 hours. 

In addition to the single pump enclosure, Dolomite has 
designed a multi-pump enclosure with integrated flow sensors 
and control circuitry for regulated flow (see Figure 3). 

 
Figure 3: Dolomite multiple pump enclosure with exchangeable flow 
sensor modules. 

The work was supported by the Swiss Commission for 
Technology and Innovation (CTI). CSEM thanks them for their 
support. 

                                                                 
● Osmotex AG, Untere Gründlistrasse 1, CH-6055 Alpnach 
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Air Pretreatment Platform for Indoor Air Quality Monitoring 
E. Hammes, J. Gonzalez-Chavarri ●, L. Henwood-Moroney ●●, G. G. Mandayo ●, P. Ryser *, H. F. Knapp 
A fluidic and pretreatment platform for indoor air quality monitoring was developed at CSEM as part of the European Union funded project 
Intasense. It was designed to be incorporated into a final product, but can also be used as a platform to test gas sensors.  

Energy efficient buildings frequently use a fixed ratio of fresh 
to recycled air. However, this can cause both an excess of 
fresh air to enter the building, leading to energy inefficiency, or 
not enough fresh air entering the building, which can cause 
toxins to build up within the environment. To resolve this 
problem, it would be better to monitor the air quality within the 
building and control the ratio of fresh to recycled air using a 
feedback loop. 

Currently, air quality monitors intended for permanent 
installation in buildings are limited to a few compounds. Often 
these are only combinations of carbon dioxide, humidity, 
general volatile organic compounds (VOCs) and temperature. 
However, it would be better to monitor a wider variety of 
compounds and have the option of tailoring the sensor 
combinations to the expected pollutants for a given space.  

To accomplish this, a device was created (Figure 1) with the 
following objectives: 

• Work in a plug and play fashion, so that the device can be 
easily adapted to fit customer needs 

• Remove particles from the inlet gas stream, to prevent 
their build-up in the fluidics or on the sensor surface  

• Provide humidity stabilization because many gas sensing 
technologies are sensitive to humidity fluctuations 

• Deliver equal quantities of gas to each sensor 
simultaneously, so that readings from each sensor are 
comparable 

 
Figure 1: Fluidic platform with pretreatment unit, sensor housing, 
pump and differential pressure sensor.  

To accomplish the first objective, the device was broken up 
into subunits which were attached to a common microfluidic 
platform. These subunits include, from left to right, an air 
pretreatment unit, sensor holders, pump and differential 
pressure sensor. The air pretreatment unit can be further 
disassembled to allow for combinations of the following 
options: external humidity and temperature monitoring, 
particle filtration, humidity stabilization and internal humidity 
and temperature monitoring. The sensor holders can be easily 
exchanged so that gas sensors with different sized packages 
can be used on the platform.  

The next two objectives, particle filtration and humidity 
stabilization, are accomplished by the air pretreatment unit in 

its fully assembled form. In this form air passes a humidity 
sensor, a large particle filter, a packed bed which reversibly 
adsorbs the humidity, a small particle filter and then finally a 
second humidity sensor. Using this method, it takes 
approximately half a day for dry adsorbent to fully saturate 
when exposed to air with ninety percent relative humidity, and 
then another twelve hours for the water to desorb once dry air 
is run through the system. A computational model of this 
process has also been generated and can be used to 
determine an optimum amount of adsorbent.  

The last objective was accomplished by dividing the platform 
into two parts: all parts upstream of the sensors and all 
channels after the sensors. To cause each sensor to receive 
an equal amount of air, the pressure drop through each 
channel was held constant by changing the width of the 
channel after the sensors. This was confirmed experimentally 
after manufacture. To allow fresh air to reach the sensors at 
the same time, the channels were made as identical as 
possible before the sensor. Lastly, optimal delivery of gas to 
the sensor surface is controlled by the topology of the sensor 
housing (Figure 2).  

 
Figure 2: Fluid dynamic simulation showing that each sensor 
receives the same amount of air.  

Currently, this device has been used in combination with 
commercial sensors from e2v and Figaro and with novel 
sensors designed at CEIT to measure indoor air quality. 

This project is supported by the Swiss Federation and the 
European Commission (FP7- 31026560 Intasense). CSEM 
thanks them for their support. 

                                                                 
● CEIT, Paseo Mikeletegi 48, 20009 Donostia-San Sebastian, 

Spain 
●● Gooch & Housego, Broomhill Way, Torquay TQ2 7QL, UK 
* Laboratoire de Production Microtechnique, EPFL, CH 
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Optical Cochlear Implant 
R. Jose James, M. Wannemacher, G. Spinola Durante, M. Fretz, D. Fengels, S. Mohrdiek 
This paper is part of an EU project named ACTive Implant for Optoacoustic Natural sound enhancement (ACTION [1]). This project is based on a 
recent discovery that relatively low levels of pulsed infrared laser light are capable of triggering activity in hair cells of the partially hearing (hearing 
impaired) cochlea and vestibule. The aim here is to develop a self-contained, smart, highly miniaturised system to provide optoacoustic stimuli 
directly from an array of miniature light sources in the cochlear. 

Nowadays, the most widely used method of artificial 
stimulation of neural tissue for therapeutic processes and 
sensory recovery, e.g. of auditory functions, is electrical. In 
cochlear implants (medical devices that are used to restore 
auditory sensations) (Figure 1), the performance of electrical 
stimulation of the sensory system is limited by the extent to 
which the electric field can be controlled either (i) by the 
position of the electrode, which may require penetrating the 
neural tissue, or (ii) field shaping by controlling the delivered 
current. This tends to limit the amount of information that can 
be supplied to a cochlear implant recipient – for example 
enjoyment of music and hearing in noisy environments, 
contains frequency dependent information which requires 
separation into different frequency bands. 

  
Figure 1: (left) State of art cochlear implant (MED-EL); (right) A 
schematics showing where the cochlear implant is implanted. 

Optical neurostimulation is a new method with many potential 
industrial products envisioned. The idea here is to directly or 
indirectly stimulate nerves using light of different wavelengths 
instead of electric field. This project focuses on optoacoustic 
stimulation of residual hair cells in cochlear using laser light. 
Due to the high absorption of specific light wavelengths by 
water and hemoglobin, using a specific wavelength and 
energy density, an optoacoustic (light causing acoustics) 
effect can be induced in the cochlear. This acoustic wave in 
turn causes the nerve stimulation. 

 
Figure 2: Absorption spectra of water and hemoglobin [2]. 

To achieve this goal, a system as shown in Figure 3 will be 
developed. An external energy transfer and communication 
module (EXTRACOM) takes care of the signals to the sensor, 
processing electronics for stimulation signals, decision making, 
communication, energy management and data memory 

(ST Microelectronics and CSEM). The implanted neural 
stimulation and recording module (INSTAR) includes a 
VCSEL driver, signal preprocessing, power and data wireless 
transfer to/from the EXTRACOM (ST Microelectronics, MED-
EL & CSEM).  

 
Figure 3: Schematic of the proposed optical neurostimulation system.  

An array of miniature VCSELs type laser diodes are used as 
the stimulation electrodes (Figure 3). The VCSELs are custom 
made by Vertilas GmbH specifically for optimal stimulation. 
The VCSELs are encapsulated using long-term biocompatible 
materials. Miniature biocompatible feedthroughs are used for 
driving the VCSEL. A very small footprint of one square 
millimeter is required for each VCSEL package. Long-term 
biocompatible miniature packaging and feedthrough techno-
logies are adapted for the VCSELs (CSEM). There are 
recording electrodes for feedback of the stimulation. The light 
output of the VCSEL is guided and optimized using the 
miniature lens arrays manufactured by Suss MicroOptics. A 
flexible circuit made using only long-term biocompatible 
materials will be developed for the electrical signal transfer 
between the VCSEL and INSTAR (ST Microelectronics & 
CSEM). A biofouling thin film protection layer will be 
developed by VTT to avoid fibrinogen or other cell growths on 
the system. The system will then be tested in animals to 
understand the effectiveness and improvements needed by 
Hanover Medical School. 

The project team acknowledges the funding provided by the 
European commission and Swiss federation. 

[1]  Seventh Framework Program (FP7) of the European Union 
Project ID 611230 

[2] M. Schultz, et. al., "Nanosecond laser pulse stimulation of the 
inner ear: a wavelength study", Biomed. Optics Exp 3(12): 3332-
3345 (2012) 
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Osmotic Textile Clothing and Medical Applications 
S. Berchtold, J. Auerswald, S. Say-Liang-Fat ●, T. Heldal, H. F. Knapp 
The electroosmotic membrane developed by Osmotex in collaboration with CSEM is capable of actively transporting fluids, such as sweat. Possible 
applications for such active membranes are integration in sport apparel, seat comfort, decubitus prevention, wound care, humidity adjustment in 
delicate food packages, air conditioning or electronic protection. 

Membranes for fluid transport in general are passive, meaning 
fluid transport is driven only by differences in pressure, 
temperature or relative humidity. Consequently, the direction 
of transport is defined by the direction of the respective 
gradient. The newest passive membranes used today in 
clothing are able to transport up to 0.5 liters sweat per square 
meter and hour. 

The active electroosmotic membrane developed by Osmotex 
AG in collaboration with CSEM can transport more than 
200 liters per square meter and hour, which by far exceeds 
the capability of any passive membrane. Additionally, the flow 
direction and magnitude in these active membranes can be 
controlled with the polarity and magnitude of the voltage 
applied to the membrane. 

When a small input voltage is applied to the membrane, 
charges on the pore walls are set in motion. The positive ions 
thus move towards the side of the negative electrode. Liquid 
in the pores will be transported in the same direction as the 
positive ions as shown in Figure 1, which constitutes an active, 
controllable flow. 

 
Figure 1: Principle of electroosmosis shown in a single pore in an 
active membrane. 

The membrane is able to pump liquid and vapor through its 
cross section and enables a whole new range of applications 
in wound care, transdermal therapy and smart textiles. 

 
Figure 2: Laminate before (left) and after (right) active fluid transport. 
The liquid transport takes only a few seconds. 

A big advantage of the membrane is its capability to be 
laminated onto a textile or mesh with conductive elements in a 
roll-to-roll process. By applying different combinations of 
layers and coatings, a large number of specialized products 
can be made. 

There are several fields where the active membrane could 
possibly be used: 

• Sports apparel and equipment (Figure 3) 

• Decubitus prevention and wound care 

• Humidity adjustment in delicate food packages 

• Air conditioning 

• Electronic protection 

 
Figure 3: Backpack prototype with integrated membrane for active 
removal of sweat. 

A benefit of the Osmotex membrane is that is requires only a 
small voltage and power for actuation. Two important 
consequences result from this: having the membrane close to 
the body is safe and the membrane can be actuated by 
batteries, where necessary. For example, the backpack 
prototype, at 1 Watt, can transport 2 liters per square meter 
and hour of sweat. 

Intelligent textiles will gain importance and market share in the 
future. The technology developed by Osmotex in partnership 
with CSEM has the potential to become one of the key 
elements in this field. 

                                                                 
● Osmotex AG, Untere Gründlistrasse 1, CH-6055 Alpnach 

47 



 

Large Stroke and Large Force Microactuator Array for Tactile Display 
J. Baborowski, P. N. Volpe, T. Overstolz, P. Niedermann, M. Despont  
A new hybrid elastomer-MEMS actuator for a tactile graphical display is presented. New solutions for high density and high stroke actuators are 
possible through technological developments of the elements of current system. Here, a low temperature co-fired technology combined with 
elastomer membrane is used to create a large area matrix of actuators for a tactile display. 

Tactile graphical displays are an effective assistive technology 
to avoid an increasing exclusion of the visually impaired from 
graphically oriented information and communication 
technologies, in perfect fulfillment of more and more severe 
anti-discrimination legislation. Another domain covered by the 
technology used for tactile displays can be found in emerging 
haptic and robotic applications.  

The aim of this project is to develop an innovative hybrid 
technology for the low-cost large area Interactive graphical 
display for tactile applications [1]. It is based on large force, 
large stroke pneumatic actuators with the pneumatic network 
and electrical interconnects made with LTCC (low temperature 
co-fired ceramic) technology and a bonded PDMS-membrane 
that can be actuated in a micro-balloon fashion. The 
membrane has implanted electrodes to provide the pixel 
addressing by electrostatic clamping. The complete device 
consists of a fine matrix of tactiles (2.51 mm standard Braille 
pitch) accessible for the human touch sense which can be 
actuated via an external pneumatic system, and, addressed 
by dielectric clamping via the adequate software. This system 
is based on previous works based on Si-MEMS technology [2]. 
To address cost issue and achieve a higher level of 
integration, LTCC has been used as an alternative to silicon 
micromachined devices. The developed hybrid elastomer-
LTCC actuator is composed of a stretchable, locally 
conductive PDMS membrane selectively bonded on a glaze 
coated LTCC substrate. The conductive electrodes are 
deposited on the PDMS surface by implantation through a 
shadow mask. The thickness of the membrane is controlled 
during the manufacturing (blading) and the thickness (typically 
150 micron) is optimized for the stroke and mechanical 
resistance behaviors. The surface of the LTCC (glaze) has 
been adapted in order to decrease the roughness and enable 
the strong bonding of the PDMS obtained by plasma oxygen 
activation [3 ]. The nozzles, formed by laser at the center of 
each dot (cf. Figure 1), allow a local inflation or deflation of the 
membrane itself by controlling the pressure using a compact 
external pumping setup shared by all actuators of the whole 
array via the system of pneumatic channels integrated in the 
LTCC structure.  

The fabrication of devices for tactile applications requires the 
development and the adaptation of a pins matrix (standard 
Braille display pins) aligned with the actuators array. 
Measurements showed single piston strokes and forces up to 
1 mm and 0.1 N/dot respectively which is compatible with the 
targeted haptic applications requirements (cf. Figure 2). 
Addressing of the actuators is made by electrostatic clamping 
in order to force the membrane to remain flat. For this purpose 
a silicon nitride layer is deposited on the LTCC substrates. 
Despite the high contact roughness of the LTCC surface, a 
local clamping of the conductive membrane can be performed 
by applying a DC voltage between the membrane and 
clamping contact on a selected electrode. An alternative 

method combining the thin film technology on the LTCC 
substrates has been developed in order to increase the 
clamping force between the PDMS membrane and the 
ceramic substrate. Preliminary measurements showed that 
voltages over 300 Volts can be set with little risk of electrical 
breakdown which is adequate for membrane clamping with an 
applied p = +700 mbar as necessary for a pistons stroke of 
0.5 mm.  

   
Figure 1: General view of the LTCC substrate and close view of the 
individual dot.  

 
Figure 2: Relation between the applied pressure and the vertical 
stroke of the LTCC/PDMS actuator. 

 
Figure 3: General view of the prototype for the Graphical Display. 

[1] www.tacmon.eu/new/ 
[2]  J. Baborowski, S. Mouaziz, T. Overstolz, et al., Proceedings of 

Smart-Systems-Integration, Amsterdam, 2013 
[3]  K. Malecha, I. Gancarz, J. Golonka, J. Micromech. Microeng, 19 

(2009) 10516 
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SURFACE ENGINEERING  
Stéphane Follonier 

Switzerland has a long tradition of industrial applications of 
surface engineering, including Côtes de Genève (or “Geneva 
Stripes”) and perlage (or “circular graining”) used for optical, 
decorative applications in the watch industry more than a 
century ago. More recently, the Revelation System® was 
introduced based on CSEM's expertise: an ingenious 
mechanism using polarizing discs (with anti-reflective sub-
wavelength structures) to reveal the watch mechanism while 
the watch is on your wrist. Beyond optical applications, CSEM 
has a tradition in the engineering of materials with novel 
surface-specific properties to open up new routes toward 
innovative industrial applications.  

The engineering of surfaces implies knowledge of many 
scientific disciplines ranging from the chemical, via the 
biological, to the optical or the mechanical, or to electrical 
engineering. Thanks to its multidisciplinary team of engineers, 
physicists, biologists, and chemists, CSEM is in a unique 
position to play a central role in the Bio-Nano-Micro 
convergence. Some early successes of multidisciplinary 
technology integration carried out at CSEM with industrial 
partners are sol-gel, thin-film-based CO2 and O2 sensors, and 
electro-chemistry-based ion sensors for saliva. 

The focus of the CSEM Surface Engineering program lies 
firmly on scalable production processes that will ensure the 
transfer of the engineered surfaces from the lab to industry. 
This focus on the research and development of production 
tools and processes supporting novel engineered surfaces for 
"nanometer surface engineering in square meter production" 
will secure for CSEM a strong unique selling proposition (USP) 
in the field.  

This focus is fully integrated into the vision of the CSEM 
Surface Engineering program: 

"Research & develop engineered surfaces and interfaces 
through surface material composition and/or geometrical 
surface structures using processes compatible with large-
scale manufacturing and with quality comparable to laboratory 
prototypes." 

The downstream integration of engineered surfaces into 
devices will realize the full potential of this vision.  

Engineered surfaces are founded on the interplay between 
surface material composition (through deposition or chemical 
modification processes) and geometrical surface structuring 
on the nanometer scale (through patterning or replication 
modification).  

Among the CSEM production-relevant tools and processes for 
surface material composition, the Surface Engineering 
program has built its expertise around surface chemical 
modification (covalent grafting of polymers, of functional 
silanes, or of biomolecules; sol-gel chemistry; functionalization 
of mesoporous films) and around deposition techniques 
(screen printing; gravure and inkjet printing; dip and bar 
coating; slot die coating; oxygen plasma; electro-spinning; 

plasma-enhanced and low-pressure CVD; PVD multi-chamber; 
MVD). 

Among the CSEM production-relevant processes for 
geometrical surface structuring, the Surface Engineering 
program has built its expertise around surface patterning 
(laser scribing and micro-structuring; reactive ion etching; 
holography; submicron optical patterning) and around 
replication processes (hot embossing and UV curing; COC 
rapid prototyping; injection molding). This expertise is 
completed by production-relevant methods in the domain of 
structure origination (including top-down micro- & nano-
lithography and the combination of self-assembly/dry etching). 

To reinforce the integration of these engineered surfaces, 
several multidisciplinary, integrated projects (MIPs) were 
conducted in 2014 demonstrating, at the research and 
development level, such successful integration: 

• microSALIVAsense — a thin, flexible oral sensor for in-
mouth monitoring, incorporating electrochemical sensors 
with electrodes printed and fluidics embossed in the same 
substrate. 

• MOFETs — MHz-operating organic field effect transistors 
with a thin oxide layer applied by chemical vapor 
deposition, solution phase, and molecular vapor 
deposition. 

• nanoPV — a thin-film PV solar cell with high-efficiency, 
with nano-surface engineering of one or more interfaces in 
the PV device. 

• HybSi — a micro-optomechatronics demonstrator with 
nanostructured surfaces with controlled glue adhesion 
properties. 

Long-term objectives 
To succeed, the program needs to balance a basic 
understanding of surface engineering with an understanding 
of upscaling manufacturing processes in order to provide 
significant impact for Swiss industry.  

Without the technology and processes necessary for 
reproducible and reliable manufacturing of accurately 
structured surfaces and interfaces that allow the industrial 
production of functional surfaces at reasonable cost, surface 
engineering will remain in the labs.  

• In terms of surface engineering, the program’s main 
objective is defined as follows:   
The CSEM Surface Engineering program targets the 
research and development of functionalized surfaces and 
interfaces with novel physical, optical, chemical, biological, 
electrical, and mechanical properties, and their integration 
into devices and systems. 

• In terms of upscaling manufacturing processes, the 
program’s main objective is defined as follows:   
The CSEM Surface Engineering program targets the 
research and development of cost-effective manufacturing 
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technologies and processes and their transfer to Swiss 
industries, including the pharmaceutical industry, the 
security industry, and the food industry, or any other 
industry in which engineered surfaces bring a competitive 
advantage.  

Executing this vision will allow CSEM to directly help build an 
industrial technology base and generate high added value 
within Switzerland. This process will be facilitated by the 
country’s long-standing tradition of high quality, high precision 
manufacturing. Within the program better industrial solutions 
for global trends such as energy conservation, personalized 
medicine, smart packaging, product safety, and product 
identification will be developed to help Swiss industry maintain 
its competitive edge.  

The program comprises three activities — Nano-surfaces, 
Bio-surfaces, and Printable Electronics. 

Nano-Surface Engineering activity (Nano-SE) 

Among other qualities, the optical, chemical, and biological 
properties of a surface are to a large extent determined by its 
nanometer-scale characteristics. CSEM’s established 
nanotechnology methods include numerous techniques for 
generating nanoscale structures with a high level of precision 
and reliability, and with a chemical composition of choice. 

It is a key consideration in nano-surface engineering not only 
to provide lab-scale solutions and demonstrate their 
applicability, but also to invest in the development of upscaling 
technologies that make possible the economically viable 
production of nanoscale functional surfaces.  

CSEM Nano-SE is based on the following competences: 

• Self-assembly of molecular systems (mostly polymers) 
and nanoparticles (mostly beads); 

• Replication techniques for sub-wavelength structures with 
nanoscale accuracy at high speed, over large surfaces or 
on a wafer scale, each at low cost; 

• Sol-gel chemistry for producing nanostructured or 
nanoporous materials, starting from molecular precursors 
or from dispersion of metal oxide nanoparticles; 

• Surface functionalization to add durable functionality to 
(micro- and nano-structured) surfaces or within 
nanoporous films by the covalent attachment of functional 
molecules (typically polymer, dextran, or silane); 

• Standard top-down nanolithography techniques (e.g., 
deep UV, e-beam, Focused Ion Beam, laser interference 
lithography); 

• Modelization, simulation, and characterization of the 
optical properties of metallic and dielectric nanostructures. 

CSEM’s Nano-SE activity contributes to novel solutions in 
many different fields including anti-counterfeiting, ultrafiltration 
and molecule separation, gas- and bio-sensing, optical 
components, cell culture instrumentation, biological substrates, 
and smart coatings. 

Printable Electronics activity (PE-SE) 

CSEM’s Printable Electronics activity investigates and 
maintains platforms based on printable semiconductor 
technology. The activity benefits from in-house capabilities 
including clean-room processing, device design, and process 
development for proof-of-concept and prototypes, and 
provides a proving ground for new labs and production 
equipment. 

CSEM’s Printable Electronics SE activity is based on the 
following competences: 

• Printable electronic processes and components — High 
resolution additive electronic manufacturing (e.g., gravure, 
ink-jet printing); combinatorial materials testing; printed 
organic/hybrid processing for RC, diodes, batteries, and 
transistor components; handling of flexible substrates; 
encapsulation and packaging. 

• Design, modeling, and testing — Optical (OLED, OPD) 
simulations and design for light-management solutions; 
compact modeling & design kits for organic transistors; 
metrology for efficiency, and lifetime and mechanical 
reliability.  

• Application and hybrid integration — Printable sensor 
systems for the life sciences; hybrid integration of 
printable and standard electronic components; (active) 
matrix large area devices (optical sensor arrays).  

Application areas investigated include organic photovoltaics 
(OPV), lighting based on organic light-emitting diodes (OLED), 
and environmental- and bio-sensors. 

Bio Surface Engineering activity (Bio-SE) 

Developing fully integrated, cost-effective solutions for the 
detection of biomolecules, for better sample handling, and for 
improved cell-culture systems is the objective of the Bio-
Surface activity. The potential present in such integration can 
only be realized if the design is optimized at the product level 
rather than at the single component level alone, and if the 
assembly of the individual components is compatible with the 
large-scale manufacturing processes required to reduce the 
cost of disposables.  

CSEM’s core competencies in microtechnology, electronics, 
and mass-manufacturing methods place the center in a 
unique position to provide unrivalled integrated solutions that 
address the markets of life sciences and clinical diagnostics, 
as well as food and environmental monitoring. 

CSEM’s Bio-SE activity is based on the following 
competences: 

• Sensors — electrochemical sensors, fiber optics, 
plasmonics, reactive dyes, optical design and simulation; 

• Immunoassays, biochemistry, affinity reactions, surface 
chemistry;  

• Cell and tissue culture, cell-surface interactions, cell/tissue 
mechanical properties;  

• Sample handling, preparation, and work-up; liquid 
handling; fluidics and microfluidics; 
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• Microfabrication, replication, UV casting, ink-jet printing, 
sol-gel processes; 

• Systems integration. 

Highlights  
Mastering these production processes has allowed the 
Surface Engineering program to develop technology platforms 
with novel opto-mechanical, electrical, and biochemical 
properties. Successful highlights for the research and 
development projects in 2014 include:  

for Nano-Surface Engineering: 

• The low-cost manufacturing of functional nanostructured 
plastic parts by injection molding. The first targeted 
application is the fabrication of a cell-based assay and cell 
culture device with controlled adhesion of biological cells. 
The second application concerns the elaboration of plastic 
parts with super hydrophobic and self-cleaning properties. 

 

  
Other major highlights include: 

• Production of steel inserts for injection molding with non-
planar surfaces up to A4 and nanostructures with periods 
down to 270 nm; 

• Testing of holographic steel inserts on a real production 
line with a record production of up to 3 million molded 
plastic elements with the same tool; 

• Replication of nanostructures (gratings) on stretchable 
substrates with resulting optical tuning effects;  

• Design and testing of anti-icing coatings using different 
surface functionalization and structuring techniques;  

• Development of in-coupling, diffractive optical structures 
for efficiency enhancement and decorative effects in 
photovoltaic applications (both inorganic and organic); 

• Demonstration of novel optical filters at 5−10 microns 
through hyper-uniform random structures with weak 
angular dependence; 

• Simulation and fabrication of new gold plasmonic 
structures showing a strong color response to refractive 
index changes.  

for Printable Electronics: 

• Hot embossing nano imprint process based on 
commercially available set of material; sub-micrometer 
feature sizes achieved. 

•  MVD/ALD/precursor for Al2O3 thin dielectric. World-class 
capacitors on plastic foils ≥ 1 uF/cm2 demonstrated. 

• First validated design kit for gravure printing process 1 on 
flexible foils ≤ 10x10 cm2. 

 

 
• Successful comparison of high performance barrier-testing 

method (with CEA, CPI, FhG, Holst, NPL). 

• OLED light management — first known example of angle-
dependent films for decorative effects realized. 

 
and for BioSurface Engineering: 

• The development of an automated, microfluidics-based 
module for pre-concentration of small organic molecules 
using solid-phase extraction. The module is user friendly 
and fast, is compatible with immunoassays, and can be 
used with small volumes (down to 1 ml). The module was 
designed for applications in the environmental or food-
monitoring fields.  

51 



 

 
Other major highlights include: 

• Demonstration of lactate optical sensors based on 
enzymatic assays hosted in metal oxide sol-gel 
mesoporous layers;  

• Validation of microporous membranes for in vitro models 
of biological barriers; 

• Development and testing of nanostructured substrates 
and micro-carriers with different materials and coatings on 
several cell lines including mesenchymal stem cells; 

• Testing of patches to measure pH and O2 in a cell culture 
medium and as wearables for pH monitoring of the skin; 

• Development of a CellFactor handling platform for large 
biological entities;  

• Demonstration of a matrix metalloproteinase (MMP) 
sensor;  

• Demonstration of assays for aflatoxin, biocides, and TNFα 
in the lab-in-a-pipet-tip;  

• Production of a 2nd generation Turbisc pump (higher 
chemical resistance); 

• Development of an integrated, compact, and fully 
automated sample preparation module for sample 
preparation of pollutants in water. 
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Rapid Sensing of Cancer 
G. Weder, M. Favre, R. Ischer, J. Cottet, H. Heinzelmann, M. Liley 
The development of cancer is associated with mechanical changes in both cells and extracellular matrix in living breast tissue. CSEM is developing 
a new rapid diagnostic tool using parallelized mechanical sensors based on atomic force microscopy (AFM) to investigate biopsy samples. The 
major innovation of this development is to reduce the analysis time of the tissue mechanical profile from hours to minutes for clinical use.  

The mechanics of biological cells, in particular their stiffness 
and elasticity, is an important factor that changes during the 
development of cancer [1]. Molecular and structural changes in 
the extracellular matrix and cellular skeleton occur during 
cancer initiation, progression and metastasis. Typical 
mechanical profiles have been correlated to pathohistological 
analysis of normal, benign and malignant human breast tissue 
(Figure 1). These distinct nanomechanical signatures of 
breast cancer can be used as diagnostic tool. 

 
Figure 1: (left) Nanometer-scale palpation of breast tissue, and (right) 
typical mechanical profiles of healthy (single peak in grey) and 
cancerous (multiple peaks in red) tissues. 

AFM is the ideal tool to investigate the mechanical properties 
of cells in biopsy samples in a reliable way. It is, however, 
slow. This is a significant limitation since a large number of 
measurements (force-distance curves) on the biopsy sample 
are required for a statistically meaningful set of data. Currently, 
one of the major obstacles for a routine use of AFM analysis 
in hospitals is the diagnostic time, which takes several hours.  

To fill this need, and reduce analysis time, CSEM is working 
on parallelizing several mechanical sensors. In combination 
with a commercial AFM-based diagnostic tool called 
ARTIDIS® (automated and reliable tissue diagnostics) that 
performs highly automated but serial measurements, this will 
reduce data acquisition time from hours to minutes.  

The standard procedure starts with removal of a breast biopsy 
from the suspicious lesion under ultrasound guidance 
(Figure 2). Multiple elasticity maps are then acquired across 
the entire biopsy using an AFM cantilever. The replacement of 
this single cantilever by a cantilever array – 8 cantilevers 
operating in parallel – involves an innovative parallel read-out 
of the probes. Compared to the current state of art, where only 
one probe is used to acquire about 20'000 force-distance 
curves per biopsy, these arrays will reduce the data 
acquisition time by a factor of eight. 

The strategy consists in reading a cantilever array with a 
VCSEL array (vertical cavity surface emitting laser). Each 
laser beam is focused at the end of one cantilever of the array, 
and the reflected light is detected using a photodetector 
(Figure 3). The development of the instrument is conducted in 
two phases. In the first phase, reproducible laser alignment, 
fast and parallel read-out are the major challenges. This 

demonstrator will then be improved in a second phase 
towards a prototype. This will include sample imaging, 
positioning stages and scanners and will be equipped with a 
temperature-controlled fluid cell for the study of live tissue. 
Throughout the development, miniaturized and highly compact 
probe arrays will be used, to be suitable with the rough biopsy 
samples. 

 
Figure 2: Schematic of an ultrasound-guided biopsy and its serial 
mechanical testing by a single AFM cantilever. 

 
Figure 3: Schematic of parallelized AFM cantilevers to investigate 
breast biopsy samples rapidly. 

The goal of this work is the rapid determination of the 
mechanical properties of cancer cells in their tissue 
environment for rapid breast cancer diagnosis. It may also 
contribute to a better understanding of the physical 
mechanisms of cancer metastasis and the development of 
novel strategies for cancer prevention. Parallelized AFM 
measurements in combination with the existing ARTIDIS tool 
should open new perspectives for clinical application. 

This work is partially funded by the Swiss research program 
Nano-Tera. 

[1] M. Plodinec, M. Loparic, C. A. Monnier, E. C. Obermann,  
R. Zanetti-Dallenbach, P. Oertle, J. T. Hyotyla, U. Aebi,  
M. Bentires-Alj, R. Y. H. Lim, C. Schoenenberger, "The 
nanomechanical signature of breast cancer", Nature 
Nanotechnology, 7, 2012, 757-765 
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A Bioreactor to Test Bone Scaffolds 
M. Giazzon, M. Favre, R. Smajda, S. Angeloni, P. Schneider, M. Liley 
In the field of orthopedics, new products are continually under development to facilitate and speed bone healing and thus improve the quality of life 
of patients. However, new tools and instruments are needed to reduce costs and animals associated with the test of these potential products. 
CSEM is developing a bioreactor that mimics the complex microenvironment of a bone fracture to facilitate these tests.  

Bone scaffolds and, in general, bone substitutes are widely 
used in orthopedics to help repair big bone lesions. New 
materials, shapes and structures are being studied in order to 
bring high quality products to the market. However, most of 
the studies used to develop new products, are done in animal 
models like mini pigs and sheep. The reason that animal tests 
are so prevalent is that current in vitro tests, do not model the 
complex environment which characterizes a broken bone site: 
they are not physiologically relevant. The challenge is to 
reproduce the physical (3D), chemical and mechanical 
environment present in a bone fracture in a simple model that 
can be used to test bone growth on and in new materials and 
structures. 

CSEM has taken up this challenge and is developing a new in 
vitro model to test the ability of polymeric bone scaffolds to 
host bone-producing cells (osteoblasts) and stimulate the 
formation of new bone. A bioreactor has been designed and 
fabricated to achieve this (Figure 1). It includes a chamber 
where the temperature is maintained at 37°C and where the 
gases (oxygen and carbon dioxide) circulate via cell culture 
medium. The chamber has been designed to host bone 
scaffolds and bone cells in cell culture medium rich in proteins 
and growth factors and allows the study of 3D porous 
biodegradable scaffolds as well as the interface between 
scaffold and bone. Moreover to guarantee mechanical 
stimulation of bone cells - a parameter that is essential for 
bone regeneration and for the correct bone turnover in vivo - 
the bioreactor has been provided with a system to apply 
controlled compression to the scaffold via a simple piston 
connected to a linear motor and a force sensor. The applied 
force, the piston displacement as well as the duration of the 
stimulus can all be controlled. This technology replicates the 
movement-rest cycles which characterize a normal active life. 

 
Figure 1: Bioreactor in a cell culture incubator. The conditions in the 
bioreactor chamber, the fluidic system and the motorized force 
actuator reproduce key elements of the physiological environment. 

Tests with scaffolds of different material composition, size, 
internal structure and porosity showed that the bioreactor is an 
effective tool for long-term tests of bone cell-scaffold 
interactions. Cells not only survive for more than three weeks 
in the scaffold in the bioreactor, they are also able to 
penetrate the scaffold and colonize it (Figure 2). Further tests 
are planned to investigate whether the cells keep their 
capacity to produce the inorganic part of bone (mineralization).  

 
Figure 2: a) Bone scaffold in the bioreactor chamber. The scaffold is 
produced by IBA (Germany) using two photon polymerization; 
b) Scanning electron microscope image of the scaffold structure; 
c) Optical image of bone cells grown for three weeks in the scaffold 
and the bioreactor with a daily mechanical stimulation of 6 hours. 

Future work will focus on the introduction of oxygen and pH 
sensors to the fluidic chamber. This will allow the behavior of 
the cells inside the scaffold to be monitored during culture 
experiments of several weeks. 

This novel bioreactor will contribute to better and more 
widespread testing of bone scaffolds in quasi-vivo conditions 
thus reducing the need for animal testing and the 
development costs of new orthopedic products. 

This work was partly funded by the European Commission via 
the FP7 project Innovabone (www.innovabone.eu). CSEM 
thanks them for their support. 

54 



 

Lab-in-a-Pipette-Tip (LIPT) 
S. Paoletti, D. Migliorelli, V. Monnier, D. Caminada, L. Barbe, S. Follonier 
Today, lateral flow immunoassay strips are predominantely used for field tests because they are inexpensive, fast and do not require skilled 
personnel or a lab environment. However, these test strips do not provide quantitative readings of absolute analyte levels; they rather indicate 
qualitatively the presence or absence of analytes. One of the biggest market challenges today is the development of miniaturized, quantitative, 
rapid bioanalytical tests. The Lab-in-a-Pipette-Tip (LIPT) technology aims to cover this market need.  

The LIPT is a precise and flexible multiplexing device. It is 
designed to analyse a substance directly in a proprietary 
pipette tip. For carrying out the analysis, there is no need to 
dispense the substance from the pipette tip into a specific 
container such as a microtiter plate. 

 
Figure 1: Picture of four LIPT tips, one attached to a pipette, 
developed by CSEM and a LIPT holder compatible to ELISA readers. 

Biocides, as pesticides and anti-microbial agents, have 
become essential for ensuring high standards of hygiene and 
health in our modern society and an efficient use of these 
compounds in industrial applications has become a major 
challenge. Whilst it is indispensable to apply the required 
concentration of biocides, the excessive dosage is not 
acceptable from a product safety and an end-user point of 
view.  

With the support of microsTECH AG (Olten), CSEM has 
tested the LIPT technology for the detection of biocides from 
the isothiazolinone family. These are cyclic organic biocides 
widely used as additives in wood protection, as preservatives 
in the paint, pigment and paper industries, in household 
products as well as in cosmetics. The current methods of 
detection for isothiazolone biocides involve gas 
chromatography or ultraviolet (UV) spectrophotometry and are 
not especially valuable for field test applications. Such 
instrumental methods of analysis are highly impractical and 
costly to transport and set up for field test applications.  

A detailed literature study on the chemical characteristics of 
isothiazolinone compounds allowed CSEM to design a new 
enzymatic detection method. Shortly, glutathione is known to 
inhibit the activity of the Horseradish peroxidase enzyme 
(HRP). Isothiazolinone biocides could bind glutathione and 
prevent glutathione-mediated HRP inhibition. The detection 
method that we designed and tested was based on the 
correlation of isothiazolone compound presence and 
restoration of HRP activity. 
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Figure 2: Biocide detection using the LIPT technology. Dose 
dependent HRP activity restoration. Increasing concentrations of 
biocides were added to restore the HRP activity inhibited by 
glutathione (●). The HRP activity in the presence of the biocides 
without Glutathion is shown (∆).  

As it is shown in Figure 2, the experiments demonstrate that 
the LIPT technology could be successfully applied for biocide 
detection. Additional work on the surface functionalization of 
the LIPT and on the LIPT design will decrease the variability 
of the measurements.  

The major benefits of the biocide detection using the LIPT 
technology are:  

• User friendly: all different steps of the assay are carried 
out easily only aspirating and dispensing liquid 

• Rapid: the total detection method lasts at the moment 
about 10 minutes 

• Cost effective: since only 10 μl are necessary for the LIPT 
technology, small amount of reagents are required 

The LIPT in combination with a single-channel readout 
instrument can be easily used for field tests. The successful 
detection of other analytes, as aflatoxin and TNFα, clearly 
demonstrates the versatile nature of the LIPT technology that 
could be adapted for different detection procedures (indirect, 
sandwich, competitive and enzymatic assay).  

This work was supported by the Biotechnet. CSEM thanks 
them for their support. 
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Surface Functionalization of Multiwell Plates 
H. Zepik, D. Migliorelli, S. Generelli 
Polypropylene well plates were modified by photochemical activation and coated with a dextran hydrogel. An antibody assay has shown a higher 
loading capacity compared to untreated well plates.  

Multiwell plates have become a ubiquitous tool in laboratories 
for applications ranging from biochemical research to 
diagnostics assays. Their various formats and scalability from 
6 to 384 and even 1536 wells make them an indispensable 
device in many research and clinical settings. In addition they 
can be integrated with multichannel pipettes, liquid handling 
robots and the respective analytical readers. 

 
Figure 1: Multiwell plates. 

Their easy and reproducible production from a variety of 
materials, mainly plastics like polystyrene, polypropylene and 
polycarbonate, and therefore their low price has certainly 
contributed to their wide proliferation. 

However, these inert and mostly hydrophobic surfaces are 
usually not appropriate for aqueous samples due to non-
specific adsorption and other undesired irreproducible 
phenomena. 

We have therefore devised a simple method to activate and 
functionalize polypropylene well surfaces. It is based on the 
photochemical reaction of a bifunctional azide which is 
inserted into the surface C-H and C-C bonds [1 ]. Thus, the 
surface becomes activated and can be further functionalized 
with a hydrogel, e.g. dextran (Figure 2).  

 
Figure 2: Well functionalized with dextran. 

Dextrans are well-known hydrogels that represent a 
biomimetic environment. Not only do they reduce non-specific 
adsorption but are also known to stabilize the conformation, 
and therefore the activity, of biomolecules. 

In order to be able to immobilize biomolecules like antibodies 
the dextran needs to be further modified with carboxyl groups. 
To test the viability of this approach we have conducted a 
biochemical assay for the detection of aflatoxin. Antibodies 
specific for aflatoxin are either covalently immobilized to 

dextran-modified well plates, or passively adsorbed to 
untreated pp well plates. 

 
Figure 3: Competitive aflatoxin-assay; grey dots: dextran-modified; 
black dots: untreated pp surface. 

This is a so-called competitive assay where labelled aflatoxin 
and sample are premixed and added to immobilized 
antibodies. As one can see in Figure 3, the plate prepared by 
the CSEM-method gives a higher signal, indicating a higher 
loading due to the dextran layer. 

[1] L. Liu, M. Yan, Acc. Chem. Res. 43, 1434-1443 (2010) 
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Assessing Hepatic Cytotoxicity in a Hepatic Microfluidic Bioreactor by Application of 
Electrochemical Sensors 
J. B. la Cour, S. Generelli, L. Barbe 
Replacement of in vivo toxicity testing requires an effort in developing suitable predictive in-vitro tissue models and systems that monitor effectively 
the metabolic status of the tissue model. Sensors for alanine transaminase and urea, two biomarkers specific for hepatic metabolism are being 
developed. 

Since 2004, a continuous effort has been taken by the 
European Union to eliminate the animal testing of new 
chemicals, with a particular emphasis on cosmetic products. 
The project HEMIBIO [ 1 ], funded by the Cosmetics Europe 
association and the European Union (FP7, grant agreement 
Nr. 266777), is part of this effort. Within this project, a micro-
bioreactor reproducing the complexity of the liver tissue is 
being developed. The in-vitro liver model will be used in long-
term toxicity testing. 

One of the major challenges in building a 3D-liver bioreactor is 
the monitoring of health and metabolic status of the in-vitro 
model. Nowadays, most often, physiological samples are 
aliquoted to determine hepatic functions and metabolism, 
which is a time-consuming and often destructive process in 
particular when the sample volumes are small. 

To minimize the impact of the long-term viability monitoring 
(30 days) on the in-vitro tissue model, an automated sampling 
and monitoring system has been designed and is 
characterized (see Figure 1). Sensors will be used to check 
the status of the tissue culture. In addition to more 
conventional sensors like pH, oxygen, glucose, and lactate 
sensors, aimed at monitoring the general status of the cell 
culture, relevant information is obtained by the monitoring of 
biological markers specific to the cell culture in use. 

 
Figure 1: Fluidic control board for handling of calibration, washing 
and sampling of the automated system. 

In the framework of the HEMIBIO project, CSEM has 
developed alanine-aminotransferase (ALT), urea, and NH4+ 
sensors. Extracellular ALT, a specific marker of hepatocyte 
injury, and urea, related to urea cycle, which takes place 
principally in the liver, have been chosen as highly specific 
markers of liver cell metabolism. NH4+ sensing is 
complementary to urea.  

The activity of ALT is determined indirectly, by measuring the 
generation rate of glutamate, whose synthesis is catalysed by 
the presence of ALT. Sensors have demonstrated a good 
response to ALT activities ranging from 2 U/L and up to 
250 U/L. The sensor response is stable for more than one 
month, after which it will linearly decrease, keeping a 
response even after 5 months in solution. 

An example of ALT activity measurements in cell culture 
medium is shown in Figure 2: A standard of ALT with an 
activity of 60 U/L is diluted in a cell culture medium. The ALT 
activities measured by the sensor developed within HeMiBio 
correlate better with the expected ALT concentrations than the 
commercial colorimetric ALT kit from Cayman Chem.  

 
Figure 2: Measurement of ALT in buffer and LiMM cell culture 
medium spiked with known concentrations of ALT. Comparison of 
sensors and commercial assay kit. 

The urea and ammonium sensors have the same basic design: 
a planar electrode covered by a NH4+ selective membrane. 
To detect urea, the sensor is covered with a thin film 
comprising urease enzyme, which will convert urea to 
ammonium.  

 
Figure 3: Calibration curve for urea in PBS buffer. 

Urea has successfully been measured in the concentration 
range from 1–10 mM (Figure 3). Optimization of the sensor 
concentration range is ongoing, to achieve sensitivity in the 
lower range 0.1–1 mM. 

The development of new long-term reliable sensors will 
enable repeated time point measurements or potentially real-
time measurements and provide insights into the kinetics of 
toxic insults. 

[1] www.hemibio.eu  
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Electrochemical Sensors for Monitoring LDH in Milk 
D. Migliorelli, S. Generelli, D. Caminada 
Dairy herds are expanding and, with increasing numbers of animals in each herd, there is a need for automatic recording of indicators in milk in 
order to detect diseases such as mastitis or inflammation of the udder. Even though a number of biomarkers for mastitis have been suggested over 
the years, the detection methods often involve complicated and expensive procedures. An amperometric biosensors based on selective enzymes 
immobilized on Screen Printed Electrodes (SPEs) has been developed and tested with commercially available UHT milk.  

Bovine mastitis, the most significant disease of dairy herds, 
has huge effects on farm economics due to reduction in milk 
production and treatment costs. Traditionally, methods such 
as somatic cell count, often involve sample pretreatment and 
pre-culturing procedures. Indigenous concentrations of the 
enzyme L-lactate dehydrogenase (LDH) are increasing in an 
active infection and this enzyme is released into the milk in the 
affected quarter during inflammation.  

CSEM has developed a simple and fast amperometric 
procedure for LDH determination in milk, using screen printed 
electrode (SPE) technology (Figure 1). This procedure can be 
implemented in a milking machine on site. 

 
Figure1: Instrumentation: potentiostat (EmStat 2) and screen printed 
electrode. 

The enzymatic reaction catalyzed by LDH is the basis for the 
detection of the enzyme. If the LDH and its cofactor (NADH) 
and substrate (Pyruvate) are present, the following reaction 
takes place: 

Pyruvate + NADH + H+ Lactate + NAD+ 

Lactate oxidase immobilized on the surface of the working 
electrode is used to monitor the synthesis of lactate that takes 
place in the presence of LDH.  

The calibration curve, using LDH spiked in commercial 
available UHT milk showed a linear response in the LDH 
concentration range of 0.025–0.2 U/ml (Figure 2), and a 
response up to 11.36 U/ml. This concentration range covers 
perfectly the average LDH activity in raw milk of infected cows, 
between 0.09 and 0.28 U/ml. 

 
Figure 2: Linear range for LDH (in the sensor linear range) spiked in 
UHT milk.  

The stability of the sensor has been verified by monitoring 
spiked lactate in Phosphate buffer for one month (Figure 3). 
Today, this sensor can be used for up to 60 measurements. 

 
Figure 3: Storage stability of LDH biosensor during 30 days. 

58 



 

Droplet-in-a-Pipette-Tip (DropIT) and Droplet Interfaces 
F. Pereira, D. Caminada, L. Barbe 
Currently, micro droplets for biological and chemical assays can be generated in several ways both on-chip and off-chip or by simply mixing the two 
immiscible phases together (e.g. Emulsions). However, all these formats require the user to have specialized equipment (chips, pumps, robotics 
and software) to generate droplets of a consistent size. The technologies described here will facilitate the generation and manipulation of micro-
droplets using a tool that is ubiquitous in a laboratory, a pipette. Furthermore, the droplet based interface will permit efficient low volume liquid 
transfer between analytical instruments. Together these technologies address one of the principal market challenges today – robust, miniaturized 
and high throughput biological sample handling.  

The DropIT technology involves a novel pipette tip design 
which allows droplets to be generated, stored, imaged and 
manipulated to conduct simple assays in a basic lab setting 
without the need for specialized equipment. The tip has been 
designed to fit commercially available pipettes. Moreover, this 
technology if applied to a robotic liquid handling system, 
permits extremely high-throughput experiments (e.g. droplet 
PCR) to be performed.  

In its simplest format the DropIT system has at least one inlet 
for each immiscible phase (Figure 1a). Consequently, a single 
tip can be used to generate droplets from multiple immiscible 
phases and multiple droplets from the same phase.  

 
Figure 1: Schematics of DropIT and droplet interface technologies. 

The proprietary droplet interface technology facilitates the 
formation and processing of aqueous droplets enabling single 
droplet transfer to continuous flow systems. The droplet 
interface consists of two fundamental parts: a droplet 
generation structure that generates or fractionates effluent 
from a “first dimension” into droplets (e.g. DropIT) and a 
microprobe that transfers the sample to a “second dimension” 
analysis concurrently removing the oil. The interface is the 
next generation in hyphenation using microfluidics to reduce 
device footprint, reduce manufacturing costs, preserve data 
quality and simplify user handling. These droplet technologies 
can be used independently or in tandem to generate droplets 
and interface devices using droplets.  

The interface technology has been applied to several 
analytical techniques. We detail its application to nano-liquid 
chromatography (Nano-LC) – MALDI mass spectrometry (MS) 
(Figures 1b and 1c). The device is positioned several 
centimetres from the outlet of the LC separation column 
ensuring that the resolution gained by the separation is 
preserved once the analytes are fractionated into droplets. 
The sample is mixed with matrix prior to droplet formation, 
allowing the droplets to be delivered to the target in a MALDI-
ready format.  

The performance of the interface device and spotter was 
compared to a commercially available automated spotter 
using the Trypsin digest of BSA, which produces over 45 
peaks when separated using Nano-LC. The molecular weight 
information was provided by the manufacturer for 22 peaks 
and is listed in Table 1. The table also lists the peaks 
observed by each spotting technique. In fact for all digests 
analysed, the droplet interface device performed better, 
seeing over 86% of all peptides present compared to ~ 56% 
observed by the automated spotter. Applying the data 
obtained to MASCOT for both spotting techniques and the 
information provided by the manufacturer the following results 
were obtained: Control (Manufacturer Info): 38% sequence 
coverage, Droplet Interface: 34% sequence coverage and 
commercial spotter: 23% sequence coverage 

Table 1: Comparison of the MS results for a trypsin digest of BSA 
obtained using the droplet interface based MALDI spotter and a 
commercial instrument. 

 

In combination these droplet based technologies: 

• Can be used without modification of existing (pipette/LC) 
equipment 

• Offer greater throughput than commercially available 
droplet systems, permitting multiple samples to be 
processed in tandem 

• Provide significant enhancements in overall analytical 
performance in terms of component resolution and 
separation efficiency 

• Is highly configurable (i.e. can be used with a wide range 
of assays and analytical techniques) 

Mass Commercial 
spotter

Droplet 
Spotter Mass Commercial 

spotter
Droplet 
Spotter

688 1567 X

927 X X 1577 X

1034 X X 1639 X X

1107 X 1693 X X

1139 X 1724 X

1163 X X 1749 X X

1283 X X 1881 X X

1305 X 1908 X X

1399 X 1956 X X

1439 X X 2492
1479 X X

a) DropIT technology b) Droplet generation 

c) Droplet spotting 
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Conceptual Design and Numerical Simulation of a Distributed Bragg Grating Resonator 
Waveguide Biosensor 
F. Kehl, D. Bischof •, M. Michler •, M. Keka •, R. P. Stanley  
Label-free optical biosensors are extensively used in various fields such as the pharmaceutical industry, healthcare, biotechnology, food, feed and 
environmental monitoring. Compared to labeled methods such as fluorescence-based sensing, in label-free detection the molecules do not have to 
be functionalized with a marker to produce a detectable signal. This is a benefit, since functionalization with fluorescent labels can be expensive, 
laborious and can alter the structure and hence the molecules' characteristics. But still, label-free methods are generally less sensitive than labeled 
ones. Within the framework of a CTI project, CSEM and partners developed a novel concept of a Bragg grating resonator based biosensor with 
potentially lower limits of detection, extended dynamic range and manageable complexity for high-volume production. 

To increase the sensitivity of label-free sensing approaches, 
many promising and highly sensitive interferometer as well as 
resonator based integrated optical transducers have been 
presented [ 1 , 2 , 3 ]. Sophisticated micro-sphere, disc and ring 
resonator sensors with low limits of detection and high quality 
factors (Q-factor) have been realized, but do not seem to be 
suitable for volume production due to their high level of 
complexity regarding fabrication and light coupling. In contrast, 
grating based waveguide sensors can be produced in batches 
by standard lithographic means. Light can easily be coupled 
via the diffractive grating itself, but they exhibit lower Q-factors 
and therefore higher limits of detection. In this work, we 
introduce a distributed Bragg grating resonator waveguide 
biosensor (Figure 1). It combines the benefits of grating 
couplers, resonant cavities, high Q-factor and an extended 
dynamic range - while maintaining a manageable complexity. 

In the case of a waveguide grating coupler, a periodically 
corrugated grating region in the waveguide can act both as 
light coupling, as well as sensitive element. In the latter 
configuration, changes in the cover refractive nc index close to 
the sensor surface, e.g. by the adsorption of (biochemical) 
molecules (ligands) with unequal refractive index than the 
aqueous medium will alter the effective refractive index neff. 

Planar Bragg grating waveguide sensors possess an 
analogous structure, but instead of coupling light in or out of 
the waveguide, a certain spectral region of the propagating 
mode will be reflected within the waveguide, again depending 
on neff. Ligand-induced refractive index changes can be 
monitored either by the wavelength shift of the entire, so 
called stop-band, or a sharp fringe at its edge by measuring 
the reflected or transmitted light [4]. In general, relatively bulky 
and expensive measurement equipment is needed to 
accomplish this, which represents a hurdle for point-of-care or 
handheld devices. 

The proposed structure thus envisages the implementation of 
a subsequent, secondary Bragg grating, hereby forming an 
optical, or Fabry-Pérot cavity. Compared to a single Bragg 
grating reflector, the implementation of a second grating and 
the formation of an optical cavity has the advantage to 
introduce a multitude of resonance peaks within the stop-band 
of the Bragg grating. These resonances and the associated 
wavelength shifts can be easily interrogated by an 
inexpensive, tunable vertical cavity surface emitting laser 
diode (VCSEL).  

 
Figure 1: Schematic representation of the sensor, comprising a 
coherent source (S), coupling gratings (CG), Bragg gratings (BG), a 
resonator (R) and a detector (D). 

The proposed DBR sensor design has been optimized by 
numerical simulations using the RSoft® module 
GratingMOD™, a general design tool for grating based 
devices from Synopsys®, based on the coupled mode theory 
(CMT). The numerical results clearly support the envisaged 
sensor features, namely a multitude of resonant cavity modes 
with a high finesse in combination with a high sensitivity 
towards refractive index changes of the cover medium. 

 
Figure 2: Calculated transmission spectra of the Bragg grating 
reflector (a) and Bragg grating resonator (b) structure. 

Financial support by Swiss Commission for Technology and 
Innovation (CTI) is gratefully acknowledged (CTI project No 
13865.2 PFNM-NM) as well as the contributions of the 
University of Applied Sciences and Technology NTB, Buchs, 
Switzerland, and Optics Balzers AG in Liechtenstein. 
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On-site Sample Preparation Platform for the Monitoring of Emerging Pollutants in Water  
S. Heub ●, N. Tscharner, V. Monnier, L. Barbe, D. Caminada, S. Follonier 
A fully automated and portable platform for on-site sample preparation is being developed within the EU project RADAR, for the monitoring of 
endocrine disruptive compounds in water and in food processes. The platform is an adapted and integrated version of the solid phase extraction 
method. It allows to pre-concentrate small volumes of liquid samples for further analysis by immunoassays. 

Endocrine disruptive compounds are a family of pollutants 
originating mostly from the degradation of plastics, smokes 
and drugs. Today, it is proven that they cause feminization of 
aquatic species in contaminated lakes and rivers. This also 
raises human health concerns. Within the European RADAR 
(rationally designed aquatic receptors) [ 1 ] project, the 
development of an integrated and automated sample 
preparation platform is required prior to optical label-free 
detection for on-site monitoring of those compounds. 

The portable sample preparation system that is being 
developed performs fully automated liquid sample collection, 
filtration of particles, removal of gas bubbles, enrichment of 
the target compounds and delivery of the different buffer 
solutions and reactants to a biosensor.  

The biggest challenge lies in the miniaturization of the system, 
whereby keeping recovery rates and pre-concentration factors 
of the target compounds, a necessary step to allow the 
detection with the biosensor. Indeed the compounds of 
interest are found at very low levels in the environment 
(< 1 ppb = 1 ng/ml), i.e. below the limit of detection of 
biosensors. Among the various methods which are used for 
preparation of such compounds, the techniques based on 
solid phase extraction are the most efficient in terms of 
separation and enrichment. When applied in a laboratory, 
such process implies the use of various organic solvents, 
through many time-consuming steps.  

 
Figure 1: Sample preparation prototype being tested in a laboratory. 

A fully automated platform has been designed adapting and 
integrating a solid phase extraction method thereby 
minimizing the used volumes of solvents and reducing the 
processing time. This system can be used independently or 
on-line with a biosensor. It is meant for sample pre-
concentration and injection of the different solutions needed 
for the immunoassay to the sensor. Figure 1 shows the 
instrument being evaluated for pre-concentration of a 10 ml 
water sample at the Marine Biology Station, Slovenia. 

A microfluidic device has been designed and fabricated to 
support the channels and hold the miniaturized SPE column, 
as shown in Figure 2. The channels are formed in an 
elastomer gasket pressed between the two plastic parts. 
Polyether-ether-ketone (PEEK) was chosen for its chemical 
resistance and composition, free of EDC. The design of the 
gasket was optimized to ensure the delivery of a small, 
precise and reproducible volume of eluent to the column.  

    
Figure 2: (left) Scheme of the assembled chip with 1) connector to 
sensor or reservoir, 2) top PEEK layer, 3) SPE micro-chip, 4) SPE 
column, 5) fluoro-elastomer gasket, 6 bottom PEEK layer and 7) 
surface mounted valve; (right) Picture from inside the chip with 
apparent channels in the gasket on the right (6.5x7 cm). 

Preliminary results were obtained from an enzyme-linked 
immunosorbent assay (ELISA), for the pre-concentration of 1 
ng/L 17β-estradiol in only 100 ml of de-ionized water. A 
recovery of about 40% with 60 times pre-concentration was 
obtained. The system is fully automated and can process 
100 ml of sample in less than one hour. The final amount of 
solvent being 10%v or less, the method is compatible with the 
use of antibodies in the ELISA. The system presented here is 
showing advantages over the standard bench-top procedure, 
with reasonable extraction efficiency, reduced processing time, 
low amount of organic solvent (microliter range) and a good 
compatibility with immunoassays.  

The system is currently prepared for use in field experiments 
where ARGOS (angle interrogated optical sensor) and 
Surface Plasmon Resonance (SPR, as benchmarking) 
measurements with immunoassays based on estrogen 
receptors will be performed to confirm the compatibility of the 
method with an optical label-free biosensor. 

• ETH Zurich 
[1]  www.radar-fp7.eu 

{
2

6

1

7

4

3
5

61 

                                                                 



 

Experimental Characterization of the Sensitivity of Waveguide Grating-based 
Biosensors and Comparison with Numerical Simulations 
T. Gartmann, F. Kehl 
This work describes the experimental characterization of waveguide grating based biosensor chips regarding their sensitivity in comparison to the 
numerical simulations. The chips act as integrated optical signal transducers, e.g. in the ARGOS sensor platform [1]. Good agreement of simulation 
and experiment was observed, therefore enabling precise prediction of the performance of novel sensor designs. 

Label-free biosensors are commonly used in various fields 
such as the pharmaceutical industry, biotechnology, food, 
feed and environmental monitoring. They are attractive 
devices as they do not require marking the species under 
investigation with labels and therefore possibly altering its 
structure and reaction characteristics. A subgroup of these 
optical transducers are waveguide grating sensors [2]. These 
said devices consist of optical coupling gratings embedded in 
high refractive index waveguides. Commonly, these sensors 
are interrogated by measuring either the wavelength or the 
angle, under which light is coupled to the device - the so 
called coupling angle. CSEM has developed two label-free 
biosensor platforms based on waveguide grating biosensors: 
The WIOS [3] and, more recently, the ARGOS sensor platform. 
The sensing principle of the latter is to measure the in-
coupling angle and its change due to the adsorption of 
biomolecules onto the sensor surface. 

During the design of novel waveguide grating sensors, it is 
crucial to maximize the sensitivity of the sensor chip. This task 
is mainly performed by numerical simulation tools, such as 
WAGRALIZER, a dedicated in-house software for calculating 
coupling angles to waveguide grating sensors as well as for 
multi-parameter optimizations of said sensors.  

In this work, the validity of these simulations was 
experimentally verified for several distinct wavelengths of the 
incident light, ranging from 405 to 850 nm, as well as for 
several thicknesses of the waveguide, ranging from 
approximately 80 to 340 nm. 

To determine the sensitivity s, the coupling angles θc of the 
waveguide grating sensors were measured with different 
cover media (air, water and refractive index matching oil with 
refractive indices nc of 1, 1.33, 1.52, respectively) applied to 
the sensitive interface of the sensor. These measurements 
were performed with the setup shown in Figure 1. The wave-
guide grating sensor, mounted on a motorized rotation stage, 
was illuminated from its substrate side with coherent light at 
different wavelengths and defined polarization. By rotating the 
chip, the angle of the incident light onto the sensor was varied.  

 
Figure 1: Experimental setup for coupling angle determination. 

From the transmitted light intensity, recorded with a CCD 
camera, the coupling angle could be determined. By dividing 
the difference of the coupling angles Δθc by the difference of 
the refractive index of the applied cover media Δnc, the 
sensitivity was calculated (s = Δθc / Δnc). 

The input variables for these simulations, such as the 
waveguide geometry and the material properties, were 
determined independently from the coupling angle 
measurements. An excerpt of the results from the numerical 
simulations as well as the experiments is shown in Figure 2. 

 
Figure 2: Measured (marks) and simulated (lines) sensitivities for 
different wave-guide thicknesses at a wavelength of 632.78 nm. In 
the legend, the polarization of the incident light and the applied cover 
media are specified. 

We found a good agreement of the simulation with the 
experimental results. To our knowledge, this is the first study 
of the bulk refractive index sensitivity of a waveguide grating 
coupler which is systematically supported with experimentally 
measured data for different waveguide thicknesses and 
wavelengths of the incident light. The samples were produced 
in collaboration with Optics Balzers, Liechtenstein. 

[1]  F. Kehl, S. Follonier, M. Wiki, "Angle interrogating optical sensor 
ARGOS: Scanning MEMS mirror for higher performance label-
free optical biosensing", CSEM Scientific and Technical Report 
(2010), 78 

[2]  W. Lukosz, K. Tiefenthaler, "Sensitivity of integrated optical 
grating and prism couplers as (bio)chemical sensors", Sens. Act., 
15 (1988) 273 

[3]  K. Cottier, M. Wiki, G. Voirin, H. Gao, R. E. Kunz, "Label-free 
highly sensitive detection of (small) molecules by wavelength 
interrogation of integrated optical chips", Sens. Act. B: Chemical, 
91 (2003) 241 
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Development of an Integrated, Label-free, Waveguide Grating-based Biosensor Platform 
for Onsite Measurements and Online Monitoring of Toxins and Pollutants in Food 
Production Processes and in the Aquatic Environment 
F. Kehl, N. Tscharner, P. Grandi, T. Gartmann, G. Etlinger ●, A. Giangreco ●● 
Label-free optical biosensors exist in numerous configurations [1] and are widely used in various fields such as the pharmaceutical industry, 
healthcare, biotechnology, food, feed and environmental monitoring. In the EU FP7 RADAR project, CSEM and its international partners developed 
a versatile biosensor platform to detect interaction, presence and concentration of (biochemical) molecules, namely the angle interrogated optical 
sensor ARGOS. Within the project, its development was driven by the increasingly important need of highly sensitive, real-time measurement 
platforms for the detection of toxins and pollutants in food matrices and water samples. 

Endocrine disrupting chemicals (EDCs) pose a significant 
hazard to the environment and human health [2]. These are 
chemicals that can mimic natural hormones or inhibit their 
action by interacting with the receptors of natural hormones, 
thus altering the normal function of the endocrine, immune or 
nervous systems. In the aquatic environment, all organisms 
are continuously exposed to EDCs for several life generations 
since most of them are persistent pollutants. Aquatic 
organisms have proteins capable of binding EDCs. Such 
proteins are ideal candidates as biological recognition 
elements for biosensors, since they will bind any EDC present 
in the analyzed sample. 

In this work we present a fully integrated and versatile, label-
free, evanescent field-enhanced waveguide grating based 
sensor system [3] to monitor binding events of EDCs and toxins. 
It uses above mentioned aquatic biomolecules as signal 
transducers and we have introduced a biosensor platform for 
surveillance of EDCs that is capable of monitoring the 
presence of toxins and pollutants in potable water as well as 
the aquatic environment. 

The label-free optical biosensor system ARGOS (Angle 
interrogated optical sensor) [4] relies on a MEMS micro-mirror 
device to interrogate waveguide grating sensing regions on a 
dielectric optical transducer chip by scanning the angle of the 
incident coherent light, resulting in the determination of 
effective refractive index changes due to the adsorption of 
analyte molecules on a chemically functionalized interface at a 
high acquisition rate. The tunable MEMS mirror interrogates a 
wide dynamic range and hence offers the flexibility to 
investigate at the point and wavelength of interest – an 
interesting feature for enhanced surface-to-bulk sensitivity 
ratio.  

 
Figure 1: CAD Model of the ARGOS Biosensor (without Cover). 

 
Figure 2: Picture of a running ARGOS system with sensor chip (front) 
and external liquid pump (background). 

The shoe-box sized, multiplexed sensing system offers eight 
temperature-stable, parallel sensing regions and easy 
handling and docking of the sensor chip, as well as advanced 
liquid handling. Due to customized, fully-integrated low-power 
electronics, the sensor can be driven independently from 
auxiliary computers and the power-grid, a benefit for 
monitoring at remote places. 

The research leading to these results has received funding 
from the European Union Seventh Framework Program 
(FP7/2007-2013) under grant agreement n° FP7-KBBE-2010-
4-RADAR 265721. The development of the reader platform as 
well as the waveguide grating sensor chip took place in close 
collaboration with Optics Balzers AG in Liechtenstein. 

● Technisches Büro Etlinger, Roßniserstr 1, 6710 Nenzing, Austria 
●● Optics Balzers AG, FL-9496 Balzers, Liechtenstein 
[1]  M. A. Cooper, "Optical Biosensors in drug discovery", Nat. Rev. 

Drug Discov., 1 (2002) 515 – 528 
[2] E. Diamanti-Kandarakis, et al., "Endocrine-disrupting chemicals: 

an Endocrine Society scientific statement", Endocrine reviews 
30.4 (2009): 293-342 

[3]  M. Seifert, K. Tiefenthaler, K. Heuberger, W. Lukosz,  
K. Mosbach, "An integrated optical biosensor (IOBS)", Analytical 
Letters, 19(1-2), (1986): 205-216 

[4] F. Kehl, S. Follonier, M. Wiki, "Angle interrogating optical sensor 
ARGOS: Scanning MEMS mirror for higher performance label-
free optical biosensing", CSEM Scientific and Technical Report 
(2010), 78  
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Electronics and Sensors to Help Patients with Ulcers 
G. Voirin, R. Smajda, R. Ischer, G. Dudnik, A. Fahli, M. Correvon 
Electronics and sensors bring to e-medicine the means to monitor patients outside the hospital. Not only physical but also (bio)chemical parameters 
can be checked allowing physicians to remotely control their patients efficiently. 

Some diseases lead to recurrent pathologies like diabetic foot 
ulcer for patients suffering from diabetes or venous leg ulcer 
for patients with blood circulation problems. These hard-to-
heal wounds require long and expensive treatments. One 
effective treatment consists of applying a negative pressure 
on the wound bed. This suction will evacuate the secretion, 
bacteria and debris and enhance the revascularization, thus 
speeding up the healing process. In order to make this 
therapy possible at the patient's home, a system is being 
developed in the frame of the European project SWAN-
iCare [1]. Information about the wound and the patient health 
status are collected and sent to the clinical information system 
of the hospital. The healthcare personnel can follow the 
evolution of the patient's healing and adapt this treatment on 
the way accordingly. 

 
Figure 1: Architecture of the SWAN-iCare system with the aim of 
providing negative pressure therapy for ulcers at home. 

The proposed SWAN-iCare system is composed by different 
devices to remotely follow the patient at home (Figure 1). 
Some commercial devices will inform about the general state 
of the patient (temperature, glucose level, blood oxygen). 
Some more specific devices that are used close to the wound 
will estimate the quality of the tissue in or around the wound 
(transepidermal water loss, bioimpedance) and will test for 
antibiotic resistant bacteria in case of an infected wound. 
Other types of device focus on the behavior of the patient (an 
actimeter for activity classification, insole pressure to control 
the forces applied on a foot plantar ulcer, dorsiflexion to 
control leg muscle activity). Finally a group of sensors will 
measure the parameters directly in the wound bed 

(temperature, pH and biomolecules). The different sensing 
devices and the negative pressure system constitute a 
configurable wireless network that carries out the therapy and 
collects data that are sent to the hospital using mobile 
communication infrastructure. 

Besides the electronic system, CSEM is developing and 
implementing several of the proposed sensors: 

• An actimeter based on a 3-axis accelerometer and a 
specific algorithm for activity classification 

• An insole pressure sensor that will be integrated in shoes 
for diabetic patients suffering from foot ulcer 

• A matrix metalloproteinase (MMP) concentration 
measurement sensor in the wound based on a sensitive 
optical fiber in contact with the wound secretions [2] 

• C reactive protein (CRP) concentration measurement 
based on a specific reaction with phophorylcholine on a 
waveguide surface 

For example, the MMPs sensor is based on a modified optical 
fiber, for which one part of its cladding is based on a colored 
gelatin that can be digested by the gelatinase family of the 
MMP (MMP-2 and MMP-9), see Figure 2. When active 
gelatinase are in contact with the modified fiber, the 
transmission of the fiber is modified at the absorption 
wavelength of the colored gelatin. Measurement in human 
serum, a media close to the wound secretions shows 
promising results with good stability without MMP and a 
sensitivity reaching 50 μg/ml. 

         
Figure 2: Absorption spectra of MMP sensitive fiber: a) evolution with 
time without MMP, b) sensitivity to MMP-9. 

Sensors and electronics combined with information 
technologies allow responsible and affordable remote patient 
monitoring, offering the patient the possibility to stay longer at 
home while receiving quality care with more comfort. 

This work was supported by the EU-funded FP7 ICT- 317894 
SWAN-iCare project. 

[1] www.swan-icare.eu 
[2]  Patent application EP2565630  
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Colorimetric pH Sensing with Mesoporous Indicators 
B. Wenger, R. Eckert, L. Le Reste, R. P. Stanley 
CSEM develops a wearable colorimetric pH-meter for monitoring pH of sweat on human skin. The end-product will be integrated into clothing to 
indicate dehydration during physical exercise. The instrument is based on mesoporous indicators that show strong color changes with pH and short 
response times (~minutes). The work presents a test set-up of the optical unit and first measurement of the developed mesoporous indicators. 

The knowledge of the pH value is of important significance in 
a vast number of fields covering agriculture, environmental 
monitoring, industries like the chemical, biological, 
pharmaceutical as well as foods, medicine, cosmetics and 
medical care. 

The methods for measuring pH fall roughly into three 
categories: Glass electrodes, semiconductor sensors known 
as ion-selective field effect transistor (ISFET), colorimetric 
indicators based on pH-sensitive dyes. 

Each of these methods has its assets and disadvantages with 
regard to accuracy, repeatability, drift, response time, 
robustness, complexity, potential for miniaturization, costs.  

CSEM currently develops a range of low-cost compact stand-
alone pH-meters based on colorimetric indicators mainly for 
applications in biology, pharmaceutical research and medical 
care. 

Key features of the CSEM platform are a mesoporous matrix 
that hosts the pH-sensitive dye, a reliable determination of the 
indicator color by a commercial RGB-color sensor and 
integrated data acquisition and analyses. 

The mesoporous host matrix, in which a pH-sensitive dye is 
introduced, is coated from metal oxide nanoparticles 
dispersions using sol-gel techniques. Dip-coating is used to 
create a film that is homogeneous over a large area on flexible 
substrates (Figure 1). A gold mesh on one side of the film 
helps to increase the measured optical signal significantly. 

 
Figure 1: Mesoporous pH indicator in buffer solutions (without mesh). 

Such indicator films show remarkable color changes with the 
pH variation and short response times (~1 min), a behavior 
mostly due to the large surface area of the mesoporous host 
matrix (typical porosity 10–100 nm). The color change is 
reversible and the indicator patches are inexpensive.  

One application targeted by CSEM is continuous monitoring of 
the pH of sweat on human skin. For this purpose a small 
wearable sensor is being currently developed.  

Figure 2 shows the test set-up for the optical unit of the sensor. 
Core element is a light guide that directs white light from a 
LED to the pH indicator patch (not shown) and from there to a 
color sensor. The reflection at the indicator changes the 
spectral composition of the light. Optical ray tracing (ZEMAX) 
was used to design the shape of the light guide with the goal 
to optimize light throughput and at the same time to reject light 
that has not interacted with the indicator (background). The 

light guide is made by 3D-printing of transparent plastic 
(Veroclear, Stratasys). The sensitive area of the digital color 
detector (S9706, Hamamatsu) is divided in 9x9 pixels. The 
pixels are equally attributed to three color channels that are 
sensitive to the red (λ = 615nm), green (λ = 540nm) and blue 
(λ = 465 nm) region of the light spectrum. Each color channel 
has its own amplifier, 12-bit digital converter and serial output.  

 
Figure 2: Test set-up of optical unit of the wearable pH sensor. 

Consequently, the pH-depending color of the indicator is 
represented by three numbers (RGB values). Errors caused 
by potential intensity fluctuation can be reduced by 
normalizing the RGB values to the total intensity using 
following transformations: 

r = R/(R+G+B), g = G/(R+G+B) and b = B/(R+G+B). 

From r and b a 2D color space is defined representing a 
specific color. 

 
Figure 3: Color response of a mesoporous indicator to pH changes. 

Figure 3 shows the color response of a mesoporous indicator 
to a pH change from 2 to 10. Between pH 2 and 7 the 
detected color change is significant. This covers the range 
that can be expected in sweat during physical exercise. First 
experiments studying the repeatability promise that the 
required accuracy of pH 0.1 can be achieved with this 
approach. 

Future work will focus on the integration of the electronics into 
a wearable package and the accuracy and reliability under 
real working conditions.  
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Ultrathin Silicon Nitride Membranes for Improved Biosensing Kinetics 
G. Andreatta, A. Fanget, R. Pugin 
A wide range of measurements in the life sciences requires analytes in solution to react with receptors on a surface. DNA and protein microarrays 
are ubiquitous in drug discovery and systems biology applications, while immunoassays based on protein capture are routinely used for medical 
diagnostics. In nearly all biosensing applications, the transport of target molecules to the sensor surface plays a critical role in governing binding 
kinetics, thus the response time and ultimately the performance of the biosensor. 

In 2014, the global in vitro diagnostics (IVD) market is 
forecasted to surpass the $50 billion mark [ 1 ]. Significant 
market segments include immunochemistry, point-of-care 
testing, and molecular diagnostics. For such applications, ever 
faster and ever more sensitive tests are required.  

For typical applications, the transport of the analytes to be 
detected is operated by diffusion in a liquid environment, but 
the diffusion velocity of many biomolecules is relatively slow 
compared to the kinetic of the sensing reaction. For example, 
the characteristic distance travelled by an antibody in an 
immunoassay would be approximately 3 mm for overnight 
incubation without stirring. It is therefore critical to speed up 
immunoassay process. One way to achieve this is to use flow-
through systems. Researchers at CSEM are now integrating 
surface biosensors with flow-through microfluidics to control 
and improve the transport of the analytes towards the sensing 
surface (see Figure 1).  

 
Figure 1: Different sensing schemes: a) incubation b) flow-over and  
c) flow-through sensing scheme. 

Using block-copolymer or nanosphere lithography, thin 
nanoporous membranes with pore diameters from 80 nm 
upwards have been developed at CSEM [2,3]. Finite element 
simulations (COMSOL Multiphysics) demonstrate that the 
flow-through scheme significantly improves sensor 
performance as compared to conventional incubation and 
flow-over methods, which are limited by a depletion layer that 
develops over time. This has been confirmed experimentally, 
which allowed us to determine optimal flow-through velocities.  

 
Figure 2: Microfluidic sensing system. 

The membranes were used in a microfluidic sensing system 
as shown Figure 2. Their performance was tested by running 
a standard immunoassay using mouse IgG as a probe antigen 
and fluorescent anti-mouse IgG as a target antigen. Figure 3 
shows the normalized fluorescence as a function to time, 
indicating a significantly faster response when using flow 
through ultrathin membranes. The optimal flow rate leads to a 
kinetic response over 50 times faster than incubation methods.  

 
Figure 3: Results obtained for a simple fluorescence immunoassay 
comparison of incubation and flow-through. 

It was shown experimentally and theoretically that flowing 
through thin membranes increases significantly the transport 
of biomolecules to the sensing surface.  

The flow-through assay format, miniaturized and versatile, can 
typically decrease the assay time from several hours down to 
a few minutes, opening very promising perspectives for 
analytical and medical diagnostic applications. 

[1] J. Witonsky from Frost and Sullivan (2012) 
[2] M. J. K. Klein, F. Montagne, N. Blondiaux, O. Vazquez-Mena,  

H. Heinzelmann, R. Pugin, J. Brugger, V. Savu, "SiN 
membranes with submicrometer hole arrays patterned by wafer-
scale nanosphere lithography", J. Vac. Sci. Technol. B 
Microelectron. Nanom. Struct. 29(2), 021012 (2011)   

[3]  F. Montagne, N. Blondiaux, A. Bojko, R. Pugin, "Molecular 
transport through nanoporous silicon nitride membranes 
produced from self-assembling block copolymers", Nanoscale 
4(19), 5880–5886 (2012) 
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Anti-icing and Anticontamination Nanocoatings for Safer and More Eco-friendly Aircraft 
E. Scolan, N. Blondiaux, A. Grivel, A. Bionaz, R. Pugin 
Innovative nanocoatings have been developed to reduce icing and insect contamination on aircraft surfaces. As a consequence, safety and fuel 
consumption reduction are improved. These developments may be extended to other systems such as windmills, power lines and solar panels.  

A major issue in future aircraft development is reducing the 
environmental footprint. Laminar flow layers on aircraft 
surfaces produce a significant reduction in fuel consumption 
and CO2 emission. During its operational lifetime, aircraft are 
exposed to aggressive environments, such as erosive sand, 
adhesive insects and icing conditions. Any dust particles, 
insect residues or ice accretion on aircraft structures reduce 
their aerodynamic performances. Anti-contamination and anti-
icing solutions are important to maintain laminar flow 
conditions. 

Many approaches have been developed to avoid or remove 
the depositions on aircraft. For example, on the leading edge 
of the wing, mechanical, thermal actuators and chemical 
solutions are commonly used to prevent the deposition of or to 
remove the accreted insect residues and ice. In the last 
decade, new concepts have emerged based on protective 
coatings. Within the AEROMUCO European project [1], CSEM 
has contributed to the development of three new coatings for 
the reduction of icing and insect contamination using 
biomimetic approaches. 

The mechanism of aircraft icing is dominated by the ice 
nucleation at the surface from the impact of a water droplet. 
The first solution explored by CSEM is on super-
hydrophobicity, as observed on lotus leaves or butterfly wings: 
rather than adhering to the surface, the water droplet forms a 
bead which minimizes the contact area with the surface. The 
super-hydrophobic coatings should prevent the droplets from 
freezing or at least to reduce the ice adhesion if the droplet 
freezes anyway. In this last case, the power consumed by a 
deicer to release the accreted ice, may be greatly reduced.  

 
Figure 1: (left) SEM micrograph of a coating surface nanostructured 
by UV-nanoimprint; (right) image of a bouncing water droplet on the 
resulting superhydrophobic surface. 

The super-hydrophobic coatings were created by combining 
surface nano/micro-structuration and hydrophobic chemistry. 
CSEM engineers have used their long experience in surface 
nanostructuration to design sub-micron pillared surfaces 
specifically for this application (Figure 1). The nanostructured 
resins are hydrophobized with a conformal layer of fluorinated 
agents using a vapor deposition technique called MVD™. The 
freezing of a water droplet at -20°C impacting on the resulting 
super-hydrophobic coatings is delayed by more than 70 
seconds over untreated surfaces. The ice adhesion forces on 
these coatings is very low (< 0.02 MPa) and the power 

consumed by a deicer to fully remove the ice formed on such 
surfaces is reduced by up to 66%  

 
Figure 2: From left to right, pictures of a bare PU surface, a 
polysaccharide coated PU surface and the corresponding model 
samples as tested in an icing wind tunnel by CIRA, Italy. 

In parallel, a new concept inspired by anti-freeze glyco-
proteins (AFGP) in fishes and insects blood has been 
explored, which is inspired by anti-freeze glyco-proteins 
(AFGP) in fishes and insects blood. These AFGP, by forming 
strong interactions with the water molecules and ice crystal 
surface, delay water freezing and inhibit ice crystal growth. 
We found that polysaccharide layers mimic this behavior. A 
permanent aeronautic coating using a layer of polysaccharide 
chains to reduce ice adhesion has been developed and 
patented by CSEM. The chemical grafting of the 
polysaccharide chain is stable in environmental conditions and 
the wet polysaccharide layers behave as a lubricant interface 
for the accreted ice. By testing in icing wind tunnel (Figure 2), 
the power consumption of a thermal deicer was 2.6 (60%) 
times lower to get ice-free conditions on a polysaccharide 
coated polyurethane (PU) paint deposited on a leading edge 
of the wing, compared to the bare PU paint surface. 

Among the concepts explored to reduce insect contamination, 
active coatings containing enzymes have been evaluated 
within AEROMUCO. In collaboration with the Universities of 
Plovdiv and Limerick, CSEM has demonstrated that these 
polysaccharide layers when used as an immobilization 
interface for the enzymes, produced the most efficient and 
durable coating against insect residues. This anti-
contamination solution benefits from the combined effect of 
the enhanced enzymatic degradation of the residues and the 
lubrication due to the polysaccharide wet layer.  

These solutions should be applicable in a wide range of 
environments when infrastructure is sensitive to icing and 
soiling, such as windmills, solar panels, power lines, 
fridges/freezers and telecommunication installations. 

This work was supported by the European Commission (FP7 
Grant n°266029). We would like to thank them as well as all 
the AEROMUCO partners for their fruitful collaboration. 

[1]  www.aeromuco.eu 
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Manufacturing of High-added Value Micro-nanostructured Plastic Components 
N. Blondiaux, R. Pugin, P. F. Chauvy ●, M. Diserens ●, S. Dessors ●●, L. Tenchine ●●, P. Vuillermoz * 

We report on the development of new techniques for the manufacturing of functional, micro-nanostructured plastic parts. The first objective of this 
work is to identify and optimize processes to fabricate surface micro- and nano-structures on steel inserts that can be integrated into injection molds. 
A second challenge is to produce plastic parts with a high accuracy at the micro and nanoscale using replication techniques. Two case studies 
have been considered with applications in biotechnology and for consumer products. 

The manufacturing of high-added value plastic components 
requires the development of new concepts and fabrication 
methods compatible with high throughput production 
techniques such as injection molding. Advanced processes 
have been developed during the last decade for the 
production of nanostructured plastic parts. However, these 
concerned very specific applications such as optical data 
storage media and anti-counterfeiting. Other functionalities 
such as controlled wetting, adhesion, tribology or optical 
effects can be added to standard plastic parts via the 
integration of tailored micro and nanostructured surfaces. 
Regarding tooling techniques, electroforming has been until 
now the standard way to produce durable, nanostructured 
mold inserts. To broaden the potential fields of applications, a 
growing trend is to directly process standard materials used 
by injection mold makers.  

 
Figure 1: Photograph of a microstructured stainless steel inserts 
developed for decorative applications (courtesy of Micropat SA). 

Within this context, CSEM has recently started the 
transnational project Piment, which involves French and Swiss 
companies and research centers. The main goal of this project 
is to foster innovation in the field of micro-manufacturing and 
injection molding. It brings together specialists from these 
fields with the goal of producing high-added value micro-
nanostructured plastic parts by injection molding. One of the 
key challenges addressed within this project is the 
development of new tooling solutions to produce micro-
nanostructured injection-molds. To be compatible with the 
standards of injection mold-makers, the processes developed 
need to be cost-effective in micro- and nano-structuring of 
stainless steel and tool-steel inserts. A direct processing of 
such alloys will allow an easier integration of mold inserts into 
the mold manufacturing chain compared to standard 
techniques (electroforming) and it will increase their service 
time. In Figure 1, a preliminary result of microstructured steel 
insert is shown. Another challenge is to improve the 

replication process at the sub-micron and nanoscale, which 
will be performed using state of the art hot embossing and 
injection molding platforms specifically designed for 
nanoreplication, including modules such as injection-
compression, variothermal, vacuum [ 1 ]. Figure 2 shows the 
microstructures of a plastic part produced by hot embossing 
using the mold insert of Figure 1. 

 
Figure 2: Scanning electron microscope image of a microstructured 
plastic replica produced by hot embossing. 

The project includes the fabrication of two demonstrators. The 
first one is a curved part including microstructures for 
decorative applications. This will be used to demonstrate the 
ability to fabricate micro-nanostructured non-planar surfaces. 
The second demonstrator envisioned is a bioanalytical chip. 
By integrating nanostructures within microfluidic channels a 
chip with improved performance will be produced.  

The Interreg IVa project Piment is funded by the European 
Regional Development Fund, the OFES and on the Swiss side 
by the cantons of Neuchâtel and Vaud. CSEM thanks them for 
their support. 

● Micropat SA, Suisse, www.micropat.ch 

●●  Pôle Européen de Plasturgie, France, www.poleplasturgie.net 

*  Vuillermoz SA, France, www.vuillermoz-sa.com 
[1]  www.impress-fp7.eu 
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Miniaturized Field-flow Fractionation Cartridge for the Analysis of Complex 
Nanoparticle-containing Samples 
D. Müller •, C. Hofer, S. Cattaneo, J. Auerswald, J. Goldowsky, F. Meier ••, R. Welz ••, L. Calzolai * 
The analysis of nanoparticles in complex matrices and consumer products is a pressing problem that has to be faced by manufacturers, mainly due 
to newly enforced regulatory requirements such as the European cosmetics regulation. These new requirements clearly call for cost-effective 
measurement systems suitable for routine analysis in industrial laboratories and QC facilities. The miniaturized field-flow fractionation cartridge 
developed in this project is an important step towards this goal. 

Asymmetrical flow field-flow fractionation (AF4) is a separation 
technique applicable to particles in a wide size range (1 nm – 
100 μm). In standard AF4 cartridges, a particle-containing 
liquid sample is injected into a long (~28 cm), narrow (~1 cm) 
and very shallow (~350 μm) channel. Due to the various 
speeds by which differently sized particles move through the 
channel, the particles are separated. 

Despite the many advantages of AF4, its adoption for routine 
use is limited by the large size of currently available 
separation cartridges, which results in high runtimes and flow 
rates, increased reagent consumption and lower operational 
capacity. The goal of this project was a miniaturization of the 
AF4 cartridge and its application to the analysis of complex 
nanoparticle-containing samples such as commercial 
sunscreens. The advantages of a cartridge scale-down 
include simplified handling, reduced costs, shorter analysis 
time, and higher throughput capacities. 

A miniaturized AF4 cartridge was fabricated in house with a 
channel design similar to that used in larger AF4 cartridges 
(Figure 1). By adapting the measurement protocols 
(application time and intensity of the various flows) to the new 
channel geometry, separation efficiencies comparable to 
conventional AF4 cartridges could be maintained, despite a 
channel length of less than 7 cm. For validation of the 
separation efficiency, the cartridge was connected to a 
commercial FFF system. 

 
Figure 1: Miniaturized AF4 cartridge. 

Initially, the setup was applied for the separation of a range of 
gold and silver nanoparticles mixtures (5 – 80 nm). As shown 
in Figure 2, a high separation efficiency could be obtained. 
Furthermore, we demonstrated that it is possible to run a 
complete separation sequence within less than 30 minutes, 
resulting in lower reagent consumption per run and an overall 
higher operational capacity.  

After the initial characterization, we applied our platform to the 
analysis of commercial sunscreens containing TiO2 
nanoparticles (Figure 3). 

 
Figure 2: Elugram of a particle dispersion of differently sized gold 
nanoparticle standards. 

 
Figure 3: Elugrams of sunscreens without (dashed line) and with 
(solid line) nanoparticles. The elugram of the original TiO2 dispersion 
is plotted as well (dotted line). 

The results show a clear signal difference between the 
sunscreen without nanoparticles and the one using nano-
sized TiO2. A comparison with the original/pure TiO2 
dispersion shows a similar peak form, indicating that the 
nanoparticles have not been altered significantly during 
sample preparation. This is especially noteworthy, since 
nanoparticle agglomeration is one of the most prominent 
problems associated with nanoparticle measurements in 
complex matrices. 

This work is supported by the European Commission 7th 
Framework Program (project SMART-NANO NMP4-SE-2012-
280779). CSEM thanks them for their support. 

                                                                 
• CSEM / ETH Zurich - Biochemical Engineering 
•• Postnova Analytics GmbH, Landsberg am Lech, Germany 
* Joint Research Center (JRC), Ispra, Italy 
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Multi-angle Light Scattering Sensor for Engineered Nanoparticles 
C. Hofer, S. Cattaneo, N. Tscharner, D. Müller, S. Follonier, R. Welz •, T. Klein •, M. Spallek •, L. Calzolai •• 
We report on the development of an in-line multi-angle light scattering (MALS) sensor for the detection of nanoparticles in liquid suspensions. The 
advantages of the sensor are the compact optical design, the high sensitivity and the cost-effective and easily replaceable flow-through cartridge. 
The system was demonstrated with in-line measurements of water samples containing titanium dioxide, silver, and gold nanoparticles. 

Multi-Angle Light Scattering (MALS) is a technique where the 
intensity and angular distribution of the light scattered by a 
particle-containing sample is used to measure the average 
size of the particles. Here, we report on the development of an 
accurate, compact and cartridge-based MALS detector. 
Various configurations for the flow-cell and the optical setup 
were simulated with an optical design software (ZEMAX). An 
important prerequisite was a cost-effective flow-through cell, 
which can be easily removed and reinserted with no 
adjustment needed. 

Figure 1 shows the prototype of the MALS detector. 

 
Figure 1: Prototype of in-line multi-angle light scattering (MALS) 
detector. 

The setup is based on a 532 nm DPSS laser, a flow-through 
cell, four photodiodes, an in-house developed multiplexer 
system (MUX), and a ZI HF2LI lock-in amplifier (not shown). 
The laser beam is modulated with an optical chopper. The 
modulated beam passes through the flow-through cell and the 
remaining laser light is trapped in a beam dump. The laser 
light is scattered by the presence of the nanoparticles inside 
the sample chamber. The scattered light is captured by four 
photodiodes. The photodiode signals are amplified and pre-
filtered to increase the signal-to-noise ratio. Then the MUX 
system switches the four photodiode signals sequentially and 
rapidly to the lock-in amplifier for demodulation. A customized 
LabVIEW software allows users to control the complete 
measurement system, including the lock-in amplifier, and 
permits more complex signal processing required for detailed 
data analysis. 

To properly measure the very weak scattered light intensity, 
the electrical signals from the photodiodes have to be strongly 
amplified. The drawback of the amplification is an increasing 
signal noise. To extract the effective signal from the extremely 
noisy environment a lock-in amplifier is used. As the lock-in 
amplifier has only two inputs, we developed a sophisticated 
multiplexer (MUX) system to sequentially switch the four 

amplified photodiode signals to the 
lock-in (see Figure 2). The MUX 
system allows a channel switching 
frequency of up to 10 kHz. The 
measured cutoff frequency of the 
transfer function is approximately 50 
MHz. The input resistance of the four 
input channels can be changed via 
software between 50 Ω and 1 MΩ. 

Preliminary calibration measurements were carried out to 
verify the reliable operation of the prototype. The stability and 
accuracy of the laser were determined. The photodiode 
amplification stage and the MUX system were characterized in 
combination with the lock-in amplifier. 

Figure 3: In-line MALS measurement of 35 nm Au nanoparticles. 

The system was then demonstrated with in-line 
measurements of water samples containing titanium dioxide, 
silver, and gold nanoparticles. Figure 3 shows for example the 
measurement of 35 nm Au nanoparticles in a buffer of 0.2% 
Novachem in distilled water. The nanoparticles were provided 
by the Joint Research Center (JRC), a partner in the project. 
The relatively smooth signals indicate that the sensitivity of the 
MALS system is quite good considering that the measurement 
is carried out at one fifth of the laser intensity with no 
calibration. In the coming months, the system will be improved 
to further increase the sensitivity and reduce the cost of 
components. 

This work is supported by the European Commission 7th 
Framework Program (project SMART-NANO [ 1 ], NMP4-SE-
2012-280779). CSEM thanks them for their support. 

• Postnova, Landsberg am Lech (Germany), www.postnova.com 
•• Joint Research Center, Ispra (Italy), http://ec.europa.eu 
[1] www.smartnano.org 

Figure 2: Developed 
MUX system. 
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Imaging in Ultra-flat Environments with a Diffractive Periscope 
B. Gallinet, G. Basset, B. Satilmis, A. Luecke, F. Lütolf, C. Hofer, S. Cattaneo, B. Timotijevic, R. Eckert, P. Volet, R. Ferrini, 
M. Schnieper 
An imaging system based on a diffractive periscope is presented. The light from an illuminated object is in-coupled into a thin light guide by a 
diffraction grating, guided and out-coupled towards a camera. The periscope can also be supported by a scanning motion and an image 
reconstruction algorithm in order to increase the field of view. This device has the ability to take images through very thin environments. Potential 
domains of application include machine vision, anti-counterfeiting or medical imaging. 

CSEM is currently developing an imaging system based on a 
diffractive periscope which has the ability to take images 
where very little space is available [ 1 ]. The limited space 
allowed for the imaging device is a challenge for high 
resolution imaging with conventional optics. The approach 
under development consists essentially in a thin light guide 
with two diffractive couplers (gratings). 

 
Figure 1: Ultra-flat imaging system based on a diffractive periscope. 

Figure 1 shows a schematic of the imaging system, consisting 
of: a diffractive periscope, a quasi-monochromatic light source 
(for example a laser or a light emitting diode) and a camera. 
The light from the source is coupled by a diffractive grating 
into a thin light guide. The light is then guided and out-coupled 
towards the target, that is, the object to be imaged. The light 
from the illuminated object is then collected by the diffractive 
periscope and takes the reverse path towards a camera. In 
Figure 2, a diffractive periscope was used for microscopic 
imaging. The first tests were realized with a lens in front of the 
object. Future work will focus on integrating the imaging optics 
in the waveguide. 

 
Figure 2: a) Setup of a diffractive periscope; b) Image of a resolution 
test target obtained with the diffractive periscope. 

The grating couplers are manufactured with nanoimprint 
lithography which is a low cost up-scalable process. Their 
surface can be evaporated with an high refractive index 
material in order to increase the diffraction efficiency and 
further encapsulated in order to avoid mechanical damage. 
Asymmetric coatings of material are used to further increase 
the coupling efficiency of the couplers in a preferred 
direction [2 ]. The light guide can be made of rigid materials 
such as glass, or flexible plastic foils. The latter approach can 

be important for applications requiring a single use disposable 
diffractive periscope. The light guide including the diffractive 
couplers has a total thickness of typically 300 microns or less. 
For comparison, the thinnest endoscopes used for example in 
pediatrics, have a diameter of approximately 1.9 mm. 

In proximity imaging such as in Figure 2 (distance between 
the periscope and the object ranging up to 1 mm), the field of 
view is limited by the thickness of the light guide. In order to 
enlarge the field of view, the device can also rely on a 
motorized scanning system. The diffractive periscope moves 
along the object and several images are taken (Figure 3a). 
The image of the entire object is then reconstructed from the 
set of individual images. Figure 3b shows the image of a test 
sample taken with a scanning diffractive periscope under 
monochromatic light. 

 

 
Figure 3: a) Setup of a scanning system based on a diffractive 
periscope; b) Image of a test sample after scanning and image 
reconstruction. 

Potential domains of application of this ultra-flat imaging 
device are manifold. In particular, it can be used as a 
consumable identification system when the consumables are 
located in a volume that is difficult to access, for example 
within a machine. In this case, the device would also be 
associated with an image recognition algorithm. The device 
can also be used as a support for micro-assembly or in MEMS, 
or as a hand-held imaging device in medicine or dentistry in 
situations where conventional endoscopes cannot be used. 

[1] Patent pending 
[2] Patent pending 
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Design Considerations on Next Generation Si-based Immersed Gratings for Spaceborne 
Atmospheric Spectroscopy 
S. Fricke, M. Schnieper, N. Blanc 
Diffraction gratings play an important role in spaceborne spectrometers for atmospheric monitoring and astronomy. Developments for immersed 
gratings in silicon and silica are driven by increasing requirements in terms of spectral resolution and efficiency at low weight and size. CSEM has 
analyzed the performance and technological requirements and found strong synergies with exiting competences in grating design, manufacturing 
including holography and silicon micro-machining. 

Spaceborne remote sensing of the chemical composition of 
earth atmosphere is an important monitoring tool for scientists 
studying the influence of gases (e.g. O3, NO2, SO2, CH2O, CO, 
CO2, CH4) on the climatic changes and the weather. These 
observations are of great importance to identify sources of 
emissions and thus have an impact on political discussions 
regarding climate protection.  

In 1998, EU and ESA started the global monitoring for 
environment and security (GMES) program with the Sentinel 4 
and 5 instruments for atmospheric monitoring, to be launched 
in 2017 and 2020 respectively. After the loss of 
communication with the SCIAMACHY instrument in 2012, 
ESA decided to launch the Sentinel 5 precursor mission (S5-p) 
in 2016 to provide data continuity together with ENVISAT and 
NASA's OMI instrument. In the framework of S5-p it was the 
first time that a silicon-based immersed grating (IG) was 
developed for a spaceborne short-wave infrared (SWIR) 
spectrometer as diffractive optical component [1,2]. 

IGs help to fulfill the permanently increasing requirements of 
diffraction gratings in terms of spectral resolution, efficiency 
and low stray-light driven by the need of more advanced 
spectrometers for Earth observation and astronomy, while 
keeping the size and weight at an acceptable level. The 
concept of IGs was first already described by E. Hulthén and 
H. Neuhaus in 1954 [3]. 

CSEM started design analysis of silicon-based IGs in 2013. 
IGs designed for the S5-p mission and Sentinel 5 breadboard 
models are working in 7th to 10th diffraction order; this 
approach is used to reach the required dispersion on a high 
period grating (i.e. period > 2 μm). The disadvantages are 
significant losses into parasitic lower orders. In 2014, CSEM 
has successfully applied for funding of a GSTP project to 
develop next generation SWIR IG. Higher performances 
compared to state-of-the-art IGs can be achieved by: 

• Operating in 1st order diffraction to minimize the number of 
lower orders 

• Operating at an incidence angle that allows only 1st and 0th 
order diffraction and forbids higher orders 

• Operating in transmission to minimize straylight, 
spectrometer size and weight 

• Operating in exact Littrow configuration to maximize 
diffraction efficiency and minimize polarization sensitivity 

In Figure 1, a schematic of such IG operating in transmission 
is illustrated. The grating can be placed directly into the optical 
path of the spectrometer. In the framework of the GSTP 
project CSEM is developing the processes to manufacture 
such immersed grating. 

 
Figure 1: Schematic of an immersed grating operating in 
transmission. 

Results from rigorous coupled-wave analysis for such IG are 
illustrated in Figure 2. The diffraction efficiency is insensitive 
to the wavelength for a broad spectral range and the 
sensitivity to the incidence angle theta is comparatively low. It 
is expected that next-generation IG will bring major 
improvements to spectrometers in terms of easier optical 
design, reduced weight, higher efficiency, lower polarization 
sensitivity and lower stray light level. 

 
Figure 2: Rigorous coupled-wave analysis on the diffraction efficiency 
(color coded from 0 to 1) as a function of wavelength and incidence 
angle. 

[1] R. Hoogeveen, et al., "Breadboarding activities of the TROPOMI-
SWIR module", Proceedings of SPIE - Sensors, Systems, and 
Next-Generation Satellites XI, 17-20 September 2007, Florence, 
Italy 

[2]  D. Lobb, et al., "Applications of immersed diffraction gratings in 
earth observation from space", Proceedings of ICSO 2010 - 
International Conference on Space Optics, 4 - 8 October 2010, 
Rhodes, Greece 

[3]  E. Hulthén, H. Neuhaus, "Diffraction gratings in immersion", 
Nature, Vol. 173, 1954, pp.442-443 
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Large-scale Fabrication of Nanoimprinted Plasmonic Nanostructures 
L. Duempelmann, A. Luu-Dinh, C. Schneider, M. Stalder, B. Gallinet, M. Schnieper 
The creation of colors without the use of chemical dyes has been attracting attention since decades. This can be achieved with the fabrication of 
periodic metallic nanostructures, causing a so-called plasmonic effect. Here we propose the large-scale and high-throughput fabrication of 
asymmetric metallic nanostructures leading to a specific angular color change in only one direction. 

Metallic antenna structures are of greatest importance in our 
daily life as they are present in cell-phones, radio and wireless 
network. They are designed to interact with electro-magnetic 
waves in specific ranges; namely in the infrared, micro wave 
or radio wave regime, which are invisible for the human eye. 

Here we describe a fabrication method of metallic nano-
structures designed to interact with electromagnetic waves in 
the visible range, leading to an appearing color. These so-
called structural colors can be advantageous over chemical 
based colors, since they do not bleach out and can depend on 
polarization and viewing angle. Furthermore the change of 
surrounding media leads to a color change. This effect can be 
used for biological or chemical sensing devices. 

The novel structure consists of an array of periodic 
subwavelength nanostructures coated with metal. The 
fabrication of such periodic structure in the nanometer range 
is obtained by the interference of two laser beams within a 
prism (Figure 1 a) [1]. A subsequent fabricated master is used 
to nano-imprint a large area (several 10's of cm2) via a 
proprietary step-and-repeat platform (Figure 1b). Finally a 
metal is angular evaporated onto the structure (Figure 1c). 
This method can be implemented into roll-to-roll processes for 
high-throughput fabrication. 

 
Figure 1: Fabrication setup with a) laser interference lithography, 
b) step-and-repeat platform and c) angular evaporation. 

Upon illumination of the sample with polarized light a so-called 
plasmonic resonance is excited, which leads to a strong 
decrease of the transmission. This resonance is similar to the 
resonance of a common antenna, but can appear in the visible 
range (see dip in Figure 2). Due to the shape of the structure, 
the position and depth of the plasmonic resonance is strongly 
angle-dependent. The observed colors range from violet (-60°) 
to orange (-20°) (see Figure 3). 

 
Figure 2: Spectra of the nanostructure with plasmon resonance 
changing upon varying incident angle. 

Due to the sensitivity to the surrounding media, these 
structures can be implemented in biological and chemical 
sensors [2], in which a binding event leads to a color change. 
Finally, due to the strong electro-magnetic field enhancement 
of up to 10x between the nanostructures, the absorption in the 
surrounding material can be strongly increased. This effect 
could be used to increase the efficiency of solar cells. 

 
Figure 3: Color plot of the angle-dependent nanostructure 
(measured). Appearing color for the observer (right). 

[1 R. Sidharthan, V. M. Murukeshan, Laser Physics Letters 9 (2012) 
691–696 

[2] B. Gallinet, L. Davoine, G. Basset, M. Schnieper, SPIE NanoSc. 
+ Eng. 8818 (2013) 88180–6 
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Magical Watch Dial – Subwavelength Polarizing Nanostructures for Appealing Color 
Effects 
D. Kallweit, L. Dümpelmann, A. Luu-Dinh, N. Glaser, M. Schnieper, B. Gallinet 
In the project "Magical Watch Dial" the possibility to combine optical polarizers with appealing color effects was demonstrated. The goal was to 
create not only a transition from opaque to translucent, but also a change from one distinct brilliant color to another. Due to demands of the watch 
market it was further necessary to eliminate the angular color dispersion in order that the color perception would be no more depending on the 
viewing angle of the user. All this could be realized by the fabrication of specially designed subwavelength nanostructures. 

Up to now mechanical watches could be divided in two distinct 
worlds. One, called the “Skeleton” watches, were made with 
translucent windows which allowed a nice view of the watch 
movement but the reading of the time was not easy. The 
second one, with opaque watch dials, makes it impossible to 
see the beauty of the hand crafted internal clock work 
mechanism. 

 
Figure 1: One single watch with different orientations of polarizer. 

Aside of the effect of changing from opaque to translucent by 
turning the outer dial of the watch, with the new developed 
nanostructures it is now also possible to switch between 
distinct colors (illustrated in Figure 1). 

For the first time in the history of watch making it is now 
possible to wear two different watches at the same time. 

 
Figure 2: The two basic orientations of polarizer and grating. 

The functional principle basically consists of two 
superimposed nanostructured polarizers as shown in Figure 2. 
Depending on their orientation each of the two will transmit 
and/or reflect a certain portion of TE or TM polarized light. 
Accordingly, upon turning the topmost polarizer, one can 
provoke a clear color change, or even a transition from one 
specific color to a silvery or golden mirror-like surface. 

By means of simulations new polarizer designs could be found, 
which involve grating periods below 200 nm, and a partial 
coating with metal thin films. The depth of those 

nanostructures is between 40 nm and 150 nm, whereas the 
duty cycle (ratio of lands and pits) varies between 0.3 and 0.8.  

Figure 3 shows a selection of pairs of colors for which a 
nanostructure design was developed, which could be 
fabricated in our cleanroom. 

 
Figure 3: A selection of color combinations for which a nanostructure 
design was found by means of simulations. 

In Figure 4 a demonstrator, which was fabricated in our clean 
room, is shown. We first realized the blue / silver combination, 
since this was the one which was most desired by 
REVELATION because of marketing reasons.  

Not only does the realized nanostructure sample performance 
fit to the theoretical design, but also the influence of the 
viewing angle on the color perception could be successfully 
eliminated. 

 
Figure 4: Switching color effect upon turning of the top polarizer. 

This work was done in collaboration with the watch maker 
company REVELATION and was funded by the Commission 
for Technology and Innovation (CTI) in Bern (CTI No. 15708.2 
PFNM-NM). 
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Secured and Self-verifying Medicines – Tackling Counterfeit Medicines and Related 
Criminal Networks 
D. Kallweit, I. Zhurminsky, C. Schneider, M. Schnieper 
The aim of the SAVEmed EU project was to add anti-counterfeiting and track & trace technology to the product level that goes beyond the state-of-
the-art security approach on the packaging level. The resulting CSEM solutions tackle counterfeiting and the problem of illegal re-imports in the 
medical product market, thereby ensuring product pedigree and defending illegal re-packing.  

Counterfeit medicines are a serious and fast expanding threat 
for public health and the pharmaceuticals business. Current 
security approaches are on the packaging level and do not 
ensure the product pedigree or defend against illegal re-
packing. The aim of this research project was to create novel 
anti-counterfeiting and track & trace technologies down to the 
medical product level. In the SAVEmed project direct marking 
of pills and packaging with secure microstructures was 
realized by modifying the tools normally used in the 
manufacturing process, ensuring regulatory compliance. 
Micron- and sub-micron resolution Diffractive gratings, micro-
barcodes, and high-level security holograms were transferred 
directly into the molding and embossing steel tools. 

In order to ensure the highest level of security possible, we 
developed an algorithm enabling cross checking of the secure 
microstructures on the pharmaceutical product (even through 
coatings) and on the package (Figure 1). This technology 
creates a verifiable link between the product, its primary and 
secondary packaging. 

 
Figure 1: Cross-coupled security between product and package. 

In SAVEmed this direct product marking approach was 
realized for injection molded pharma caps, laminated sterile 
pouches and pharmaceutical tablets (see Figure 2).  

 
Figure 2: Pressed tablet with 3D data code before the coating. 

The approach is applicable to nearly all other types of medical 
products. The key advantages of the implementation of secure 
microstructures directly in or on the medical product itself is 
that no chemical or biological additives and that no costly 
changes of production lines are needed. Thus, by using the 
developed technology no additional approvals from regulatory 
agencies are necessary. 

 
Figure 2: Steel insert with security hologram for injection molding. 

 
Figure 3: Injection molded plastic cap revealing a) CSEM logo and 
b) 2D data code upon illumination of a hidden coded area with a 
conventional laser pointer. 

CSEM collaborated with the industries: Nano 4 U, Heliotis, 
Klocke Group, Kutterer & Mauer, Steripack, and the United 
Nations Interregional Crime and Justice Research Institute 
UNICRI. This project was funded by the European 
Union (FP7 grant agreement no. 26175). 

a) 
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Large-area Solid State Intelligent Efficient Luminaires 
O. Fernandez, F. Zanella, R. Ferrini  
Solid state lighting (SSL) based on light emitting diode (LED) technology have reached performance levels compatible with lighting applications and 
are expected to dominate the lighting market in the very short term. LED technology opened the door to high efficient and long-lasting lighting 
devices with added intelligence. The realization of LED-based large-area thin luminaires with high light quality at a competitive cost is however not 
trivial and a considerable amount of effort is being dedicated to it worldwide.   

In 2009, in an effort to reduce global energy consumption, the 
EU Commission decided to move towards a complete ban of 
incandescent light sources by 2020. Their progressive 
replacement by highly efficient light sources is expected to 
reduce energy consumption for lighting by 30%. 

Among all existing efficient lighting technologies, solid-state 
lighting is a revolutionary technology comparable to the 
invention of the incandescent bulb in the 19th century. In 
particular semi-conductor-based light-emitting diodes (LEDs) 
are increasingly used as single components in a variety of 
lighting applications due to their high efficiency and extremely 
long lifetimes and are expected to dominate the lighting 
market in the near future.  

However, when it comes to modules and lighting systems, 
SSL products do not meet the required specifications, thus 
jeopardizing LED modules’ capacity for full market penetration. 

LED-based point source luminaires have been already 
investigated (see an example in Figure 1), but market 
requirements for intelligent, large-area solid-state light sources 
have not been met yet.  

The main problems are decreasing light intensity and varying 
light chromaticity due to aging and temperature, as well as 
poor uniformity of large-area luminaires and poor lighting 
quality. In order to achieve luminaires with high intensity, good 
uniformity and high color rendering performance, significant 
intelligence has to be added to the LEDs.  

 
Figure 1: Example of a current SSL luminaire; the fixture "Nuance" 
 Regent Lighting, member of LASSIE-FP7. 

LASSIE-FP7 is a 3-year, 4.37 million euros project funded by 
the European Commission and involves several European 
Institutions and Companies including (CSEM (CH)-coordinator, 
Fraunhofer IIS and IISB, VTT (FI), Regent Lighting (CH), 
BASF (CH), Gaiker (ES), LFoundry (IT) and Amires (CZ)). 
LASSIE-FP7 objective is to implement large-area and low-cost 
intelligent SSL modules with high efficiency and high lighting 
quality, while assessing their environmental footprint.  

In addition to project coordination, CSEM leads the 
development of R2R compatible light management solutions 
to efficiently convert the blue light emitted by an array of point-
like LED sources into a large-area (20x20 cm2), homogeneous 
(>95%) tunable (1900–6500K) white light with over 90 CRI. 

The project targets in particular the professional and 
architectural lighting sectors, which, according to a recent 
analysis, are expected to be worth 0.8–1.2 million euros in 
2017 (end of LASSIE-FP7 project).  

The secondary target would be expanding to other segments 
of planar lighting segments such as retail and residential 
(additional 0.3 million euros) as well as to flexible luminaires 
(originally reachable only using OLEDs). The flexible 
luminaires will find its way in designer lighting where aesthetic 
plays predominant role. The know-how developed in this 
project will be applicable to all market segments. The 
LASSIE-FP7 project aims to achieve progress beyond the 
state-of-the-art in terms of size, flexibility, efficiency, lighting 
quality and beam-shaping, lifetime, added intelligence for light 
out-put control, and production costs. It will do so by 
integrating light management structures and new color-
changing coatings with heat-management solutions by means 
of an innovative roll-to-roll production technology compatible 
with flexible substrates.  

The outcome of the project will be a unique integrated SSL 
module that will represent a break-through in the professional 
and architectural lighting sectors and an alternative to the 
OLED technology. A sketch such module is shown in shown in 
Figure 2. 

LASSIE-FP7 addresses all the limitations of today´s SSL 
modules. The properties of a new product will create 
conditions favorable for the fast adoption of LED light 
applications and deployment of LED technology.  

The project will be targeting the standard sizes for the 
professional lighting segment. This compatibility will ensure a 
fast deployment of intelligent LED luminaires and focus on the 
planar lighting as a primary target.  

 
Figure 2: Sketch of the light module targeted in LASSIE-FP7. 
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Organic Thin-film Transistors: from Technologies to Circuits 
F. Zanella, N. Marjanović, G. Nisato, R. Ferrini 
Organic semiconductors are bringing new dimensions of flexibility and manufacturing possibilities to the optoelectronic market. The performances 
of circuits based on organic thin film transistors (OTFTs) have recently reached levels enabling their use in applications such as displays (e-paper, 
LCD, OLED) or radiofrequency identification (RFID) tags. CSEM has entered this emerging field and, among others, focuses on the development of 
OTFT platforms (i.e. material set, processing and device architecture). In this paper CSEM demonstrates the complete workflow from fabrication, 
characterization, data analysis, modeling and circuit simulation in order to estimate, prior fabrication, the potential of digital circuits and give a 
feedback to the technology. This workflow is technology-independent and thus can be applied to assess various OTFT platforms.  

The continuously growing number of available organic 
molecules exhibiting conductive, semi-conductive or insulating 
properties combined with the number of available deposition 
and patterning methods (e.g. gravure, inkjet printing) provide 
additional manufacturing degrees of freedom. CSEM is 
establishing an evaluation methodology which will help to 
identify the most suitable OTFT platform (i.e. material set, 
processing and device architecture) for a given application 
and to estimate its potential, as for instance in digital circuits, 
prior fabrication. 

To do so an automation effort has been undergone at CSEM 
in order to increase the throughput for such demanding 
analysis. The outcomes of this effort are:  

• High throughput characterization setups (for I–V, C–V, 
rise-time and stress lifetime) 

• Related data analysis tools, and  

• A user-friendly multi-analysis and parameter extraction 
platform, which is one of the most complete tool in the 
OTFT community (see Figure 1). 

 
Figure 1: Screen-shot of the multi-analysis and parameter extraction 
platform. Adopted from [1]. 

The self-aligned nano-imprinted technology developed within 
the framework of the EU FP7 POLARIC project (in which 
CSEM actively participated) offers the possibility to, on the 
one hand, down-scale the transistor feature sizes (sub-
micrometer channel length) and, on the other hand, up-scale 
the production throughput. CSEM has selected this promising 
OTFT platform to perform its evaluation. For that purpose, 
CSEM developed a static model valid for a broad range of 
transistor channel lengths including the sub-micrometer ones 
which embeds almost all known electrical aspects of 
OTFTs [ 2 ,3]. Additionally CSEM studied the device-to-device 
discrepancy often observed in OTFTs and statistical modeling 
methods were introduced.  

 
Figure 2: Transfer characteristics of the obtained statistical corners 
(Slow, Typical and Fast) plotted together with the density of 
experimental data (8 sub-micrometer OTFTs). Adopted from [3].  

The statistical corner models shown in Figure 2 allowed 
CSEM to simulate sub-micrometer inverters with commercially 
available tools (Cadence® Virtuoso®) prior their fabrication. 
Finally, a method based on the transistor model and the 
simulations of inverters was developed to evaluate the 
potential of this OTFT platform for digital applications [3]. The 
results show that, at the current state of the POLARIC OTFT 
platform, less than 10% of the digital circuits comprising more 
than six stages of inverters will be operational.  

With thinner dielectrics, POLARIC sub-micrometer OTFTs are 
expected to be suitable to realize more complex digital circuits. 
In the present state, POLARIC OTFTs could be used in LCD 
or electronic ink display backplanes, imagers, load modulator 
and rectifier in RFID or near-field communication (NFC) tags. 

Last but not least the developed methodology is technology-
independent and may thus serve as a basis to assess other 
unipolar-logic OTFT platforms and be further extended to 
complementary-logic circuits.  

[1]  F. Zanella, Ph.D. Dissertation, Ecole Polytechnique Fédérale de 
Lausanne (EPFL), Jun. 2014 

[2]  F. Zanella, et al., Org. Electron., 14 (Nov. 2013) 2756 
[3]  F. Zanella, et al., IEEE Trans. El. Dev., 61 (May 2014) 1508 

77 

                                                                 



 

  

78 



 

PV-CENTER & ENERGY MANAGEMENT  
Christophe Ballif 

Within one year, photovoltaics activities have expanded 
strongly at CSEM, with the establishment or reinforcement of 
technological building blocks and the signing of numerous 
new public and private contracts. Because of the increasing 
importance of system aspects in PV and of the requirement 
for PV electricity management, and because of the natural 
synergy with most cleantech activities at CSEM, the 2013 PV-
center program has been expanded to become the PV-center 
& Energy Management (PV&E) program. This adaptation is 
instrumental to reinforcing all aspects related to energy in 
building and power systems, which are more and more 
connected to solar energy. 

With this expansion, the PV&E program positions CSEM 
strongly in the field of energy-related research. This field will 
be at the center of the preoccupations of modern societies. 
Mitigating energy-related spending, reducing the 
consequences of global warming, and avoiding local pollution 
and conflicts around natural sources can be achieved by a 
more intelligent use of energy, by a better management of 
energy, and by producing energy from renewable sources. In 
addition, storing energy becomes a central point. With the 
reduction in solar electricity costs (with immediate potential to 
go below 5 cts/kwh in sunny areas for mid-size PV plants), 
zero cost local storage would mean a direct, complete 
disruption of today's electricity and energy market. As storage 
is not free, no disruption is taking place yet but several 
elements indicate that tomorrow's world will rely on a different 
energy system. For instance, hybrid PV–diesel–
electrochemical storage power plants are flourishing, and grid-
connected PV systems with high fraction of self-consumption 
are starting to contribute to the growth of the PV market, even 
without incentives.  

The perspectives for a wide deployment of solar energy and 
energy efficiency solutions are hence, more than ever, 
excellent. The structural changes to the electricity markets 
(such as the possible occurrence of "grid defection") will force 
many electric utility companies to revisit their business models. 
In parallel, opportunities to combine, in specific buildings, 
smart heating/cooling systems with solar-, geothermal-, 
biomass-, or fossil fuel-generated electricity, will make 
"systems aspects" ever more important for an increasingly 
important numbers of users. 

At the present time though, with respect to PV, the low price of 
shale gas in the US, the related low coal price in Europe, and 
the extreme low pricing of CO2 emission certificates (partly 
linked to the industrial crisis that began in 2008), tend to 
mitigate or even prevent the growth of PV in some countries. 
Indeed, without considering CO2 emission costs (and without 
considering external costs at all), coal is today perhaps one of 
the cheapest ways of producing electricity. Hence, the 
development of the industrial PV sector in particular, and of 
renewable energy sectors and associated solutions in general, 
are still partly dependent on actions at a governmental level. 
Strong actions would have the immediate impact of fueling the 

growth of the renewable energy and energy efficiency 
domains.  

Long-term objectives  
The long-term objectives of the program are: 

• To be at the forefront of innovation in the field of 
photovoltaic devices, realizing the best devices with a 
high potential for industrialization and providing modules 
with the highest potential for adoption by the public in the 
built environment. 

• To support the development of next generation 
equipment and metrology systems all along the value 
chain of photovoltaics, creating a sustainable cleantech 
value for existing and future CSEM customers. 

• To provide new solutions for specialized devices, 
coatings, or materials with higher added value, as well as 
for PV components with enhanced functionalities. 

• To provide solutions in the energy/electricity 
management field, during the transition toward a society 
essentially powered by renewables, in which energy 
efficiency and management will be realized through 
intelligent hardware and algorithms. 

The program is structured into five activities, which cover the 
full chain from prospective cell and module technologies up to 
fully integrated energy systems. These activities are strongly 
interlinked; developments made in each activity finding 
applications in most of the other activities (e.g., solution 
process oxides can be used for crystalline cells). 

Printable Photovoltaics activity 

This activity deals with breakthrough organic and inorganic 
printable materials and processing technologies that target 
applications with design-added value and reduced 
environmental impact. The technologies address additive and 
mass-customizable manufacturing of PV products with high 
automation and reduced capital equipment costs. 

Thin-Film Coatings and Devices activity 

This activity aims at developing next-generation thin-film 
devices based on layer stacks. Such layers can be used as 
electrodes, passivating layers in high-efficiency crystalline or 
thin-film solar cells (e.g., thin-film Si, CIGS), or directly as 
absorbers (Perovskite, a-Si). The major goal is to provide 
world-class device manufacturing technology for tailored 
applications. The activity also covers high performance PV 
cells for low-illumination applications (sensors, energy 
scavenging). It includes a baseline process for full device with 
thin-film Si and Perovskite, and for full size thin-film Si 
modules with monolithic interconnection (30x30 cm2). 

Crystalline Silicon and Metallization activity 

This activity aims to contribute to cost reduction and efficiency 
increases in crystalline silicon PV technology. The focus is on 
high-efficiency devices with passivated contacts and on 
reducing the cost of metallization of PV devices, with existing 
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and novel contacting schemes. These devices are targeted for 
mass PV production, but can also find applications in specialty 
products. 

Module Technology activity 

This activity targets cost reductions and the increased 
reliability of various PV cells and module technologies. It 
ranges from polymer development to encapsulation processes 
adapted to various cells and metallization types. It also 
develops new PV products that can create better acceptability 
for PV in the built environment. These new products are either 
modified from existing technologies, or created by adapting 
existing mass market technologies. The activity also provides 
specific solutions for mobility, such as, for example, ultra-
lightweight but reliable modules. 

Energy Systems activity 

The Energy Systems activity aims at developing solutions and 
products in the two key areas of energy efficiency and 
renewable energy. Energy efficiency focuses on the building 
sector where sensing and control technologies are developed 
for reducing energy consumption. The systems aspects cover 
the introduction and impact of innovative construction 
elements, such as, for example, solar glazings and systems. 
The power system aspect looks at new solutions for managing 
the impact of massively decentralized electricity production 
and storage as well as its, associated, intelligent integration 
into existing energy distribution infrastructures. 

Highlights  
Fully "printable PV", tandem devices with 7.2% efficiency were 
realized. Baseline processes were established for high 
efficiency thin-film silicon (> 10% initial AM1.5 efficiency, and 
17% indoor efficiency, up to 30x30 cm2),  for perovksite 
devices (13.6%, and demonstration of >4 cm2 devices), and 
for hetero-junction solar cells (22.1% screen-printed on 
156x156 mm2 and 22.5% screen-printed on 20x20 mm2). Full 
sets of TCOs with advanced properties (transparency, 
conductivity, "work function") have been synthesized and have 
contributed to these solar cell results.  

Novel, thin-film silicon solar cells with remarkable performance 
in low illumination have been realized, and are finding 
applications in wearable and energy scavenging technologies. 
At the module technology level, CSEM has developed the 
ability to compound and extrude polymer foil and has 
developed first processes and formulation. Unique prototypes 
of BIPV components have been designed (including orange, 
red, and "colored" modules). A particular highlight is a 
worldwide first—the realization of white modules (Figure 1). 
Ultra-lightweight modules with high reliability have been 
realized for airplane applications.  

In the Energy Systems activity, an approach to managing the 
cooling/humidity of buildings (neurocool) was developed, and 
multifunctional PV elements with insulating properties were 
prototyped. Various approaches and models for grid 
management were further developed, including load signature 
detection, and solutions for autonomous house/district energy 
management. An algorithm for assessing the failure of PV 

power plants, and another for assessing the cleaning impact 
were also explored and discussed with various companies. 

In general, a significant effort has been made to bring 
baselines processes (from materials to modules) up to speed 
coupled with a sustained effort on installation and ramp-up of 
new equipment, including screen-printing, dip coating, rapid 
thermal annealing, wetbench for wafer texturing and cleaning, 
high-temperature (450°C) SiNx PECVD, low-cost 
photolithography, plating benches, and a batch system for 
ALD and RIE. Sets-of components have been assessed and 
ordered for the new ESREC CSEM–BHF TI storage research 
center in Biel/Bienne, in which CSEM is an active participant. 
In partnership with EPFL, a novel module-monitoring system 
has been proposed, constructed by a partner, and installed on 
the roof of Microcity. It allows in-depth monitoring of up to 32 
modules, with polarization up to 1500 V for studying potential 
induced degradation of modules in real conditions. 

The relocation of a large part of the technological activities to 
new facilities at CSEM headquarters is now underway. This 
move will also create a unique synergy between all facilities 
present at CSEM (including, for example, high temperature Si 
processing) and at the adjacent EPFL building. 

 
Figure 1: 50 cmx 120 cm White PV modules fabricated at CSEM. 

The program has enjoyed strong growth over the last year, 
attracting public funding and significant industrial interest, all 
from key players. Interest in CSEM solutions, or support, is 
high with numerous companies in contact regarding further 
collaborations. The portfolio of projects is well diversified over 
the various activities, providing a good balance along the 
value chain of energy systems. 

In parallel, national academic collaboration has been 
reinforced. The PV&E program is a partner of SCCER–
FURIES (managed by Prof. Paolone, EPFL). The Printable PV 
activity is part of the new CCEM-CH project—“CONNECT PV”. 
A Nanotera project—Synergy—is creating the basis for 
research into next generation PV devices in collaboration with 
EMPA (Prof. Tiwari) and EPFL (PIs—C. Ballif, Prof. Graetzel, 
Prof. Fontcuberta). CSEM is an active partner of two PNR 
projects linked to advancing PV: The PV2050 project (with the 
same PIs) brings together various groups at EMPA, EPFL, 
and ZHAW. CSEM is also a partner of the Active Interface 
PNR70 project, dedicated to solving the issues of the soft 
balance of system costs through a holistic approach.  

Finally all activities are well connected to industry through 
direct industrial mandates, and CTI and EU projects. 
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High-efficiency Silicon Heterojunction Solar Cell Platform 
A. Descoeudres, C. Allebé, N. Badel, L. Barraud, J. Champliaud, F. Debrot, A. Faes, A. Lachowicz, J. Levrat, S. Nicolay, 
L. Sansonnens, M. Despeisse, C. Ballif 
CSEM has set up a complete platform for the production and the characterization of silicon heterojunction solar cells. Innovative and industry-
relevant solutions are continuously developed for the improvement of all cell processing steps, aiming for high conversion efficiencies at moderate 
costs. The technological topics covered at CSEM include wafer bulk quality improvements, wafer texturing and cleaning by wet-chemistry, PECVD 
depositions of ultra-thin passivating and doped amorphous silicon layers, PVD depositions of low-cost transparent conductive oxides, advanced cell 
metallization processes and various cell characterization techniques. Efficiencies above 22% on full-size 6" wafers have been demonstrated. 

Heterojunction solar cells – a type of crystalline silicon solar 
cells – are one of the most promising technologies for driving 
the costs of PV electricity lower. In a nutshell, it is a high 
efficiency technology, with fewer fabrication steps. 
Calculations show that with heterojunction solar cells, the 
average levelized costs of energy could be below 4 €cts/kWh 
in sunny countries. These costs are comparable with base-
load electricity produced from non-renewable resources. In 
the last two years, a strong effort has been made to establish 
a complete, performant and flexible platform at CSEM 
covering all aspects of production and characterization of such 
solar cells, from as-cut wafers to finished solar cells. 

At the wafer level, thermal processes are developed to 
improve bulk material properties, such as thermal donor killing. 
To assess the induced bulk modifications, a detailed material 
characterization is required. For this purpose, wafers are 
analyzed with micro-FTIR spectroscopy, allowing for a precise 
description of the interstitial oxygen content for example 
(Figure 1). Concerning the wafer preparation by wet-chemistry, 
a new dedicated research wet-bench is now in operation. 
Special additives for the texturing baths are developed in-
house, yielding very low surface reflectivity (< 9.5% at 740 nm 
wavelength). Simplification of the wafer cleaning process is 
also actively pursued, in order to drastically reduce the 
manufacturing costs induced by the use of expensive 
chemicals. 

 
Figure 1: Interstitial oxygen mapping of a CZ n-type as-cut wafer, 
measured with micro-FTIR. Typical rings due to the crystal growth 
process are visible (the red circles are guides to the eye). 

The excellent wafer surface passivation provided by ultra-thin 
amorphous silicon layers is the key point of the heterojunction 
technology, yielding very high Voc values and efficiencies. At 
CSEM, the depositions of these layers are done by PECVD in 
a high-end R&D large-area multi-chamber reactor. State-of-
the-art minority carrier lifetime values were demonstrated: 
above 20 ms with 10 nm thick intrinsic layers on polished 
wafers, and above 10 ms on solar cell precursors (in/ip layers 
on textured wafers). The deposition of the front and back 
transparent conductive oxide layers are done in a versatile 
multi-chamber industrial sputtering tool. A special emphasis is 

put on the replacement of indium by alternative materials to 
reduce further the costs for solar cell mass production. 

Concerning the cell metallization, several advanced 
approaches are studied. Very narrow fingers (< 40 μm) have 
been produced with the conventional screen-printing 
technique, by optimizing screen design and low-temperature 
silver paste properties. Even finer lines were obtained with 
electroplating (~10 μm), using nickel and copper instead of 
silver, which reduces the production cost further [1]. A strong 
effort has also been put on the development of the SmartWire 
cell interconnection technology. 

Numerous tools are available and developed for an 
exhaustive characterization of materials and of the finished 
solar cells: illuminated and dark IV, spectral response, EL / PL 
imaging, thermo lock-in imaging, confocal microscopy, 
spectral ellipsometry, FTIR spectroscopy, other optical and 
electrical characterization tools...  

 
Figure 2: Industrial- and lab-scale high-efficiency silicon hetero-
junction solar cells developed at CSEM. 

Thanks to this comprehensive and performant silicon 
heterojunction technology platform (conversion efficiencies of 
23% on 4 cm2 lab-scale devices and of 22% on 239 cm2 
industrial devices have been demonstrated, all in screen-
printed configuration), CSEM is able to conduct advanced 
R&D projects on specific processing steps, to develop new 
processes, materials and cell concepts [2], and also to provide 
services and small batch production for its customers. 

This work has received funding from the EU-FP7 project 
HERCULES under grant agreement No 608498, and partial 
funding of the Swiss Federal Office of Energy for the 
Swiss-Inno HJT project. Part of the results were obtained in 
collaboration with EPFL PV-Lab in Neuchâtel. 

[1] J. Geissbühler, et al., IEEE J. Photovoltaics, 4, 1055 (2014) 
[2] A. Tomasi, et al., IEEE J. Photovoltaics, 4, 1046 (2014) 

81 

                                                                 



 

Plating on Thin Conductive Oxides for Silicon Heterojunction Solar Cells 
A. Lachowicz, A. Faes, C. Allebé, N. Badel, F. Debrot, C. Ballif, M. Despeisse 
For the metallization of solar cells, three main requirements must be considered: minimum optical shadowing of the cell surface using narrow lines; 
high line conductivity to limit electrical losses; and competitive costs of employed materials and processes. The standard metallization method is 
screen-printing of a silver paste. Printing process for narrow lines (down to 40 microns) was developed at CSEM, and this fine-line printing was 
demonstrated to be an efficient metallization scheme when combined with the SmartWire® interconnection technology. To further reduce the line 
width and the metallization cost, plating processes at pilot scale are being developed within the Swiss-Inno HJT project [1].  

Plating on industrial size silicon heterojunction solar cells, i.e. 
156x156 mm2 Cz-Si wafers with a thin conductive oxide (such 
as ITO) on the surface, requires the development of specific 
processes.  

For patterning, a negative photo-imageable resist is applied by 
dip coating. The resist layer must be uniform over the entire 
surface including edges and it must be a low-cost resist, while 
still enabling a good resolution with openings of 10–20 μm in 
width at approximately 10 μm thickness. Such processes 
could be developed, as shown in Figure 1 with a plated 
copper line with width and height of 11.5 μm after resist 
removal.  

 
Figure 1: Confocal microscope image, line width 11.5 μm, height 
11.5 μm. The surface features random pyramids after anisotropic 
etching in order to reduce light reflection. 

Since the adhesion of layers plated directly on an oxide is not 
sufficient, different processing routes had to be developed.  

In a first approach, a thin metal layer is coated onto the 
conductive oxide. After patterning and copper plating, the 
resist is removed and the seed layer etched back. In Figure 2, 
an ion beam cross section of a plated line with such seed 
layer approach is depicted, showing high aspect ratio and 
narrow line achievement. 

 
Figure 2: SEM image of a copper line plated on evaporated copper 
seed layer. 

For plating, a single-side laboratory equipment, so called "cup 
plater" is used, as shown in Figure 3. The cathodic contact is 
placed on the fully metallized rear side (here a thin sputtered 

silver layer). With this setup a front emitter cell with a p-doped 
layer on the front (forward direction of the diode) can be plated. 

In a second approach, an alternative process flow is being 
developed to carry out plating without seed layer and on rear 
emitter cells (p-doped emitter layer at the rear side). Light is 
used to enable electron flow from the (p-doped) rear side to 
the front side where copper is deposited. 

 
Figure 3: Cup plater with rear side contacting and LED bars for light 
induced plating of rear emitter cells without a seed layer. 

To obtain layers with a sufficient adhesion a specific 
pretreatment is applied, followed then by nickel plating and 
copper plating. Through reduced line width, the current 
extracted from the plated cell is improved resulting in 
improved efficiency. The values in Table 1 are measured for a 
156x156 mm2 cell with 30 μm plated lines.  

Table 1: Short circuit current and corresponding current density of a 
screen-printed reference cell and a cell with plated copper lines. 

Cell Isc [mA] Jsc [mA/cm²] 
Screen-printed 
reference 9415 38.7 

Cu plating 9542 39.2 

Further reduction of line width and plating of bifacial cells with 
metallization grid on both sides are the next goals. A vertical 
pilot line has been designed with features enabling better 
solution exchange in small openings, light induced plating and 
plating of bifacial cells. 

[1]  www.bfe.admin.ch/cleantech/05761/06041/06102/ 
This work has been carried out within the Swiss Inno HJT project 
funded by the Swiss Federal Office of Energy. CSEM 
acknowledges the EPFL PV-lab and EPFL CIME for their 
contributions to processing and for providing ion beam cross 
sections 
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Silicon Heterojunction Solar Cells with Plated Contacts for Low Concentration 
Photovoltaics 
C. Allebé, J. Levrat, J. Champliaud, N. Badel, L. Barraud, A. Descoeudres, F. Debrot, A. Faes, A. Lachowicz, C. Ballif, M. Despeisse 
The CSEM PV-center has developed a silicon solar cell structure adapted for low to medium concentration irradiance (10 to 30 times 1 sun 
illumination). Custom-size demonstrator cells were produced, combining high efficiency and low thermal coefficient, key advantages of the silicon 
heterojunction technology, with an optimized copper plated metallization grid for low electrical losses. Efficiencies > 20% above 10 suns 
illuminations at 25°C with noticeable VOC > 765 mV were attained and ultra-low thermal coefficient demonstrated under concentration.  

CSEM develops silicon heterojunction solar cell technology 
(SHJ), a high efficiency type of solar cells which takes 
advantage of the outstanding passivation properties of 
hydrogenated amorphous silicon (a-Si:H). This thin film layer 
deposited over the full cell area – including below the metal 
contacts – produces cells with very high open circuit voltage 
(VOC) resulting in high conversion efficiencies. 

Concentration PV systems reduce to a fraction the costs 
attributed to the solar cells in a PV system, as compared to 
non-concentrated PV systems. This combination could 
provide low-cost concentrated PV electricity by taking 
advantage of inexpensive optics mounted on simple tracking 
systems. Low and medium concentration PV systems, (2–10 
and 10–100 suns, respectively) require only simple tracking 
systems. Today, SHJ cells demonstrate the best in class solar 
cells performance [1]; they also provide two key advantages for 
LCPV application. First, the SHJ cells have a lower thermal 
coefficient (typically -0.2 to -0.3%/°C at 1 sun) than standard 
c-Si technologies, very attractive for LCPV in which operating 
temperatures are well above the standard 25 degree testing 
conditions. Second, excellent barrier to Cu diffusion is 
provided by the a-Si:H and TCO layers present on both sides 
of the device. Such barriers relax the risk of Cu contamination 
in the device enormously and promote the use of Cu (and Cu-
plating) for the formation of a dense and highly conductive cell 
metal grid, which is very attractive for LCPV applications in 
which a high current must be extracted from the solar cell.  

 
Figure 1: A typical 2×2 cm2 SHJ cell with Cu-plated contacts 
developed for low to medium concentration applications. 

The CSEM PV-center SHJ cells were further developed to 
demonstrate custom-size LCPV prototype cells.  

A wafer structuring process enabling the extraction of cells of 
customized size with reduced edges efficiency losses at > 10 
suns has been developed. A produced 4 cm2 demonstrator is 
shown in Figure 1. Copper plating process flow for the 
formation of narrow fingers with high aspect ratio 
(30 μm x 10 μm) has been set up. It leads to a high 
conduction metal grid (ρ ~ 1.8 μOhm.cm) with limited 
shadowing; resulting in low electrical losses, high fill factor (FF) 
and power generation. For 4 cm2 cells using a standard low 
temperature Ag grid, high resistive losses trigger performance 

losses under concentration, as shown in Figure 2 with 
decreasing fill factor above 1 sun. The 4 cm2 prototype cells 
developed with a dense Cu-grid limit these resistive losses, so 
that a high fill factor of 75% is still achieved at 10 suns (see 
Figure 2), enabling a high efficiency of 20% to be attained, 
with a noticeable high VOC of 765 mV. This corresponds to an 
output power of 0.8 W under 10 suns illumination out of a 
4 cm2 cell. 

 
Figure 2: Evolution of SHJ cell FF with increasing illumination for 
standard SHJ cell Ag front grid (Gen 0), and adapted SHJ-LCPV cell 
implementing Cu-plated metal grid (Gen 1). 

Applications under concentration will lead to a high cell 
operating temperature (well above the 25°C IEC test 
standards). In this context, the developed prototype cells 
demonstrate very attractive results: under concentration, an 
increasing temperature was shown to enhance carrier 
transport and collection over the cell structure, leading to a 
decreasing thermal coefficient for increasing concentration 
thanks to an increasing cell FF. At 10 suns concentration, the 
cell FF is observed to increase from 74.5% to 76.5% for a cell 
operating temperature increasing from 25°C to 90°C, and a 
thermal coefficient of -0.17%/°C is attained for this 
concentration level. For higher concentrations, this FF gain 
further increases, leading to a cell thermal coefficient 
decrease. At >40 suns, a noticeable positive thermal 
coefficient was observed for our devices, i.e. an increasing 
efficiency for increasing temperature.  

The custom-size SHJ-LCPV solar cells developed therefore 
demonstrate high performance for low to medium 
concentration and for operation at elevated temperatures.  

CSEM acknowledges J. Geissbuhler and all the EPFL PVLAB 
team for their support. 

[1]  S. De Wolf, et al., Green Vol. 2, pp. 7–24, 2012 
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White Solar Modules: the Revolution for Building Integration 
J. Escarré, H. Y. Li, L. Sansonnens, P. Heinstein ●, S. Nicolay, J. Bailat, L.-E. Perret-Aebi, C. Ballif 
CSEM in its PV activity has developed white solar modules with conversion efficiencies above 10%. This innovative PV technology is particularly 
attractive to be used in the building industry where PV elements can blend into the building skin and become virtually hidden energy sources.  

Most PV modules on the market are made of crystalline silicon 
solar cells, which are interconnected by metallic ribbons, and 
encapsulated either between two glasses or between a front-
glass and a back-sheet. These solar cells, being designed to 
maximize light to electricity conversion and thereby sunlight 
absorption, present a blue-black color. The overall 
appearance of the modules given by the combination of dark 
cells, metallic ribbons and very often white back-sheets, is 
visually unaesthetic and it complicates the acceptance of the 
PV in the built-up environment. 

Currently, there is a lack of PV products on the market, which 
are particularly designed to be integrated in buildings. 
Architects constantly demand new solutions to customize the 
color of PV elements to make them blend into the building skin. 
The color white attracts particular interest as it is widely used 
in architecture for its elegance, versatility and fresh look. 
Despite its demand, a true white solar module could never be 
realised; the natural perception being that it is impossible as 
most of the light is to be reflected. 

CSEM has developed a new technology to make white solar 
modules a reality (Figure 1). It combines various elements: (1) 
a solar cell technology able to convert solar infrared light into 
electricity; (2) a selective scattering filter which scatters the 
whole visible spectrum while transmitting infrared light. 

Although any PV technology based on crystalline silicon can 
be used to manufacture white solar modules, heterojunction 
crystalline silicon solar cells are the preferred choice. These 
cells combine open circuit voltages close to 730 mV, i.e. much 
higher values than the ones obtained by standard silicon solar 
cells ( ̴ 630 mV), with an excellent response in the infrared 
part of the spectrum. Approximately 55% of the current 
generated under standard test conditions comes from the 
infrared. Thus, even without considering visible light, 
conversion efficiencies above 10% are possible when using 
this technology.  

The scattering selective filter consists typically of a plurality of 
transparent dielectric layers with different refractive indexes, 
stacked on top of each other, to highly reflect visible light. 
Moreover, in order to give a white appearance scattering of 
visible light is necessary. In this project, we have evaluated 
three various techniques to achieve at the same time the 
spectral selectivity and the light diffusion. 

The performance of the best white solar module fabricated up 
to now at CSEM is 11.4% measured under the AM 1.5 
spectrum. The size of the module is 55 cm x 60 cm and it 
consists of 9 heterojucntion solar cells interconnected in 
series. The loss in efficiency, i.e. comparing the same cell 
technology having usual or white appearances, is 40%. The 
module presents a true white aspect. Neither the cells nor the 
connections are visible anymore. This prototype demonstrates 
that PV elements can become virtually hidden energy sources 
in buildings. 

 
Figure 1: White PV modules fabricated at CSEM. 

The fact that a white surface will reach lower temperature 
under the sun is an extra advantage. The visible light being 
reflected does not contribute to heat, thus a white solar cell is 
expected to work at temperatures typically 15 to 20° lower 
than standard PV modules under full illumination. This is an 
important point as PV electrical output decreases with 
temperature at rates of 0.3–0.5% per degree Celsius. Hence 
we expect that high energy yields will be provided by such 
modules. 

White PV modules can also contribute to increase energy 
savings in buildings by keeping inner spaces cooler and 
reducing air conditioning costs; a factor especially important to 
be taken into account in big cities where the “Heat Island” 
effect takes place. In different US cities different initiatives 
have started to paint roofs white. In the near future such 
actions could be replaced by the installation of white solar 
modules. 

This innovative technology developed at CSEM can be 
applied either on top of an existing module or integrated into a 
new module during assembly; it can be applied on top of flat 
or curved surfaces; and although its main application is in 
building integrated photovoltaics, many other fields such as 
consumable electronics (laptops), security (hidden cameras), 
the watch and car industry are interested in.  

The next steps are to further raise the efficiency of white PV 
modules and integrate them into new applications. 

                                                                 
• EPFL, Photovoltaics and thin film electronics laboratory, IMT; 

2000 Neuchâtel 
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Deployment of a 7 kWp Multi-technology Photovoltaic Monitoring Station for Energy 
Yield Assessment and Comparison  
M. Bonnet-Eymard, Y. Riesen ●, M. Despeisse, F. Galliano, P.-J. Alet, A. Hessler-Wyser ●, J. Bailat, C. Ballif 
CSEM has partnered with EPFL to build a photovoltaic (PV) outdoor performance monitoring station on the roof of Microcity. The performance of 
the modules in addition to complete weather data can be recorded for up to 32 PV modules of any technology. This station permits CSEM or its 
customers to go beyond standard test conditions for solar module characterization and assess in the field the progresses that have been made in 
the laboratory. 

The performance of PV modules is usually assessed indoor 
under standard test conditions (STC): the module is kept at 
25°C and measured with a reference solar spectrum (AM1.5G) 
under an irradiance of 1000 W/m2. This enables fair 
comparison of modules between labs and manufacturers 
around the world. However, when operating outdoors these 
conditions of spectrum, irradiance and temperature vary a lot. 
Different PV technologies will behave differently under given 
climate conditions: a PV module can be more efficient in STC 
than another one but worse in the field, in a desert climate for 
example, because, e.g. of its coefficient of temperature. 

 
Figure 1: Thin-Film modules currently monitored to compare the 
effect of the front glass texturization on the module energy yield. 

The effective energy yield of a module is the energy in kilowatt 
hour that it has generated over a certain period of time divided 
by its rated STC power. Modelling the behavior of a module 
can predict its effective energy yield in a given location.  

Together with EPFL, CSEM has installed a monitoring station 
on the roof of Microcity that can record the performance of 32 
modules of any technology. Based on our specifications, the 
system has been built by the University of Ljubljana. It records 
the module power every minute and the full current-voltage 
characteristic every 3 minutes. Each measurement is 
associated with weather data including light irradiance, air 
temperature, humidity, wind speed and direction. Additionally, 
the temperature of the module can be recorded with up to 4 
temperature sensors. The data acquired by the instruments 
are stored in a MySQL internet data base. Presently, 13 
crystalline silicon (c-Si) modules including 4 Hetero-Junction 
(HJT), 5 mono-crystalline (mono c-Si) and 4 multi-crystalline 
(multi C-Si) are monitored. 9 Thin-film modules are as well 
monitored including 1 CIGS, 1 CIS, 5 thin film silicon tandem, 
and 2 amorphous silicon tandem modules. 

This installation currently supports two CSEM projects: The 
first one is Swiss-Inno HJT for which we aim to compare the 

performance of hetero-junction modules from a partner versus 
the ones of other crystalline technologies. The second project 
(Figure 1) is a study of the soiling of the modules depending 
on the front glass texturization.  

Now we present some first results obtained in the frame of the 
Swiss-Inno HJT project: Figure 2 shows the evolution of the 
maximum power point (MPP) of 3 modules of different c-Si 
technologies during a clear sky day. The MPP values have 
been normalized by the respective "peak power" (Wp) value of 
the modules (i.e the MPP value measured indoor by CSEM) in 
order to compare the different technologies. The curve of the 
HJT module is clearly higher than those of the other 
technologies, indicating that this module had a higher effective 
energy yield than the other two during the time considered.  

 
Figure 2: Module and Irradiance power measured outdoor. 

These preliminary results show that the monitoring station is a 
great tool to rapidly evaluate outdoor behavior of commercial 
or prototype modules. Over a longer period of time, the 
characterization of the modules coupled with the weather data 
will be able to model the module power output and therefore 
predict their energy yield in any geographical location. 

This work is supported by the Swiss Federal Office of Energy 
through the Swiss-Inno HJT project. 

                                                                 
• EPFL, PV-Lab, Neuchâtel 
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Photovoltaics for Hydrogen Production 
D. Dominé, J. Bailat, L. Löfgren, P. Kohler, S. Nicolay, M. Benkahira, L. Sansonnens, C. Ballif 
The SHINE Nano-Tera.ch project aims at the realization of a fully integrated solar-to-hydrogen system. Compared to a standard approach with 
discrete elements – with separate solar panels and electrolyzer – an improved efficiency is expected thanks to the recycling of the dissipated heat 
from the solar cell. 

A massive deployment of renewable energy technologies 
would require solving the present energy storage issue. This 
means finding a way to store a significant fraction of the 
annual world energy consumption, which amounts to 105'000 
terawatt-hours [1]. The present availability and intermittence of 
renewable energy is illustrated by this fact: in 2013, the 
photovoltaic installations in Germany produced 29.7 TWh; 
almost half of that during June, July and August [2]. 

A possible solution to store energy from one season to the 
next is the production of hydrogen from solar energy and 
water. Hydrogen can for instance be compressed, transported 
and stored; alternatively it can be injected in the gas 
distribution system as it is done, e.g., in a demonstration 
project in Germany.  

The multi-disciplinary Nano-Tera.ch project SHINE involves 
several research groups within the fields of optics for solar, 
optics and fluidics, semiconductor solar cells, electrochemical 
materials and system simulation [ 3 ]. A system engineering 
approach based on system simulation is adopted to 
demonstrate a prototype consisting of 4 key elements, 
symbolized in Figure 1, to be integrated in a compact photo-
electro-chemical (PEC) system:  

• An innovative solar concentrator with self-tracking, where 
light is trapped in a waveguide through a local phase 
change of paraffin wax, thermally activated 

• A photovoltaic solar cell made of a thin-film silicon multi-
junction device, operating at its maximum power point with 
enough voltage to enable the electrolysis of water 

• Microfluidic for water feedstock with solar heat 
management for the cooling needed by concentration 
photovoltaics and the production of water vapour 

• An electrolyzer based on hydrogen- and oxygen-evolving 
electrodes and on a solid electrolyte made of a proton 
exchange membrane 

CSEM is in charge for the photovoltaic element of the system. 
A triple-junction device has been developed. It is made of a 
stack of two amorphous silicon cells and one microcrystalline 
silicon cell and is optimized to achieve enough voltage for 
water splitting when loaded with the electrolyzer. At one sun 
illumination, its open-circuit voltage is 2144 mV and the power 
density produced at the maximum power point is 
11.3 mW/cm2. This device has been successfully integrated in 
hydrogen production setups. For the photocathode 
configuration shown in Figure 2, a titanium/platinum back 
contact is directly deposited at the rear side of the silicon 
device. It is immersed in an acetic acid/acetate solution, 
where hydrogen evolution takes place at the Pt cathode, upon 
illumination of the front side of the solar cell. In the wired 
configuration, the back and front contacts of the triple-junction 

device are simply connected to the platinum and iridium oxide 
catalyst layers of a membrane electrode assembly.  

  
Figure 1: Conceptual view of the four elements of the integrated PEC 
device to produce hydrogen from solar energy and water [3]. 

 
Figure 2: Photographs of hydrogen formation at the platinum back 
contact of a photocathode made of a triple-junction thin-film silicon 
solar cell when it is immersed in an acetic acid/acetate solution (left) 
while it is illuminated at the front side (right). In this test device the 
active area of the solar cell is 5x5 mm. 

In the project, alternative solutions to the triple-junction thin-
film silicon will also be assessed, including a serial 
interconnection of small heterojunction crystalline silicon solar 
cells optimized for solar concentration. 

CSEM thanks Nano-Tera.ch for its financial support received 
in the framework of the RTD project SHINE. 

[1] According to the IEA, the world final energy consumption in 2011 
was 9 Gteo (105'000 TWh); see 
www.iea.org/publications/freepublications/publication/KeyWorld2
013.pdf 

[2] B. Burger, Fraunhofer Institute for Solar Energy Systems ISE, 
Electricity production from solar and wind in Germany in 2013, 
12 August 2013 

[3] www.nano-tera.ch/projects/367.php 
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Systems for Ultra-high Performance Photovoltaic Energy Harvesting  
J.-H. Yum, S.-J. Moon, L. Sansonnens, L. Löfgren, S. Nicolay, J. Bailat, C. Ballif 
CSEM is developing a new type of solar cells based on organometallic halide perovskite materials. The goals are to upscale the perovskite solar 
cell technology, to realize single junction PV mini-modules and ultimately to demonstrate the feasibility of a tandem solar cell based on perovskite 
and crystalline silicon.  

For decades, the PV market has been dominated by wafer-
based crystalline silicon (c-Si) single junction solar cells with a 
lab record conversion efficiency of 25.6% and efficiencies 
between 18 and 24% in mass production. The record value is 
already close to the limit of single-junction c-Si. Further 
increase of the conversion efficiency can be obtained with 
tandem-junction solar cells, which consist of two stacked solar 
cells electrically connected in series. In this configuration, the 
front cell is made of a higher band-gap material than the 
bottom cell. The respective absorber materials are well 
chosen as to ensure that the visible light is absorbed in the 
front cell and the red to infra-red light in the bottom cell. 

Compared to the single junction crystalline silicon solar cell, 
the tandem configuration reduces the energy conversion loss 
due to the thermalization of the photo-generated carriers. In 
addition it extends the range of wavelengths absorbed by the 
solar cell compared to the single junction made of only the 
high energy band-gap material. These two effects result in 
higher potential conversion efficiency than a single junction 
configuration.  

Until recently no PV materials had been identified with the 
proper energy band gap to suit that of silicon (1.1eV) in a 
tandem configuration (and without the requirement for 
epitaxial growth as is the case for III-V semiconductors). This 
has now changed since the emergence of a new PV 
technology based on organometallic halide perovskite (e.g. 
CH3NH3PbX3, where X is a halide). Solar cells based on this 
material - with an energy band-gap of 1.55eV [ 1 -3] - have 
reached a promising efficiency of 17.9% [4] in a very short 
period of time, unseen in any other technologies. In addition, 
these so-called perovskite based solar cells offer other 
advantages including optical bandgap tunability, low-cost 
solution-based processes, no optically detectable deep defect 
states [5], and a high absorption coefficient. All reported 
performances, however, have so far been achieved on lab 
scale solar cells with an area under 0.5 cm2 which is not 
sufficient to prove the scalability of this promising technology 
which could lead to values of conversion efficiencies over 30% 
in tandem configuration [6]. 

In this project called ‘Systems for ultra-high performance 
photovoltaic energy harvesting’ (Synergy), CSEM is in charge 
of upscaling the perovskite based solar cell technology.  

The perovskite solar cell structure in the first part of the work 
consists of a fluorinated tin oxide (FTO) coated glass (or 
variations of TCO) as a transparent substrate, a dense TiO2 
layer as a hole blocking layer, a mesoporous TiO2 layer as an 
electron transport layer, CH3NH3PbI3 as a light absorber, a 
spiro-OMETAD hole transport layer (HTL), and a gold back 
contact. Most of the components were deposited via a 
solution-based process such as spin coating, except gold that 
was evaporated, and the commercial TCO glass substrate. 
The best efficiency achieved with a small area of 0.25 cm2 is 

13.7% under AM1.5G full sun, while the efficiency decreases 
to 12.8 and 8.15% as the active area increases to 1 and 4 cm2, 
respectively. The details of the cell parameters are given in 
Table 1 and Figure 1. The efficiency decrease observed for 
the larger cell area is related to shunts. In spite of this and to 
the best of our knowledge this result is the highest reported 
value for a cell of 1 cm2.  

 
Figure 1: IV results of perovskite solar cells with different active area, 
0.25 (black dashed line) and 4 cm2 (blue solid line).  

Table 1: IV characteristics of perovskite solar cells as active area. 

 
Further work will focus on analyzing the root cause of the 
observed shunts and on optimizing the different interfaces in 
the cell. This work should bring a better understanding of 
perovskite based solar cells. Laser scribing techniques will 
then be applied to produce mini-modules. The uniformity of 
the layers will also be tackled in order to be able to coat full 
size crystalline silicon wafers and ultimately demonstrate the 
feasibility of tandem solar cells. 

CSEM thanks Nano-Tera.ch, the Swiss Federal Office for 
Energy and Swiss Solar Connect for the funding of this work 
in the framework of the RTD project call 2013: 
20NA21_150950. 

[1] M. M. Lee, et.al., Science, 2012, 338, 643 
[2] J. Burschka, et al., Nature, 2013, 499, 316 
[3] M. Z. Liu, M. B. Johnston, H. J. Snaith, Nature, 2013, 501, 395 
[4] Nat. Renewable Energy Lab. (2014), NREL Efficiency Chart.: 

www.nrel.gov/ncpv/images/efficiency_chart.jpg 
[5] S. De Wolf, et al., J. Phys. Chem. Lett, 2014, 5, 1035 
[6] P. Löper, et al., IEEE J Photovol, 2014, in press 
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Development of High Transparency / High Conductivity Electrodes for Organic and 
Consumer Electronic Applications 
S. Nicolay, L. Sansonnens, S.-J. Moon, M. Benkhaira, D. Domine, L. Lofgren, J. Bailat, C. Ballif 
CSEM has developed electrode materials and associated patterning techniques well adapted for opto-electronic devices operating in the visible 
range of the light spectrum, such as organic PV and light emitting devices. These can typically be useful for wearable electronics, BIPV or large 
area electronic applications. 

A common requirement for application such as LEDs, OLEDs 
and PV cells is the need to incorporate highly transparent and 
conductive electrode material as either light or electricity is in-
coupled or out-coupled from the active areas. However, the 
different applications ask for different electrode properties. E.g. 
in high efficiency c-Si cells, the electrode should be as 
transparent as possible from the UV to the infrared range, 
while for opto-electronic device applications operating in the 
visible range of the light spectrum (LED, OPV, OLED), less 
stringent constraints apply on the electrode material used to 
collect or inject current. On the other hand, electrodes with 
lower sheet resistance than in the inorganic PV field are 
requested for these opto-electronic devices. Furthermore, 
when designing the electrodes, it is important to take into 
account the full stack where they will be incorporated. Indeed, 
depending on the different layers or deposition processes 
coming on top of these electrodes, their fundamental opto-
electronic properties can be altered. In this perspective, 
CSEM has developed a large set of processes and electrode 
materials that can be adapted for the different applications. 
For example, this led to the establishment of laser patterning 
process well fitted for organic active materials. 

 
Figure 1: Example of laser patterning of electrode material and 
charge transport material for OPV applications.  

Practically, such a laser patterning achieved OPV modules 
with efficiencies close to the ones achieved on small scale 
individual cells (i.e. close to the maximum efficiency that can 
be reached with a given photo-active material). This 
demonstrates the excellent coordination between material and 
process know-how available at CSEM, ready to be used to 
provide an OPV platform development. 

Another example would be the consumer electronic market, 
where PV cells are required to operate under different 
illumination conditions. Owing to the different mechanical (e.g. 
flexibility) and opto-electrical electrode requirements for this 
type of devices, CSEM is also working on the development of 
specific electrodes for thin film a-Si (TF Si) PV cells. E.g. 
Figure 3 shows TF Si cell results achieved on flexible 
substrates under different illumination conditions. 

 
Figure 2: Laser patterned OPV modules with an efficiency of 4.3% 
including the use of Indium free high transparency/high conductivity 
electrode materials.  

   
Figure 3: Results of a cell deposited on a flexible substrate with a 
flexible front electrode.  

In addition, thanks to its large material and process knowledge, 
CSEM can also apply these developments of other topics 
such as e.g. fully transparent OLEDs. Indeed, in most of the 
cases the back contact of OLEDs is made of evaporated 
metal as standard sputtering of transparent electrodes leads 
to detrimental damage formation. However, using the 
versatility of available deposition techniques, CSEM has 
developed a process allowing the deposition of transparent 
electrodes directly on top of the organic material and thereby 
achieving fully transparent OLEDs. 

 
Figure 4: Transparent OLEDs incorporating electrode materials 
developed at CSEM.  

Eventually, these specific electrode materials, in addition to 
their high visible transparency and conductivity also 
demonstrated good bendability making them very promising 
for flexible applications and R2R production.  
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Solution Processed OPV Tandem Cells 
T. Offermans, M. Chrapa, R. Ferrini, G. Nisato 
Solution-processed organic photovoltaic solar cells (OPV) have attracted considerable interest since efficient photo-induced charge transfer from 
conjugated polymer to fullerenes has been observed. Being lightweight and flexible, they can be processed by simple printing techniques on low-
cost substrates. This enables polymers solar cells to be a potentially cost-effective alternative to inorganic technologies. Their expected applications 
range from portable electronics to grid connected panels for building integrated photovoltaics. 

The development of new organic polymers has progressed 
significantly. In the past few years, single junction cells with 
over 9% efficiency have been reported [1], and tandem junction 
cells with over 10% efficiency [2]. It is expected that the tandem 
approach will enable efficiencies of up to 20% [3]. However, at 
an industrial level this remains challenging because: 1) the 
deposition techniques are not fully developed for making 
tandem devices, 2) commercially available high performance 
active materials are lacking and 3) green solvents are required 
which puts additional requirements on the solubility of new 
photoactive materials. 

In this work, which was carried in the EU project 
SUNFLOWER [ 4 ], we set out to fabricate 1 cm2 solar cells 
using the blade coating method (R2R compatible), in air, at a 
processing temperature below 80°C.  

A successful tandem approach requires a careful design of 
the optical stack such that the current produced by the front 
cell matches that of the back cell. In the tandem the two half 
cells are stacked in series, thus the total voltage output is the 
sum of the voltages produced by the half cells, see Figure 1.  

In collaboration with project partner FLUXiM AG [ 5 ] we 
performed optical simulations of the tandem stack and 
optimized the thickness of the two photoactive layers in the 
tandem for optimal photocurrent (Figure 2). At the intersection 
of the two surfaces in Figure 2 the photocurrents in the back 
and front cell match. The optimum matched photocurrent 
9.0 mA/cm2 is found for layer thicknesses of 210 nm for the 
front photoactive layer and 120 nm for the back photoactive 
layer.  

 
Figure 1: Front subcell, back subcell and tandem stack. 

With the targeted thicknesses of the layer thus defined we set 
out to realize the tandem cells experimentally. 

 
Figure 2: Current-matching by adjusting the active layer thicknesses. 

Current density–voltage (J-V) characteristics of the best blade 
coated tandem cell were measured on a calibrated solar 
simulator (AM1.5g) and are shown in Figure 3. From the J-V-
characteristics an open circuit voltage (Voc) of 1.3 V, a fill 
factor (FF) of 0.65, short circuit density (Jsc) of 8.6 mA/cm2 is 
extracted, resulting in a power conversion efficiency of 7.2%. 

  
Figure 3: J-V characteristics of the 7.2% solution-processed organic 
tandem cell. 

[1]  Z. He, et al., "Enhanced power-conversion efficiency in polymer 
solar cells using an inverted device structure", Nature Photonics 
6, 591 (2012) 

[2]  J. You, et al., "A polymer tandem solar cell with 10.6% power 
conversion efficiency", Nature Communications 4, 1446 (2013) 

[3] N. Li, et al., "Environmentally printing efficient organic tandem 
solar cells with high fill factors: A guideline towards 20% power 
conversion efficiency", Adv. Energy Mater. 14, 84 (2014) 

[4]  www.sunflower-fp7.eu 
[5]  www.fluxim.com 
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Maintenance of PV Power Plants: Impact of Soiling and Cleaning in Switzerland 
P.-J. Alet, C. Ballif, L.-E. Perret-Aebi 
Low-tilt PV systems are increasingly common on flat roofs, where they enable a high power density. Yet little is known about their requirements in 
terms of operations and maintenance, especially soiling. In this contribution, we present a case study on a 407 kWp system in Switzerland with a 5° 
tilt. Nineteen months of inverter data have been analyzed and correlated with consolidated weather data from four weather stations. The analysis 
demonstrates a clear and lasting benefit from active cleaning with a 6% gain in energy yield. 

 
Figure 1: Low-tilt PV system before (back) and after (front) cleaning; 
what is the impact on performance? 

It is widely accepted in the industry that systems with modules 
installed in temperate climates at a tilt angle of 19° or more 
are “self-cleaning” i.e., rain is frequent and abundant enough 
to eliminate the need for active cleaning [1]. This rule is mostly 
based on observations made on PV systems installed on 
sloped roofs. 

Two different factors may lead to a greater susceptibility of 
low-tilt systems to soiling. First, more dirt will accumulate the 
lower the tilt angle. Second, natural cleaning through rainfall 
may not be as efficient for low-tilt systems. 

To investigate these factors, we studied an operational PV 
power plant with a 5° tilt angle. Part of it was to be cleaned 
once and another part left untouched. The performance of the 
two parts were compared to quantify the gain obtained by 
cleaning (which gives an indication of how much dirt had 
accumulated i.e., how efficient “self-cleaning” is) and to 
evaluate the duration of any gain (which gives an indication of 
how fast dirt accumulates). In addition, one module was taken 
off site for characterization under standard, controlled 
conditions. 

The PV power plant considered in our case study is a 
407 kWp system installed in 2010. The modules are multi-
crystalline and have an aluminum frame. The latter feature is 
known to promote soiling due to dirt accumulation at the 
edges and obstruction of the rainwater flow. 

The plant is located on the roof of the Saint-Léonard sport hall 
in the vicinity of Fribourg (Switzerland). The modules are 
installed parallel to the roof at a 5° tilt angle. Power generation 
data used in this study were measured on the DC side by the 
inverters. Their time resolution is 15 min. The plant does not 
have any sensor on site to monitor weather data. Instead, an 
estimate of global irradiance and ambient temperature was 
obtained through the weighted average of the four weather 
stations closest to the plant (distance from 6 km to 18 km). 

Both on- and off-site cleaning was performed by SJ Services 
Net. Cleaning equipment for architectural glass was used. An 

enzyme-based cleaning solution jointly developed by 
SJ Services Net and Polactect was used. 

Significant dirt had indeed accumulated on the modules. As 
shown on Figure 2, active cleaning provides a clear and 
lasting benefit. Despite strong data variability, the benefit was 
consistently evidenced through monitoring of the DC current 
generation and energy yield of the plant. The gain in current 
and in energy output obtained over five full months by 
cleaning was 5.9%. Off-site measurements were consistent 
with the gains observed outdoors. The gain in both current 
and energy yield was still as high after five months as just 
after cleaning, so it can be expected to last significantly longer. 
Dirt accumulation after cleaning is therefore very slow. Over 
an entire year, the gain in energy generation could be as high 
as 19.3 MWh which, under the Swiss feed-in tariff system, 
would bring an extra income of 4000 CHF to 9500 CHF 
depending on the year of grid connection. 

 
Figure 2: Absolute difference (in percentage points) in performance 
ratios [2] between cleaned sub-arrays and untouched sub-arrays over 
the same five months at a one year interval. 

This project was done in partnership with Groupe E Connect, 
Groupe E Greenwatt, SJ Services Net, and Polactect. 
Weather data from ground-based stations were kindly 
provided by MeteoSwiss. 

[1] Deutsche Gesellschaft fu ̈r Sonnenenergie, Planning and 
installing photovoltaic systems: a guide for installers, architects, 
and engineers, Third edition, Routledge, Taylor & Francis Group, 
London ; New York (2013)  

[2] IEC TC 82, "Photovoltaic system performance monitoring: 
Guidelines for measurement, data exchange and analysis", 
European Standard EN 61724:1998, CENELEC, Brussels, 
Belgium (1998)  
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Energy Storage Research Center: Rationale and Research Needs 
P.-J. Alet, V. Musolino, L.-E. Perret-Aebi, C. Ballif 
A new center for research and development on energy storage technologies for photovoltaic applications is being jointly set up by Bern University 
of Applied Science and CSEM. The knowledge and solutions developed in this new center will enable hardware manufacturers, energy solution 
providers, and electric utilities to respond efficiently to the challenges of integrating PV into the grid and to create new products and services. 

Electrical energy storage has been qualified as “indispensable 
for the introduction of large amounts of renewable energy” [1]. 
While its cost effectiveness and the appropriate level of 
deployment are still open debates, prosumer storage is widely 
considered a “high effectiveness solution” [2] to increase PV 
hosting capacity in a distribution grid. 

From the perspective of the power system, the objective of 
storage is to minimize the peak power exchanged with the 
grid — as this determines infrastructure costs, to increase 
predictability, and to minimize ramp rates. From the customer 
point of view an additional objective may be to maximize the 
self-consumption of the PV electricity they generate. This 
objective is conditioned by the prices at which electricity is 
bought from the grid and sold to it. 

Meeting these objectives require features and operation 
strategies which are very different from those applied in 
consumer electronic devices and electric vehicles. As a result, 
while these two fields have driven major improvements in 
battery technology over the last decade, specific research is 
needed for tying up batteries with PV systems. 

CSEM activities in relation to PV-tied electricity storage are 
driven by two main objectives:  

• Evaluating the technical and economic potential for 
deployment of storage technologies, and the resulting 
impact on power systems 

• Developing innovative solutions based on PV-tied storage 
for applications in off-grid, grid-connected, and mini-grid 
systems 

The first objective in particular requires systematic testing of 
electrical energy storage components. BFH-CSEM Energy 
Storage Research Centre (ESReC) was created for this 
purpose in 2014 as a cooperation between Bern University of 
Applied Science (BFH) and CSEM. 

Storage systems have different layers, which all need to be 
investigated: 

• Characterisation of individual cells provides information on 
the fundamental properties of the chosen materials 
combinations such as lifetime or power and energy 
density 

• By measuring several cells of identical chemistry, the level 
of dispersion among cells can be determined, which is a 
major constraint for the battery management system (BMS) 

• Characterisation of modules informs on the performance 
of the BMS, in particular in handling dispersion among 
cells. The BMS also has a large impact on the round-trip 
efficiency of the battery 

• At the level of the storage system the response to high-
level control signals as are likely to be received in an 
operational environment needs to be assessed and 
evaluated 

At each level, the main physical parameters that are sought 
are the round-trip efficiency, the energy capacity, the power 
capacity, and the calendar and cycle life times. All these 
parameters show strong dependence on the operating 
temperature, the depth of discharge, and the rate at which 
batteries are charged and discharged. This dependence is the 
reason why different tests are required for mobile and PV-tied 
applications. 

Unlike batteries for hybrid and electric vehicles,[ 3] there are 
few established practices for the testing of PV-tied batteries, in 
particular in grid-connected applications. A major reason is 
that depending on the objective of the system (maximizing 
self-consumption, minimizing power exchanges to the grid, 
reducing ramp rates), the duration of cycles can vary from a 
few seconds to one day, and the power and energy 
exchanges at each cycle vary accordingly. As a result, tests 
need to be adapted to the target use cases. 

The core equipment of ESReC therefore comprises purpose-
made cell and module test benches, climatic chambers to 
control the operating conditions of the storage systems, and 
electrochemical impedance spectroscopy (EIS). The cell and 
module test benches are essentially programmable DC 
sources and loads with which arbitrary charge and discharge 
profiles can be applied to the devices. EIS measurements 
provide detailed insight into the state of health of the devices 
at a given time.  

This equipment is being installed over the second half of 2014 
and the center is expected to be fully operational at the 
beginning of 2015. 

[1] IEC Market Strategy Board, "Electrical energy storage", White 
paper ISBN: 978-2-88912-889-1, International Electrotechnical 
Commission, Geneva, Switzerland (2011) 

[2] B. Barth, G. Concas, R. Cossent, O. Franz, P. Frias, R. Hermes, 
R. Lama, H. Loew, C. Mateo, M. Rekinger, P. M. Sonvilla, 
M. Vandenbergh, "PV grid advisory paper", PV Grid (2013) 

[3] H. Haskins, V. Battaglia, J. P. Christophersen, I. Bloom, G. Hunt, 
E. Thomas, "Battery technology life verification test manual", 
INEEL/EXT-04-01986, Idaho National Laboratory, Idaho Falls, ID, 
USA (2005)  
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Concepts for Energy Management at District and Building  
S. Arberet, E. Olivero, E. Onillon, Y. Stauffer 
Within the European project Ambassador, energy management concepts are investigated at building and district level. Ambassador studies the 
possibility of using energy usage optimization under a district management system, where the best supply/demand balancing is determined in order 
to use the available flexibilities and storage possibilities at district level in an optimal manner. This optimization relies on behavioral models for the 
energy production and consumption as well as adequate storage models.  

Ambassador is a European FP7 research project, which 
started in December 2012 with a duration of 48 months. The 
project, which is coordinated by Schneider Electric, is 
composed of 15 partners, who are all key players in the 
domain of energy efficiency and management. 

The focus of Ambassador is on the following two levels: 

• First, Ambassador targets the optimization of the thermal 
and electric energy consumption at building level 

• Second, Ambassador targets optimized energy flow 
management at district level 

At building level, novel adaptive and predictive control 
methods for ventilation and air conditioning (AC) are being 
developed, providing an extension of the Neurobat heating 
controller, which targets the reduction of energy consumption 
for indoor climate control. This novel controller relies on a self-
adaptive building prediction algorithm that allows to predict the 
indoor climate evolution, in terms of temperature and humidity, 
as a function of external conditions (solar radiation, external 
temperature and humidity) as well as the building control 
variables (heat flow temperature, cooling air flow, cooling air 
temperature, cooling air humidity). In order to establish such a 
prediction algorithm, building simulation under IDA-ICE and 
TRNSYS was extensively used. 

 
Figure 1: Building modeled in the IDA-ICE environment. 

The self-adaptive prediction algorithm is used to optimize the 
energy consumption of the air conditioning system while 
maintaining the building's comfort. Figure 2 shows results 
obtained in simulation for a summer period of approximately 
two months for one of the Ambassador test site (Lavrion, 
Greece), where a fan-coil based air conditioning system is 
used. The consumption of the novel air conditioning controller 
is compared to a reference controller, where the indoor 
temperature deviation with respect to the nominal set-point is 
used as leverage. Note that the reference controller works 
with a minimum error of 0.2°C, which is used as reference for 
the following comparison. The novel controller show slightly 
lower energy consumption for 0.2°C (3%), whereas already 
10% less energy is consumed if a deviation of 0.3°C can be 
tolerated. It was also shown that a much higher energy 
savings can be obtained by integrating occupancy control. 
The simulation example demonstrates that the energy 

consumption can be reduced by over 50% when the air 
conditioning is turned off during unoccupied hours. 

 
Figure 2: Results for optimization of air conditioning of an 
administrative building on the Lavrion test site. 

At district level, the optimization targets to find the optimum 
usage of renewable energy taking into account users' needs 
and available storage capabilities. 

Within the consortium, two approaches are being investigated: 

• An explicit approach, where the district energy 
management system can manage the building storage 
capabilities, corresponding to a centralized optimization 
approach with local intelligence for consumption prediction 

• An implicit approach, where the district deals with the 
users through energy prices, corresponding to a fully 
distributed optimization and control approach 

Both approaches rely on model predictive control, where 
predictions of renewable energies production and energy 
consumption play a major role. The second element of 
importance is the pricing model, where models for variable 
prices as already practiced today - such as the TEMPO option 
by EDF [1] with variable prices all over the year - are used as 
benchmark. The evaluation of different optimization strategies 
via simulations is currently ongoing and the validation of the 
retained approaches on the three test sites will start in 2015. 

This project is funded by the European Commission (EC). 
CSEM thanks the EC for its support as well as all the project 
partners that contribute to the project. 

[1] EDF residential electricity tariffs, Tempo option: 
http://residential.edf.com/energy-at-home/offers/electricity/  
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Non-intrusive Load Monitoring via Sparse Decomposition 
S. Arberet, S. Dasen, A. Hutter 
We developed an algorithm for non-intrusive appliance load monitoring (NILM) of domestic buildings and a graphical interface for demonstration 
purposes. The objective being to automatically separate/disaggregate the measurement signal of the total power consumption of a household, 
obtained at the domestic electricity meter, into the different appliances found in the household, as well as to estimate their individual energy 
consumption. The present method is based on a sparse decomposition technique where the signal is decomposed in a set of rectangular atoms, 
each of them modeling a complete on-off appliance activity event. 

There is growing interest to reduce electrical consumption due 
to both economic and ecological reasons. The energy demand 
continues to increase with negative implications on the 
environment (e.g. CO2 emissions) while at the same time the 
availability of fossil energy resources is decreasing. 

The proposed approach aims at reducing electrical usage of 
households by providing to the end-user a detailed description 
of its electrical consumption, allowing him to understand and 
modify its consumption habits accordingly. The method can 
also be used by the energy supplier in order to predict the 
local electrical consumption to better plan energy 
requirements and provision. 

Non-intrusive load monitoring (NILM) is a technique that 
determines the load composition of a household, i.e. the 
activity of the individual appliances which constitute the load, 
through a single point of measurement, e.g. the main electrical 
service entry point of the home. This technique has the great 
advantage to not require installing meters on each individual 
appliance. 

We proposed a new NILM method based on recent advances 
in non-linear signal processing, which, as opposed to the 
classical approaches, which rely on the analysis of the 
transition signatures, can work at a low sampling rate such as 
1 Hz. We relied on the theory of sparse decomposition to 
decompose the aggregated load signal in a set of atoms from 
which each (individual) appliance signal can be reconstructed 
by a simple linear combination. The resulting decomposition 
depends on the set of pre-defined atoms, called dictionary, 
used in the decomposition. One of our main contributions is to 
use a sparse decomposition approach with a translation-
invariant dictionary of boxcar atoms, i.e. rectangular atoms 
modelling each complete activity event. After the 
decomposition, a clustering step is performed on the atoms of 
the decomposition in order to classify them in their respective 
appliance, and linearly combine them to reconstruct each 
individual appliance signal. The energy of each appliance can 
then simply be obtained by integrating over time the 
disaggregated signals [1, 2]. 

We implemented a model for five different types of appliance: 
the fridge, the heat pump, the base component, the washing 
machine and the dishwasher and we developed a graphical 
interface (shown in Figure 1) to display the estimated energy 
of each appliance, e.g. with a pie chart. 

We evaluated our algorithm on a database of aggregated load 
signals, obtained from a low-frequency (1 Hz) acquisition 
system able to measure the three phases of a standard 
household (courtesy of HESSO Sion), as well as on a 
database of synthetic signals obtained by an appliance 
simulator. 

 
Figure 1: Graphical interface showing the pie chart of energy 
consumption of the different appliances. 

Experiments on real (example depicted in Figure 2) and 
synthetic mixtures showed very promising results, with an 
energy estimation error less than 1% for the main contributors 
of the household. Future work includes extending the method 
to other appliances such as the boiler, the oven, stoves, and 
developing specific applications based on this technology. 

 
Figure 2: Result of our disaggregating algorithm on a 24-hour 
recording of the load signal of a household. 

[1]  S. Arberet, Swiss Brevet CH20140000156, 2014 
[2]  S. Arberet, A. Hutter, "Non-intrusive load curve disaggregation 

using sparse decomposition with a translation-invariant boxcar 
dictionary", IEEE ISGT Europe, 2014 
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SYSTEMS  
Jens Krauss 

Systems engineering is an interdisciplinary approach that 
uses knowledge from various branches of engineering and 
science to introduce technological innovations into the 
planning and development stages of a system. It focuses on 
defining customer needs and required functionality early in the 
development cycle, and on documenting requirements, before 
proceeding with design synthesis and system validation while 
considering the complete problem including operations, 
performance, testing, manufacturing, cost, and schedule. The 
successful operation of our research activities requires, 
already during the early project design and development 
stages, the application of the principles of quality management 
measures and the Systems program has been certified now 
for more than 12 years according the ISO 9001 standard.  
During the reporting period 2014 the Systems program has 
further strengthened its quality management systems 
according the ISO 13485 standard in order to facilitate mutual 
understanding and collaboration with medical device 
technology customers and manufacturers.  

The most important aspect of CSEM’s Systems research 
activities is their application to the development of new 
opportunities in micro- and nanotechnologies with the specific 
objective of putting them to use as rapidly as economic and 
technical considerations permit. The core competence of the 
Systems research teams remains at system level and, in 
today’s connected world, system integration is taking on an 
increasingly important role: more and more systems are 
designed to connect, both within the system under 
development and to systems that have already been deployed. 
System integration requires a great deal of coordination 
across disciplines and the development of new methods and 
modeling techniques as systems become smaller and more 
complex, whilst approaching the physical limits. Therefore, 
special emphasis is placed on integration aspects and on 
specific application demands such as resource limitation, 
miniaturization, precision, reliability, comfort, production cost, 
and demands related to environmental conditions. 

The Systems program’s vision is to promote innovative micro-
and nanotechnologies and product concepts in the application 
domains of (i) scientific instrumentation, (ii) automation, and 
(iii) medical device technology. The Scientific Instrumentation 
research activity aims to design and develop innovative, 
complex, miniature, Si-based hybrid mechanisms for the 
Swiss watch industry and continue its prototyping activities of 
the miniature atomic clock. In the Automation activity the long-
term objective is to design and integrate new sensor and 
actuator concepts for (lab-) automation applications for 
process control and in situ quality monitoring building blocks. 
In the Medical Device Technology activity CSEM sets new 
innovation standards in wearable physiological signal sensors 
and in processing under ambulatory conditions and will invest 
further in the emerging domain of artificial organs and active 
implants. Objectives, scope, and highlights per research 
activity for the reporting period 2014 are as follows:  

Scientific Instrumentation activity 
CSEM's development of compliant mechanisms for use in 
space exploration and astrophysics has led to quantum leaps 
in performance, and to remarkable results. The limitations of 
conventional mechanisms are many, including the need for 
precision machining of multiple parts and for lubrication or 
special coatings. Compliant mechanisms in which deformable 
structures form flexible bridges between stiff structural parts 
have long been seen as the solution to these issues as they 
have fewer parts and joints, reduced friction and wear, and far 
greater precision. With rapid progress and rising ambitions in 
scientific instrumentation calling for large quantities of ever-
smaller and smarter mechanisms, there is a need to 
overcome the remaining challenges in analyzing and 
designing flexure-based, miniaturized systems. Thanks to high 
cross-stiffness achieved by choosing the right flexible degrees 
of freedom, these systems are also directly compatible with 
extreme environments such as space, ultra-high vacuum, and 
clean environments. As a result, several complex and 
advanced versions of compliant mechatronic systems have 
been designed and manufactured by CSEM for prestigious 
space programs and international observatories; these include 
the configurable slit unit (CSU) mechanism — an integral part 
of the Keck 1 telescope's MOSFIRE multi-object spectrometer.  

A sustained effort of the Scientific Instrumentation research 
activity is dedicated to the leveraging of compliant mechanism 
expertise in line with the Microsystems Research program. 
We strongly believe that the smart combination of both 
technologies will pave the way for the realization of new 
mechatronic systems and watch components, as well as for 
atomic clocks involving state-of-the-art sensing and actuating 
means, while achieving high levels of miniaturization and 
performance. In this sense CSEM offers a unique environment 
thanks to the excellent collaboration between its research 
teams for the fabrication, characterization, and integration of 
silicon components. 

The highlight of the Scientific Instrumentation research activity 
during the 2014 reporting period has been the go-to-public of 
the GENEQUAND mechanical movement, which has been 
realized in collaboration with the industrial partner Vaucher 
Manufacture Fleurier (VMF). The major benefit of the regulator 
proposed by its inventor Pierre Genequand, a retired CSEM 
physicist, is that it drastically reduces the energy consumption 
of a watch movement. The challenge of adapting such an 
innovation to the scale of a wristwatch was met by combining 
the excellent mechanical properties of silicon with entirely 
frictionless pivots mounted on flexible articulations, both in the 
escapement and the oscillator. Our partner VMF drew on all 
its watch-making know-how to industrialize this revolutionary 
mechanism, developed by CSEM to replace the traditional 
Swiss lever escapement. The result — owners of a watch 
movement powered by the GENEQUAND regulator will need 
to wind their watch just once a month. 
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Automation activity 
Companies with manufacturing infrastructure in Switzerland 
(and Europe) continue to suffer from increased cost pressure 
leading them to outsource production, a decision 
accompanied by a loss in know-how. Flexible automation 
solutions with facilitated man–machine interaction enable 
high-quality manufacturing even for small to medium volumes, 
with an attractive total cost of ownership compared to a 
remote production site abroad. Therefore, investments in 
innovative automation solutions will continue in order to  
(a) increase productivity, (b) establish more eco-friendly 
production processes, and (c) coordinate automation at the 
plant level. The technological requirements are addressed by 
the flexible, highly autonomous system approaches pursued 
by CSEM’s Automation research activity. Apart from the 
primary research focus on such flexible manufacturing 
systems and solutions, the different technology platforms are 
also exploited on their own, for example for system- and 
process-monitoring solutions, quality inspection, actuators, 
and self-learning or adaptive systems. 

For future automation developments, new sensor design and 
system integration solutions will be needed, located very close 
to the “point of action” to achieve high performance. CSEM’s 
Automation research activity aims at enabling sensory 
awareness within processes and systems while providing 
robust, cost-effective, and easy-to-integrate sensor solutions. 
The enhanced situational awareness necessary for superior 
control feedback must be balanced with resulting system 
integration costs. Therefore, the specific focus is on flexible, 
cost-effective sensing elements such as simple electrodes, 
piezoelectric elements, and CMOS image sensors. However, 
sensors are more than just enablers. Today, more and more 
companies succeed in developing products with unique selling 
propositions simply based on the added value introduced by 
sensors. High performance and cost efficiency often call for 
customized sensing solutions tailored to a specific product or 
system. If these sensor integration aspects are mastered, the 
equipment industry can offer significant differentiation 
opportunities to its customers. 

During the reporting period 2014, CSEM successfully 
introduced an autonomous quality inspection solution for 
electromechanical products or subassemblies. CSEM’s 
TILEAR platform is a technological evolution of its TILEYE 
platform, a neural network-based algorithm for the visual 
quality inspection of surfaces. TILEYE was originally 
developed by CSEM and further optimized and 
commercialized by ViDi Systems SA. The new inspection 
platform TILEAR is able to detect defects in complex 
electromechanical assemblies based on an efficient analysis 
of acoustic patterns. It is a self-learning quality inspection 
system, hence easily and effectively trained by presenting a 
set of “good” samples that meet defined quality requirements. 
Field tests were completed successfully in an industrial 
production environment, demonstrating the ability to cope with 
even noisy environments. TILEAR is an enabling technology 
and tool developed to serve Swiss manufacturing companies 
in their process control and quality assurance activities. 

Medical Device Technology activity 
CSEM’s research carried out within the Medical Device 
Technology research activity ranges from innovative sensing 
technology for monitoring human vital signs to bio-signal 
processing. One of the major challenges is the development 
of personalized diagnostic and trend-detecting algorithms 
(personal profiles) and of the technology to operate these 
diagnostic algorithms so that personal sensor signals can be 
analyzed to give a reliable diagnosis of the health status of the 
person, a so-called personal on-body biofeedback system. By 
the implementation of sensing and processing technologies in 
the embedded, continuous, on-body diagnostic system, 
lifetime continuous access to clinical excellence is provided. 
Future developments in the Medical Device Technology 
research activity will certainly rely on techniques for greater 
miniaturization in what concerns sensor electronics. The 
integration of sensors, signal conditioning components, 
processing, and diagnostic tools in clothes, accessories, 
mobiles phones, pills, and intelligent dry electrodes is 
currently a hot research and development topic.  

Several products have been commercialized based on the IP 
of CSEM’s Medical Device Technology research activities 
during the reporting period. In 2014, PulseOn 
(www.pulseon.com) introduced to the market a wrist sensor 
for heart rate monitoring during sporting activity. Compared to 
the products of its competitors (such as Samsung, Apple, and 
adidas), the product has a larger autonomy thanks to a 
combination of wavelengths (green in motion and infrared at 
rest) and is more precise thanks to a patented CSEM 
technology that allows the use of several photodiodes and 
motion cancellation based on acceleration. PulseOn is a 
NOKIA spin-off and will open, in 2015, a Swiss subsidiary to 
host a number of its R&D staff. It is worth noting that CSEM is 
currently collaborating with different Swiss (and international) 
industrial partners to further valorize its IP portfolio and 
technology in the growing domain of "smartwatches". These 
industrial collaborations are not limited to the wrist-worn 
device as a system, but have been extended during the 
reporting period to (i) the embedding of our proprietary 
algorithms, (ii) ASIC industrialization (in collaboration with our 
colleagues from the ULP research program), and (iii) a micro-
optical measurement module development, also integrating 
the industrialized front-end ASIC.  

Another product developed by CSEM and launched on the 
market during the reporting period 2014 is the SENSE system 
(www.senseyourcore.com) for high quality, multi-signal 
monitoring of athletes. Compared to competing products, 
SENSE’s main advantage is a unique form factor consisting of 
two cooperative autonomous sensors clipped into a 
compressive vest (with a front zipper for easy donning and 
doffing). Moreover, the SENSE system features outstanding 
ECG signal quality with dry electrodes with a single, 
unshielded electrical connection linking them, thanks to a 
patented approach featuring two rings per sensor, a true 
respiration signal from impedance, and activity classes and 
kinetics (including speed and distance) based on an 
accelerometer. Thanks to the support of CTI back in 2010 the 
SENSE start-up is today running its growing business from its 
Zurich headquarters.  
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Meteosat 3rd Generation, Corner Cube Mechanisms 
P. Spanoudakis, J. Bennes, M. Gumy, L. Kiener, I. Kjelberg, E. Onillon, G. Perruchoud, Y.-J. Regamey, H. Saudan, P. Schwab,  
V. Teodoridis 
Herewith we resume the work in progress regarding the design, the development and the delivery of the corner cube mechanism (CCM) flight 
models for the third generation of Meteosat satellites for which CSEM is acting as a prime contractor. 

The corner cube mechanism (CCM) of the infra-red sounder 
(IRS) will be mounted on-board Meteosat third generation 
(MTG) satellites. The primary function of the CCM is to linearly 
displace one of two corner cubes in order to create an optical 
path difference (OPD) between both arms of the 
interferometer, equal to twice the mechanical displacement. 
The CCM is based on a design developed for the infrared 
atmospheric sounding interferometers (IASI) on the Metop 
satellites. CSEM delivered three flight representative 
mechanisms (breadboard, engineering and structural models) 
for qualification followed by three flight models as part of 
phase C/D. Two mechanisms are in orbit and have been 
working successfully since 2006 and 2012. A third one is in 
storage with a planned launch date in 2018. For the MTG 
project, an engineering qualification model (EQM) and two 
flight models will be delivered. 

The CCM assembly is composed of: 

• A linear scanning mechanism including in particular, a 
flexure guide translation stage, a voice-coil actuator and a 
launch locking device (LLD), see Figure 1 

• An electrical unit, called the interferometer control 
electronics (ICE) which allows to control the CCM 
(development project running in parallel by Syderal (CH) 
and not part of CSEM’s responsibility) 

• A control law algorithm embedded in the interferometer 
control electronics 

The high precision mechanism is designed to achieve low 
lateral shift deviations, very long life, limited exported forces to 
the instrument and a launch lock device that generates no 
shocks. Flexure technology is used throughout the 
mechanism to achieve the demanding requirements. The 
critical specification driving the project is the exported forces 
which are minimized by optimizing the control law. 

Technically, the main performance requirements of the CCM 
for the Meteosat third generation (MTG) satellites are: 

• Trajectory generation and its motion control along delay 
line translation axis with constant linear motion of ~1 mm/s 
over a stroke of ± 9 mm with a speed deviation of less 
than 2.5% 

• Maximum lateral deviation of the corner-cube apex of less 
than 2 μm from a true straight line with the dynamic 
oscillatory component in a microvibration environment 

• Highly limited dynamic exported forces from the 
mechanism to the optical bench 

• Reliability & lifetime for continuous operation for 8 years 

• Stringent cleanliness requirements 

The preliminary design review was held in April 2014 and the 
EQM is currently being assembled in CSEM's cleanroom in 

ISO5 (Class 100) conditions, see Figure 2. Once the EQM is 
assembled, a comprehensive test campaign will commence to 
verify the guiding and control performance of the mechanism, 
environmental tests that include random vibration and shock 
tests and concluding with exported forces tests in a micro-
vibration environment.CSEM is working with a large network 
of partners both in Switzerland and in Europe. Subcontracting 
activities represent about 30% of the overall budget. The finite 
element analysis is performed by Almatech (CH) and the 
manufacture and assembly by Ruag Space Nyon (CH). The 
actuator is supplied by Cedrat Technologies (F), the optical 
switch provided by Codechamp (F) and the launch locking 
device by TAS-F. 

 
Figure 1: CAD model of corner cube mechanism shown with mirror. 

In conjunction to the mechanism development, an electronic 
ground support equipment (EGSE) was design and developed 
to test the mechanisms with the control law software also 
developed be CSEM in the frame of the MTG project. 

 
Figure 2: Engineering qualification model assembly in clean room. 

This work is performed in partnership with Thales Alenia 
Space in Cannes (TAS-F) and is funded by the European 
Space Agency. CSEM thanks them for their support. 
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High-performance Frequency Comb Using Different Stabilization Techniques 
S. Kundermann, S. Lecomte 
A diode pumped solid-state passively mode-locked laser (DPSSL) has been fully stabilized using different stabilization techniques resulting in a 
frequency comb with ultimate phase noise performance regarding phase noise of the carrier envelope offset frequency and the repetition rate.  

A frequency comb is a light source with equally spaced 
spectral lines based on a stabilized femtosecond (fs) laser [1]. 
Since their first realization they have entered many 
applications, where precise and stable connection between 
optical and RF frequencies is needed. Frequency combs allow 
increasing stability of atomic clocks by orders of magnitude, 
and the generation of ultra-low phase noise RF and 
microwave signals. For example they can be used for high 
precision spectrometer calibration used for exoplanets search, 
for molecular spectroscopy, and for high precision distance 
measurements for example for satellite formation flying. 
Finally, they are also used for generation of attosecond laser 
pulses in order to study ultrafast processes in atoms and 
molecules.  

To obtain a frequency comb the femtosecond laser, which 
consists of equally spaced spectral lines, spaced by the 
repetition rate of the laser, must be fully stabilized. The 
repetition rate is detected and stabilized to a given RF 
oscillator in a phase locked loop via controlling the position of 
a piezoelectric actuator controlling the cavity length. If the 
spectral lines of the frequency comb are projected down to 
zero frequency, there is an offset frequency determining the 
absolute frequency of the comb lines which is called “the 
carrier envelope offset frequency” (fCEO) (see Figure 1). The 
frequency of the nth comb line corresponds to 
fn, laser = fCEO + n·frep .  

 
Figure 1: Schematic representation of the optical spectrum of a 
femtosecond laser. 

This frequency may be detected in a non-linear f-2f 
interferometer (see Figure 2). In order to change fCEO several 
methods of actuation are possible. On one hand, fCEO can be 
changed by changing the pump power of the DPSSL. On the 
other hand it can be changed by deflecting the laser beam 
with an acousto-optic modulator (AOM). In this case the 
modulation frequency of the AOM fAOM is added to the 
respective frequencies of the laser lines fLaser, thus also 
resulting in a shift of fCEO.  

fCEO was stabilized in three configurations: a) fCEO was 
measured in the non-diffracted beam of the AOM and in a 
feedback (FB) phase locked loop (PLL) fCEO; b) fCEO is 
measured in the beam which has not been diffracted by the 
AOM. The measured fCEO signal is directly sent to the AOM 
after amplifying and shifting it to the frequency appropriate for 
the AOM. Since the fCEO measurement is not affected by the 

frequency shift induced by the AOM, this method has a feed 
forward (FFW) character [2]; c) fCEO is measured in the beam 
diffracted by the AOM and via a feedback PLL the frequency 
driving the AOM is modulated.  

 
Figure 2: Schematic of the stabilized fs laser setup. 

As a first part of the laser stabilization the repetition rate has 
been locked to a low noise synthesizer stabilized to a 
hydrogen maser. The PLL was optimized in such a way as to 
optimize the lock stability and robustness. A lock stability of 
7·10-13 was achieved. Then fCEO has also been stabilized with 
the previously mentioned methods:  

Referring to the configurations described above, the following 
results have been achieved: a) In case of the stabilization 
using the feedback lock modulating pump laser current, a 
stability at 1 s of 4·10-11 of the stabilized harmonic of fCEO at 
390 MHz was achieved. This stability influences the stability of 
the optical line fn, laser at the optical frequency of 193 THz by 
8·10-17. b) When the AOM is directly driven with the measured 
fCEO signal, the fCEO frequency stability amounts to 1·10-10 
which is more than an order of magnitude worse than with the 
lock via the pump laser power. The corresponding stability at 
the optical carrier amounts to 2·10-16. c) Using the AOM with 
the FB control a stability of fCEO of 3·10-12 could be attained 
corresponding to 6·10-18 at the optical carrier. The stabilization 
performance is more than an order of magnitude better than 
with the pump power FB lock.  

In conclusion a state of the art frequency comb with high 
performance fCEO stability has been realized both using 
actuation via pump laser power and AOM frequency shifting. 
CSEM is grateful to the SNF and the Canton of Neuchâtel for 
having funded this project.  

[1] T. W. Hänsch, "Nobel lecture: Passion for precision", Rev. Mod. 
Phys. 78 (2006) 1297 

[2] S. Koke, et al., "Direct frequency comb synthesis with arbitrary 
offset and shot-noise-limited phase noise", Nat. Phot. 4 (2010) 
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REMIQUA: Multi Axis Force Sensor 
W. Glettig, S. Droz, J.-M. Breguet ●, D. Hériban *  
In the context of the Eurostars project REMIQUA, CSEM developed a three axis force sensor with high sensitivity and high stiffness over a large 
measurement range, and based on the delta cube kinematics. 

The REMIQUA Eurostars project aims at developing a 
modular and versatile platform specifically designed for 
assembly and quality inspection of microsystems for 
prototyping and small-series production. The consortium is 
composed of two SMEs, Alemnis GmbH in Thun, Switzerland, 
and Percipio Robotics SA in Besançon, France, the University 
Pierre et Marie Curie, Paris 6, France, and CSEM. CSEM's 
contribution is the development of a flexible and customizable 
multi-axis force sensor with high sensitivity and high stiffness 
over a large measurement range 

The CSEM force sensor is a compact (28x28x28 mm3) 
stainless steel flexure mechanism, allowing force 
measurement in +/- X, Y & Z directions, while remaining 
rotationally stiff. The purpose of this is to allow linear force 
measurement independent from any parasitical torque. 

  
Figure 1: CSEM's 3-axis force sensor with flexure hinges exposed. 

Conceptually, a force sensor can be considered as an 
element with a given stiffness where, when a force is applied, 
the resulting displacement can be measured. With this 
concept in mind, the design can be widely adapted to different 
applications. The motion guiding elements (flexure plates) can 
be customized by the selection of different flexure hinge 
dimensions and material choice, in order to obtain a required 
stiffness. Also, the displacement sensor technology can be 
adapted according to required resolutions and cost factors. 
During the concept phase of the project, several different 
sensor types were proposed, including capacitive sensors, 
interferometers, optical scales, intensity based retro-reflective 
sensors, LVDTs, strain gauges, as well as CSEM's IcyCAM 
and spaceCoder sensor technologies.Finally two versions of 
the sensor were implemented:  

1. In the Alemnis application, where both high sensitivity and 
high stiffness was required, it was necessary to measure very 
small displacements. For this implementation, capacitive 
sensors were chosen. 

2. In the second application, for Percipio Robotics, high 
sensitivity was required, but at a lower cost. A high stiffness 
was not required, which lead to a solution using strain gauges. 

 Alemnis version 
capacitive sensor 

Percipio version 
strain gauge 

Full range +/- 0.5 N +/- 0.25 N 
Resolution 0.022 mN < 0.03 mN 
Linear stiffness 147 [N/mm] 9.08 [N/mm] 
Eigenfrequency, 
unloaded 

~ 431 Hz ~ 107 Hz 

 
Figure 1: CSEM's 3-axis force sensor with flexure hinges exposed. 

The prototypes were machined using wire and sinker EDM, as 
well as CNC milling.  

Assembly and testing of the capacitive sensor version was 
successful, however the strain gauge version posed several 
practical difficulties, due to the higher complexity of the 
assembly. Percipio Robotics, and which is active in the 
domain of micro-assembly, assisted during the assembly of 
the strain gauge version, and as result new ideas for future 
developments are underway. 

The sensor is currently being integrated in the Alemnis and 
Percipio Robotics setups. The setups are planned to be 
presented at next EPHJ-EPMT 2015. 

This work is partly funded by the Eurostars program and 
CSEM thanks the Swiss Government as well as its SMEs 
partners in CH and F for their support. 

  
                                                                 
• Alemnis GmbH, Thun, Switzerland 
* Percipio Robotics SA, Besançon, France 
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Efficient Spin-polarized Optical Pumping in Miniature Atomic Sensors 
X. Zeng, C. Y. Wang, D. L. Boiko 
We present what we believe to be the first study on the effects of the optical beam size on the spin polarized pumping of atoms with narrowband 
optical pump sources. We measured experimentally and modeled theoretically the beam size dependence of ground state hyperfine level net 
relaxation time, net spin relaxation time, and spin polarization for the 87Rb D1 transition, and we obtained good agreement between theory and 
measurement for the two relaxation times. We present parameters such as the achievable spin polarization as a function beam diameter for typical 
operating conditions of single and dual frequency optical pumping.  

Within the framework of the project AGEN (atomic gyroscope 
for enhanced navigation), the project consortium strives to 
establish a concept for low-cost navigation grade atomic 
gyroscope. Such micro-gyroscope has clear market prospects 
for small-size aircrafts and unmanned airborne vehicles. 

Low manufacturing cost is inherent to wafer scale MEMS 
fabrication technique envisioned for a key element of the gyro: 
a cell filled with noble gas and alkali metal atoms. Navigation 
performance is provided by measuring magnetic precession of 
nuclear spin in the noble gas atoms. When the cell enclosure 
rotates, the precession rate of nuclear spins in the laboratory 
reference frame remains unaffected. However, in the frame 
rotating with the cell, the apparent precession rate is reduced 
(increased), if it co-rotates (contra-rotates) with the nuclear 
spins. In order to operate as a gyroscope the noble gas atoms 
have to be polarized in spin-exchange collisions with alkali 
atoms. Efficient spin-exchange-optical pumping is vital for 
reaching low angular random walk of the micro gyroscope.  

Spin-exchange optical pumping of alkali metal and noble gas 
atoms has a wide range of applications as atomic sensors, 
from the use in fundamental physics studies, to realizing, as 
we are targeting here, miniature atomic gyroscopes [ 1 ]. 
Following the miniaturization trends, it is highly advantageous 
to use narrowband optical pumping sources (e.g., VCSEL) as 
they are smaller and less power consuming than their 
broadband counterparts. Here, we report on progress made in 
understanding the effects of optical spectrum, beam and cell 
sizes, on efficiency of spin polarized pumping. These results 
will be crucial in the future design of a prototype.  

An 87Rb vapor cell of 4 mm diameter with Ar gas and N2 buffer 
was used as a test bed for spin-polarized pumping at D1 line 
of alkali atoms. We have found experimentally and 
theoretically, that due to the transient effects through the 
optical pump beam, both the ground state hyperfine level 
relaxation time τg and the spin relaxation time Τs in Rb atoms 
significantly affect the spin polarization PRb. These 
observations do not match the present theories [2] (Figure 1). 
On the contrary, there is good agreement between our model 
and the experimental measurements.  

Under single frequency (SF) σ+ (circularly) polarized pumping, 
the maximum achievable spin polarization increases with the 
pump beam diameter as shown in Figure 2, and this is due to 
decreasing ratio τg/ Τs. Nevertheless, the highest spin 
polarization PRb is less than 47% (24%) for hyperfine ground 
state Fg=2 (respectively, Fg=1) in Rb atoms.  

Under dual frequency (DF) σ+ pumping of both hyperfine 
levels, the maximum possible PRb approaches 100% 
(Figure 3). We thus find that using larger beam sizes and DF 
spin-polarized pumping is promising for miniature atomic 
sensors.  

 
Figure 1: τg and Τs vs. optical beam diameter under SF pumping 
with both theory (curve) and measurement (points) for a 87Rb cell 
with 75 torr (Ar:N2 at 0.58:0.42) at 66°C.  

 
Figure 2: Predicted maximum possible PRb vs. beam diameter under 
SF σ+ pumping for Fg=2, defined by the ratio of τg and Τs.  

 
Figure 3: Optical intensity at 50 mW/cm2, PRb vs. beam diameter 
under SF and DF σ+ pumping.  

The project partners are CEA (France) and Tekever (Portugal). 
This work was partly financed by Swiss National Science 
Foundation and European FP7 framework. CSEM thanks 
them for their support.  

[1] M. Larsen, M. Bulatowicz, "Nuclear magnetic resonance 
gyroscope for DARPA’s micro-technology for positioning, 
navigation and timing program", 2012 IEEE International 
Frequency Control Symposium (FCS), pp. 1–5, 2012 

[2] W. Happer, "Optical pumping", Rev. Mod. Phys., vol. 44, pp. 
169–249, 1972 
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Wrist Device for Automatic Sleep Staging and Quality Monitoring 
P. Celka, S. Arberet, P. Renevey, J. Solà i Carós, M. Lemay, M. Bertschi 
The study of sleep behavior becomes one of the most important fields of research in clinical science. Sleep is the main recovering time and bad 
quality of sleep is a prevalent factor accompanying chronic diseases such as sleep disordered breathing, diabetes, and cardiovascular dysfunction 
with enormous socio-economic impact. We developed a fully automatic sleep monitoring platform which includes the estimation of sleep quality 
indices as well as a sleep stage classification which will help diagnose these health risk factors. The resulting algorithm could be transferred into 
any wearable accelerometry and heart rate monitoring systems. 

Modern lifestyles are irremediably associated with increased 
incidence of sleep disorders. More than 30 million people are 
accounted to suffer from chronic sleep apnea in the Western 
societies. The diagnosis and follow-up of sleep disorders 
require, still nowadays, the use of bulky and cumbersome 
monitoring devices. The standard way to monitor sleep 
structure is polysomnography (PSG), consisting in 
simultaneously recording brain activities, eye movements, and 
respiration. A long and accurate visual inspection by 
specialized personnel is required to establish a sleep profile 
commonly called hypnogram. There is a clear demand for new 
technologies that allow assessing vital signs during sleep 
without interfering with user comfort. 

CSEM developed a watch-like device (see Figure 1) enabling 
to analyze the sleep quality. The device integrates a three-
axial accelerometer, optical sensors, processing unit, 
communication capabilities, and power management. We 
demonstrated on a cohort of 26 subjects that the estimation of 
heartbeat intervals from photoplethysmograph (PPG) signals 
recorded with the device is in agreement with simultaneous 
beat-to-beat intervals (RR) as measured by an ECG at the 
thorax [1]. RR interval series are further analyzed in order to 
provide non-invasive information about the autonomic nervous 
system (ANS). The analysis of long-term recordings of four 
healthy subjects showed that heart rate variability (HRV) 
features computed from PPG-based RR intervals are in 
agreement with simultaneous HRV features computed from 
ECG-based RR intervals [2]. 

 
Figure 1: CSEM's wrist device embedding proprietary algorithms for 
automatic sleep staging and quality of sleep monitoring. 

Spectral analysis of RR intervals in standard HRV frequency 
bands, as well as movement activity level were performed and 
used to differentiate three sleep stages: Wake (WAKE), rapid 
eye movement (REM), and non-rapid eye movement (NREM). 
The REM sleep—also called paradoxical sleep—is 
characterized by rapid and random movement of the eyes and 
dream activity. In healthy young adults, REM sleep normally 
occupies between 20% and 25% of the total night sleep 
duration. NREM sleep constitutes 70% to 80% of the total 
night sleep period and is characterized by low body 
metabolism and increased regularity in heart and breathing 
rates. Remaining 5% of the total night sleep duration is 
normally scored as wakefulness. 

 
Figure 2: Extract from a sleep analysis using our algorithm showing 
the 3 Stages: WAKE (red), REM (green) and NREM (blue). 

Fully automated sleep profiling were performed and showed 
promising results [3]. Figure 2 shows both the clinical annotated 
sleep stages (circles) and those extracted from our algorithm 
(filled areas) together with the ANS balance. Both REM and 
NREM stages computed from our HRV-based algorithm span 
wider than those using PSG [ 4 ]. Also, we can observe an 
overlap between the REM and WAKE states as these states 
can be mixed because they have very similar ANS features 
and micro-arousal are detected as well from the 
accelerometers. 

This study was made possible by grants from the Wilsdorf 
Foundation. The authors would like to thank Daniela Andries 
of the University Hospital of Lausanne responsible for the data 
acquisition and all CSEM’s colleagues who were involved in 
the design and development of the PPG-based device. 

[1] P. Renevey, et al., "Validation of a wrist monitor for accurate 
estimation of RR intervals during sleep", Proc. IEEE Eng. Med. 
Biol. Soc. (2013) 5493-5496 

[2] S. Arberet, et al., "Photoplethysmography-based ambulatory 
heartbeat monitoring embedded into a dedicated bracelet", Proc. 
CinC (2013) 935-938 

[3] P. Renevey, et al., "Photoplethysmography-based bracelet for 
automatic sleep stages classification: preliminary results", Proc. 
IASTED (2014) 1-4 

[4] F. Versace, et al., "Heart rate variability during sleep as a 
function of the sleep cycle", Biol. Psych., (2003), 63:149-162 
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Activity-specific Energy Expenditure Models Dedicated to Multi-modal Platforms 
M. Lemay, R. Delgado-Gonzalo, P. Renevey, E. Muntane-Calvo, J. Solà i Carós, M. Bertschi 
CSEM developed three new methods to estimate energy expenditure (EE) based on accelerometry and heart rate (HR) monitoring. Their 
accuracies were evaluated together with state-of-the-art EE estimation devices of the market over a wide range of intensities in a given set of 
activities, ranging from sedentary to vigorous. Based on their performance, the proposed models provide a significant improvement over the state of 
the art. The embedded models represent an improvement for most of commercial wellness and training wearable devices. 

Recently, several studies presented new approaches 
combining long-term wearable miniaturized sensors with 
activity-specific EE estimation models [1 ]. These approaches 
first classify the physical activity of the subject, and then apply 
an activity-specific EE model. However, the evaluation of 
these models is not clear or is poorly documented. Moreover, 
the EE model inputs vary from activity class, through subject’s 
anthropometric parameters and subject’s fitness indicators, to 
precise calibration values and HR. A clear overall picture of 
the accuracy of such EE models is therefore required.  

CSEM proposes three different human activity-specific EE 
models. These models range from two simple models based 
on the subject’s estimated speed and anthropometric 
parameters (speed-based model), instantaneous fitness 
parameters (HR-based model), and a more complex one 
using estimated speed, anthropometric parameters, and 
fitness parameters (hybrid model). The performances of these 
three models were evaluated with respect to gold standards 
(treadmill speed and body energy expenditure estimated from 
indirect calorimetry) and compared to published EE models 
embedded in commercial devices. 

 
Figure 1: Evolution of estimated EE values from the hybrid model 
and ground truth values of a subject over the entire protocol. 

In CSEM models, 3D accelerometer signals are used for the 
classification of physical activity and the estimation of 
walking/running speed. The resulting activity-specific episodes 
are used to fit an activity-specific speed model based on 
common anthropometric parameters and biomechanics 
principles. The resulting speed estimates and activity-specific 
episodes constitute the main inputs of the proposed EE 
models [2]. The speed-based model is estimating the EE for 
each activity by taking into account speed and 
anthropomorphic parameters of the user. The HR-based 
model estimates the EE on each activity category using 
instantaneous HR values only. These HR values are obtained 
by applying an R-waves detection algorithm to ECG signals. 
The hybrid model combines both models into a single 
expression with the addition of quality indicators. The 

coefficient values of the speed- and HR-based models were 
estimated by performing a leave-one-out procedure based on 
multi-linear regression. The performance of each model on a 
protocol that included a wide range of intensities in a given set 
of activities, ranging from sedentary to vigorous, are quantified 
by root-mean-squared values of 1.22±0.34 kcal/min, 
1.53±0.48 kcal/min, and 1.03±0.35 kcal/min, resp. (N=8). 
Figure 1 shows an example of the EE evolution during the 
mentioned protocol. Figure 2 shows the absolute error 
distribution of the hybrid model in terms of estimated kcal/min 
with respect to the activity class for a specific subject. 

 
Figure 2: Error distributions of the hybrid model at different activities 
for a specific subject. 

When compared to actigraphy-based devices, the speed-
based model outperformed off-the-shelf devices. When 
compared to ECG-based devices, the hybrid-based model 
sustained the comparison, see Table 1. 

Table 1: Performance of activity-specific EE models. 

 

CSEM results [3] indicate that if commercialized devices would 
include such novel models they would improve their 
performances in terms of EE estimation. The actual model 
selection should be dictated by the type of embedded sensors 
such as 3D accelerometers, GPS, and/or dry electrodes.  

This study was possible by grants from the FP7 EU project 
PEGASO (FP7-ICT-2013.5.1), and the Wilsdorf Foundation. 

[1] M. Rumo, et al., "A stepwise validation of a wearable system for 
estimating energy expenditure in filed-based research", Physiol. 
Meas. 32 (2011) 253-266 

[2]  P. Renevey, et al., "Method for determining an instant velocity of 
a user and for improving estimation of heart rate", CSEM 602 

[3] R. Delgado-Gonzalo, et al., "Human energy expenditure models: 
beyond state-of-the-art commercialized embedded algorithms", 
Lecture Notes in Computer Science 8529 (2014) 3-14 
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Development and Validation of the Long-term Medical Survey System for Antarctica 
D. Ferrario, A. Falhi, J.-A. Porchet, R. Rusconi, O. Grossenbacher, M. Proença, R. Delgado-Gonzalo, J. Solà i Carós, J. Cosandier,  
O. Chételat, C. Sartori ●, N. Della Ricca ●● 
Manned missions in space require specific monitoring systems. Classical physiological monitoring systems are too cumbersome to continuously 
monitor astronauts during daily activity over extended periods. Therefore, since 2002, to prepare future long-term manned missions the European 
Space Agency (ESA) has mandated CSEM to develop and manufacture a survey system to monitor health and adaptation of the Concordia crew in 
Antarctica. After miniaturization of the sensors and integration in a shirt, the system is currently commercialized by SenseCore. The goal of the new 
ESA founded project LTMS-S is to take further the technology developed during these previous projects. The undeniable advantages of sensors 
integrated in a shirt are kept and monitoring capabilities are extended by integrating pulse oximetry and core body temperature (CBT). Furthermore, 
accuracy of the monitored parameters and comfort of the system are being clinically evaluated at the Hôpital Neuchâtelois (HNE). 

The extreme environmental conditions and isolation of the 
Concordia station based in Antarctica (altitude of 3800 m, 
temperature between −60 and −30°C, and absence of light for 
several months) make it a perfect analogue site to study the 
physiological adaptation of crews to extreme conditions and 
isolated situations. These experiments provide valuable 
information and experience to ESA in preparation of future 
manned missions in space. 

For several years, CSEM has been working under contract to 
ESA to develop and manufacture a long-term medical survey 
system (LTMS) to monitor the health of a crew and their 
adaptation to environmental conditions of Concordia station. 
In 2012 three LTMS-3 systems were delivered, used and 
tested at Concordia. Knowledge acquired during this 
development in cardiorespiratory signal acquisition was used 
for the development of the sensors (sensors [A] and [I] in 
Figure 1) and transferred to the SenseCore startup company [1]. 

 
Figure 1: LTMS-S system illustration showing sensors placement on 
the subject and parameters monitored, independent sensors 
overview, and live monitoring on a smartphone. 

Advantages of independent sensors—which are simply 
clipped on a shirt—are multiple (e.g. drastic reduction of wiring 
complexity, simplification of system setup) and leading to 
inconspicuous systems which considerably improve the 
comfort of the subject and reliability of the recorded data. 

During LTMS-S project a third sensor located on the thorax of 
the subject was developed to monitor pulse oximetry 
(Figure 1). Furthermore, a CSEM proprietary technology for 
core body temperature monitoring [2] was integrated to sensor 
[A] to follow the circadian rhythms of the subject.  

Additionally, the LTMS-S project focused on the verification 
and validation of the system. The system successfully passed 
the safety tests of the 60601-1 norm, and quality of the ECG 
was compliant with the 60601-2-47 medical standard.  

After approval of the ethics committee, the system is currently 
being clinically validated at the HNE with the support of the 
University Hospital of Lausanne. To confirm the ability to 
monitor the circadian rhythms, twenty subjects are monitored 
for 24 hours using, as reference, an ingestible pill that records 
temperature. In parallel, to evaluate the accuracy of the 
estimated physiological parameters (pulse oximetry, heart rate, 
respiration rate, and activity classification), fifteen subjects are 
undergoing a controlled protocol where several types of 
activities are performed while normobaric hypoxia is induced. 
Preliminary result of the pulse oximetry validation is presented 
in Figure 2. 

 
Figure 2: Preliminary results of LTMS-S pulse oximetry validation. 

In conclusion, the high number of physiological parameters 
monitored, combined with the comfort brought by independent 
sensors, make LTMS-S a unique system for long-term 
monitoring of vital signs.  

The financial support of the European Space Agency to the 
LTMS-S project is thankfully acknowledged. 

• Centre hospitalier universitaire vaudois (CHUV), Switzerland 
••  Hôpital Neuchâtelois (HNE), Val-de-Ruz, Switzerland 
[1] http://senseyourcore.com/ 
[2] O. Chételat, et al., Patent WO 20/11012386 
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Blood Pressure Monitoring via EIT: Optimizing the Technology 
F. Braun, M. Proença, M. Rapin, M. Lemay, J. Solà i Carós 
The pulse transit time principle allows for a new generation of blood pressure measurement devices replacing traditional arm cuffs. The herein 
presented work describes bio-impedance simulations performed in order to optimize the setup when measuring pulse transit times in the 
descending aorta via electrical impedance tomography, a non-invasive, safe, and low-cost medical imaging technology. 

With a 40% prevalence at a worldwide scale [1], high blood 
pressure (BP) is the main risk factor for cardiovascular 
diseases, which accounts for 30% of all deaths [2]. This gives 
rise to the need for a reliable and non-invasive BP monitoring 
device. Nowadays, non-invasive BP measurements are 
routinely performed using a cuff attached around the upper 
arm. Since these measurements are only performed on an 
intermittent basis, e.g. every 20 minutes, short-term variations 
in BP cannot be monitored. Furthermore, in case of nocturnal 
monitoring, the inflation of the cuff can lead to arousal of the 
patient and therefore falsify the results and increase patient's 
discomfort. As previously reported [3], CSEM is developing new 
concepts for continuous BP monitoring (mean arterial BP) 
which are based on the pulse transit time (PTT) principle: the 
time the pressure pulse takes to propagate along the aorta.  

One way to measure the arterial PTT is via electrical 
impedance tomography (EIT), a non-invasive and low-cost 
medical imaging technology allowing the reconstruction of 2D 
images representing the intra-thoracic impedance distribution. 
From these images, the signals from the descending aorta are 
used to determine the aortic PTT [4]. This work aims at finding 
the most appropriate EIT belt configuration for reliably 
detecting the low amplitude aortic signals. The research 
evaluates thus aortic impedance changes at a variety of belt 
positions and under different hemodynamic conditions. 

Based on magnetic resonance (MR) images of a human 
volunteer a 3D thoracic bio-impedance model was created 
(Figure 1). While the lungs and the heart were modelled as 
static structures, the aorta was modelled as a dynamic 
structure with constant conductivity, composed of thirty 
cylindrical segments. The radii of these segments were 
extended individually, thus simulating the aortic distension 
caused by aortic pressure pulse propagation.  

 
Figure 1: 3D bio-impedance model of the human thorax with the 
lungs (blue), heart (red) and aorta (green). The dark rectangles 
depict the electrodes of the EIT belt in transversal placement (TM). 

To investigate the influence of belt position, four cases were 
distinguished: in a transversal plane between the 8th and 9th 
thoracic vertebra (labeled TM), 5 cm below TM (labeled TL), 
5 cm above TM (labeled TH), and by tilting TM by 15° from 
transverse to coronal to obtain an oblique placement (labeled 
OM) as recommended for imaging the heart via EIT [ 5 ].  
One full cardiac cycle was then simulated by modulating 
conductivities and structures as follows: 

• the aortic radii were extended up to 15% according to real 
aortic BP readings 

• the conductivity of the lungs remained unchanged 

• the heart conductivity was modulated according to real 
blood volume readings. The maximal change was varied 
to achieve different signal-to-noise ratios (SNR): e.g. an 
SNR of 0.1 represents a ten-fold higher overall image 
amplitude originating from the heart compared to the aorta 

To evaluate the performance of the belt positions, each pixel 
of the simulated EIT images was correlated with the known 
modulation signals from the aortic radii. The resulting figure of 
merit shows the percentage of the overall signal which 
originates from the descending aorta.  

Figure 2 shows the best performance over the entire SNR 
range for the TL position, followed by TM performing half as 
well as TL on average. Similar simulations were performed 
with varying conductivities for the lungs instead of the heart, 
which lead to comparable results. 

 
Figure 2: Double logarithmic plot showing the performance of four 
belt positions (OM, TH, TM and TL) to detect the descending aorta 
with decreasing influence of the heart (SNR). 

These results suggest that among the four EIT-belt positions 
studied, a transversal low placement (TL) represents the most 
suitable placement to detect pulsatile signals from the 
descending aorta. However, the model is limited by the static 
nature of the lung and heart structures. Currently these 
simulations are being extended with the heart and the lungs 
as dynamic structures. Furthermore, comparisons with real 
EIT recordings will be performed to validate the current results. 

[1] WHO, "GHO: Raised blood pressure", Last Checked: 18.08.2014, 
http://www.who.int/gho/ncd/risk_factors/blood_pressure_prevale
nce_text/en/ 

[2] WHO, Fact Sheet Nr. 317, Last Checked: 18.08.2014,  
http://www.who.int/mediacentre/factsheets/fs317/ 

[3] J. Sola, et al., IEEE Trans. Biomed. Eng., 60 (2013) 3505 
[4] J. Sola, et al., Med. Biol. Eng. Comput., 49 (2011) 409 
[5] A. Vonk Noordegraaf, et al., Physiol. Meas. 17 (1996) 179 
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Blood Analysis for Patients with Chronic Liver Disease at Home 
S. Dasen, L. Zhou, P. Pilloud, F. Strisland ●, M. Baßler ●●, M. Bertschi 

Originated from clinical needs and driven by key targeted scenarios, the European project d-LIVER plans to develop prototype systems with the aim 
of porting monitoring instrumentation from a laboratory platform to portable devices localized at home. CSEM is in charge of leading the 
development of three prototypes based on multiple optical and electrochemical sensors for fully automatic discrete measurement of a defined set of 
biochemical species. 

The liver is a complex organ with various vital functions in 
synthesis, detoxification, and regulation; its failure is life-
threatening and the only curative treatment is transplantation. 
Transplantation is unfortunately limited by the insufficient 
number of donors available. Whilst awaiting transplantation, or 
after liver resection, patients need to be supported with 
detoxification systems which are currently mainly based on 
filtration and consequently do not support metabolic liver 
functions (this can only be provided by living cells). 

The d-LIVER [ 1 ] integrated project targets sensor-based 
monitoring of patient health status at home, concentrating on 
continuous monitoring of physiological parameters and 
discrete measurement of a defined set of biochemical species. 
d-LIVER also targets remote monitoring and control of a bio-
artificial liver and communication with patient sensor networks 
and hospital information systems. Systems will be capable of 
remote and secure communication of the status of both the 
patient and the bio-artificial liver to central clinical services so 
that they can schedule swift and beneficial treatment and 
remedial actions. The overall goal of the project is to provide 
systems to enhance the quality of medical treatment and to 
improve the quality of life for patients by reducing the 
incidence and duration of hospitalization and consequently the 
healthcare economic burden of liver disease. 

 
Figure 1: Blood biochemistry instrument. 

In the context of this project, several project partners 
collaborate to develop the home blood analysis technology, 
and CSEM is in charge of the development of a blood 
biochemistry instrument (BBI) which allows patients with liver 
disease to monitor levels of biomolecules (albumin, bilirubin, 
and creatinine) and electrolytes (sodium and potassium) as 
well as blood clotting time at home. Human serum albumin is 
detected by impedance measurements using a three-
electrode system. Bilirubin is measured by amperometry also 
using a three-electrode system. Creatinine is measured by 
indirect potentiometry by using an enzyme to catalyze the 
production of ammonia at the sensor surface. Potassium and 
sodium ions are detected by potentiometry. Clotting time is 
measured optically by detecting the speckle pattern due to the 
movement cessation of red blood cells during coagulation. 

The BBI itself (Figure 1) is a desktop device with an 
embedded computer. A pneumatic system made out of a 
micro pump and electro-valves allows driving of the fluids 
within the cartridge while a bunch of optical barriers follows its 
progression. A turning valve, integrated within the cartridge, is 
also used for the fluidic routing. This valve is driven by a 
stepper motor. Moreover, a heating system and temperature 
sensors are used to control the temperature of the cartridge at 
37°C. The BBI desktop device also contains all the electronics 
required to drive those actuators as well as the readout 
devices used to measure data from the electrochemical 
sensors are hosted on custom PCBs. 

 
Figure 2: Biochemistry cartridge. 

Patients will use a lancet to prick their finger and obtain a 
small quantity of blood, insert the blood sample into a 
microfluidic biochemistry cartridge (Figure 2), and plug the 
cartridge into a specially designed support of the BBI. A 
graphical user interface, designed to remain as simple as 
possible for everyday users, will allow the end user to initiate a 
new blood analysis. Once a new measurement is run, the BBI 
software will execute the complete measurement protocol in a 
fully automatic way and will communicate the results to the 
hospital information systems. 

The d-LIVER project is supported by the 7th Framework 
Program of the European Union under grant agreement 
no. 287596. CSEM would like to thank the SFOT for their 
financial support and all the partners of the consortium for 
their constructive collaboration. 

● SINTEF ICT, Oslo, Norway 

●● Fraunhofer ICT-IMM, Mainz, Germany 
[1] www.d-liver.eu 
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Dynamic, Wireless Body Motion Tracking for Medical Purposes 
T. Parkel, M. Tschirky 
This proof of concept study explores the capabilities of off-the-shelf components in order to measure the position of limbs and joints in relation to 
each other. Such information is combined with other parameters, e.g. vital signs or biochemical data, providing MDs and therapists a holistic view 
on a patient. A further aim is to overcome cumbersome wired installations across the body of a person, as well as to overcome the drawbacks of 
optical motion tracking systems. It will offer new perspectives for both diagnosis and rehabilitation. 

In the course of our market review and various interviews with 
opinion leaders in the field of orthopedics and rehabilitation we 
could identify the need to determine biomechanical 
parameters such as force being induced to joints, for example 
on the knees of a patient. In order to do so, individual 
geometries, weights and most importantly position of limbs 
and joints need to be processed. Based on these parameters, 
MDs can examine the specific manner of exercising 
respective movements and thus inducing loads on joints. 
Deficits or improper habits can be identified, trained or 
corrected specifically during rehabilitation. Improvements and 
progress can be monitored and analyzed.  

In the fields of prosthesis, orthotics, rehabilitation and sports 
the commonly used technologies for body motion tracking are 
either optical or specifically mounted, wired systems. This has 
major drawbacks – optical monitoring requires quite some 
effort to be installed in a certain location and the measurement 
points need a clear line of sight to the detectors. A person is 
restricted in both range and kind of movements to be recorded. 
The specifically mounted instruments and systems are 
cumbersome and hinder a natural behavior, as well in terms of 
psychology. 

The developments and achievements in MEMS technology 
(accelerometers, magnetometers, gyroscopes) resulted in off-
the-shelf availability of IMUs (inertial measurement units) with 
remarkably high precision, notably for a few dollars. Together 
with wireless communications, inertial navigation techniques 
will offer a very convenient and flexible solution in the fields of 
prosthesis, orthotics, rehabilitation and sports.  

    
Figure 1: Position of the IMUs on a human body with hierarchy 
across the humanoid body. 

The system consists of n wireless nodes for the IMUs, the 
basic body model and the algorithms for inertial navigation, 
referencing and correlations of the different parts of the body. 
The body model is based on a hierarchical data structure 
representing the bones of the skeleton also known as BVH 
(biovision hierarchical data). The basic model is adjusted with 
individual geometries, which are determined before the motion 
tracking takes place. On each defined body segment a node is 
attached directly to the body. Such a node communicates the 
inertial raw data (accelerations, angular rates and magnetic 
field) to a computer. The software rebuilds the body and 

position of each body segment based on the actual body 
model and visualizes the patient in an impersonalized manner. 
The recorded sequence is now available in 3D for discussion 
and interpretation. 

Results and achievements 
It is possible to use commercial low-cost IMUs to dynamically 
reconstruct a human body motion. One of the test setups was 
the measurement of a person on a slack-line, representing 
relatively fast and small movements. The center of mass and 
its projection on the ground was also visualized. The 
movements as such could be recorded easily, but the 
referencing of the entire body in space needs to be optimized 
due to the ‘moving ground’ on a slack-line. 

 
Figure 2: Displacement, velocity and acceleration in the example of 
the right mid femur during a sequence of knee-bends. 

The present proof of concept will be developed further to 
optimize the reconstruction of the body movements from the 
inertial data. The concept is also applicable for team sports 
and interest from the veterinary domain has been stated. More 
than obvious is the combination of the present measurements 
(non-vital signs) with other sensors developed at CSEM 
(biochemical sensing and vital signs). This will result in a truly 
holistic picture of the condition of a patient and provide MDs 
and therapists the information and means they need. 
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A Hypodermic Needle with Embedded Tissue Identification Based on Ultrasonic 
Pulse-echo Analysis 
K. Krasnopolski, R. Limacher, D. Fengels 
This research aims at the development of a disposable hypodermic needle with embedded tissue identification. The obtained feedback will ensure 
that defined locations for biopsies, drug dispensing or sensor/actuator placement are reached with superior confidence and false diagnoses or 
ineffective procedures are prevented. A first proposed application for this smart tool is fine- or core-needle biopsy. 

Cancer is the second leading cause for death in Europe, 
amongst which female breast cancer is the third-leading 
cause of death. Hence, while early and frequent screening for 
breast cancer helps to prevent and control the disease, it also 
results in tremendous healthcare cost. Screening typically 
involves palpation and imaging (mammography, MRI or 
ultrasound). Once abnormal tissue (lesion) is identified by any 
of these means, a biopsy will give more certainty about the 
pathology. In general, due to the risks, costs and discomfort 
associated with surgical biopsy, there is a clear trend towards 
minimal invasive biopsies. Several studies of diagnostic cost, 
charges, and value have demonstrated the fiscal superiority of 
needle biopsy compared to open techniques. However, these 
minimum invasive procedures come along with increased 
uncertainty due to sampling errors by inaccurate targeting.  

The general motivation of the proposed technology is to add 
feedback during needle navigation based on viscoelastic 
properties of tissue either in addition to or as an alternative to 
imaging techniques. It is expected that this will result in an 
increased success rate of screening and reduced procedural 
efforts, hence contribute to early breast cancer detection and 
reduced health care cost. The proposed sensing approach 
aims at sufficient sensitivity for tissue classification while 
disposable hypodermic needles can be used. The concept is 
based on a remote sensing of tissue properties at the needle 
tip by acoustic excitation and response observation at the 
needle base. Two different acoustic measurement principles 
are proposed and compared using FEM simulations: needle 
resonance and ultrasonic pulse-echo analysis.  

Figure 1 shows the needle resonance principle with excitation 
and sensing elements located at the needle base. The 
simulated resonance spectrum contains information about the 
Young's modulus of the material surrounding the needle body 
as well as its tip. 

 
Figure 1: Needle resonance principle. 

Measurements as well as FEM-simulations show that the 
material surrounding the needle body has a strong damping 
effect on the resonance amplitudes of the needle (Figure 2). 
Hence, reliable, tip-sensitive tissue classification by analyzing 
changes in the resonance behavior is very difficult. 

 
Figure 2: Simulated harmonic responses of a needle resonating in air, 
within an artery wall and within a cardiac muscle. 

The alternative ultrasound pulse-echo principle not only 
enables spatial discrimination by time-windowing but also has 
the big advantage, that the primarily longitudinal acoustic 
wave propagation minimizes interaction with tissue along the 
needle body if interface-friction is small (Figure 3). Significant 
reflection occurs at the needle tip, while the reflection 
coefficient is depending on the tip-surrounding tissue. 

 
Figure 3: FEM simulation of an acoustic wave along the needle. 

Figure 4 shows the difference in pulse-echo amplitudes 
measured at the needle base when the tip is inserted into 
buried tissue layers with different Young's moduli.  

 
Figure 4: Comparison of simulated pulse-echo amplitudes for two 
scenarios: tip in artery vs. cardiac muscle tissue (buried layers).  

The proposed technology is by no means limited to breast bi-
opsies. Discussions with medical professionals have revealed 
potential in precision drug dispensing in orthopedics, lymph 
node identification during cancer screening, thrombus identifi-
cation for disintegration, safe placement of surgical instru-
ments or sensors (e.g. during spine surgery, pregnancy tests). 

This work is supported by the MCCS Micro Center Central 
Switzerland. CSEM thanks them for their support. 
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Real-time Pressure Distribution Sensor for Automotive Aerodynamics Testing 
T. Burch, S. Bitterli, H. Dong, N. Schmid, D. Fengels 
CSEM has further improved its pressure strip technology platform with the implementation of a miniaturized pressure scanner with CAN bus 
interface. CAN bus is a message-based protocol, designed specifically for automotive applications but now also used in other areas such as 
aerospace, maritime and industrial automation. CSEM's highly flexible Pressure Strips together with the small size of the pressure scanners with 
CAN bus capability will be of great advantage for real-time pressure distribution sensing in the automotive market segment. Aerodynamic experts 
and car designers get an easy-to-use and cost-efficient tool for a variety of aerodynamic testing applications.  

CSEM's pressure strip, a novel technology for non-invasive 
pressure distribution measurements on surfaces, has been 
introduced previously [ 1 ] and evaluated in different 
applications [2]. The pressure strip system is ideally suited for 
aerodynamics outdoor testing on objects in their natural 
environment, such as cars, airplanes, trains, wind turbines or 
sailboats. Its main advantages are the light weight and small 
size of the whole system and its thin, flexible foil appearance. 
The system consists of the key elements: Pressure strip, 
pressure scanner (Figure 1), a base station and a PC software 
tool for configuration and data acquisition management.  

 
Figure 1: Pressure scanner (left), pressure strip (right). 

The pressure strips are made of thin polymer films which can 
be attached to the test surface with double sided adhesive 
tape. Tiny micro-channels in the pressure strip propagate the 
pressure from the tap to the pressure scanner. The strip 
geometry can be designed for nearly seamless fitting to 3D 
objects like wings, rotor blades, or car bodies.  

CSEM has now developed a miniaturized pressure scanner 
with CAN interface. High attention was given to dimensions 
and shape of the scanner box. The scanner height of only 
5 mm has minimal impact on the airflow, which makes it 
possible to place the scanner directly on the test surface close 
to the actual measurement section.  

 
Figure 2: CAN pressure scanner PCB with integrated pressure 
sensors. 

Each scanner incorporates 16 piezo-resistive, temperature 
compensated differential pressure sensors. The pressure 
sensors are bonded to a sensor array with minimal air cavity 
to ensure optimal performance and maximal pressure 

bandwidth in combination with the pressure strips (Figure 2). 
Several CAN scanners can be connected in daisy-chain mode 
to a CAN network together with other standard CAN devices. 
The CAN interface paired with the small size makes the 
scanner attractive for the automotive industry to measure real-
time pressure profiles, for example on front- or rear-spoiler, 
windscreen, car body or on the front floor as shown in Figure3.  

Key features of the CAN pressure scanner 
• Non-intrusive pressure measurement 

• Fast and ease of application  

• 2, 10, 15 or 150 kPa pressure range 

• Temperature compensated sensors 

• 0.5% full scale accuracy 

• Scan rate up to 100 Hz 

• CAN interface 

• Small dimension: 5 mm x 60 mm x 45 mm  

 
Figure 3: Pressure Strip applied to a sports car to measure front floor 
pressure suction. 

[1] T. Burch, et al., "A customizable pressure strip for rapid and 
insitu aerodynamics testing", CSEM Scientific and Technical 
Report (2012), 72  

[2] J. Kaufmann, et al., "In-flight pressure distribution measurement 
on a paraglider wing", CSEM Scientific and Technical Report 
(2013), 38 
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Miniaturized Electrical Motor Controller for Harsh Environments: Test Results 
G. Gruener, M. Höchemer, S. Widmer, M. Gunnarson ●, M. Odermatt ●●, R. Phillips ●●, I. Kastanis, P. Glocker 
A miniaturized motor controller for harsh environments has been developed to operate for over 2’000 hours at 200°C. Potential markets include 
offshore deep drilling, mining and nuclear waste surveillance among others. 

The miniaturized electrical motor controller for harsh 
environments (Mini-EMC) project targets the development of a 
new range of motorized products suitable for extreme 
environments – in terms of temperature ranges and shock – in 
significantly volume-constrained applications. This controller 
will enable to pursue fast growing niche markets such as 
offshore deep drilling, mining, nuclear waste surveillance, 
electric vehicles, gas turbines starters, as well as control of 
valves in gas and steam power plants. 

The key requirements for the motor controller are: 

• Fit inside a cylinder of diameter less than 20 mm 

• Function more than 2’000 hours at 200°C 

• Operate under oil at pressures of up to 2’000 bar 

• Survive 30-g vibrations between 30 and 2’000 Hz 

• Simulate brushed motor operation with a brushless motor 
by controlling rotation speed based on the supply voltage, 
even without Hall sensors. 

A prototype PCB was designed and fabricated that allowed 
verifying the design, testing the developed control software 
and performing tests. The prototype PCB is shown in Figure 1. 

 
Figure 1: The Mini-EMC prototype. 

The control software performs current and speed control. An 
interface allows motor manufacturers to tune the control 
parameters. A graphical user interface (GUI) enables setting 
these parameters. The GUI is shown in Figure 2. 

The performance of the prototype electronics was assessed at 
Maxon Motor’s testing facilities using their heavy-duty 
EC22HD motor. The controller’s current consumption and its 
components temperature were measured. Combinations of 
speeds and loads were applied to the motor (see Figure 3). 

The test results show that the controller is able to operate the 
motor over a variety of speeds and loads, either from power 
supply or through the GUI. This first prototype showed high 
current consumption that led to increased component 
temperatures. 

 
Figure 2: The graphical user Interface for parameter tuning. 

The cause was traced to an issue in the sinusoidal com-
mutation and improperly tuned controller gains. Improvements 
have been identified for a future commercial product. 

 
Figure 3: Test setup including thermographic camera and motor load. 

The final design of the controller is in a form-factor that allows 
integration into the motor, shown in Figure 4. An electronic 
add-on has been realized for sensor-less control, which will 
enable operation without the motor’s integrated Hall sensors. 

 
Figure 4: The final design for deep drilling. 

This work was co-funded by the cantons of Central 
Switzerland (MCCS), the Federal Office of Professional 
Education and Technology and the European Union as 
Eurostars project E!6990. CSEM thanks them for their support. 

                                                                 
●  ÅAC Microtec AB, Uppsala, Sweden 
●●  Maxon Motor AG, Sachseln, Switzerland 
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Plug & Produce: Automatic Detection and Configuration of Industrial Devices 
I. Kastanis, P. Schmid, A. Steinecker, P. Glocker 
It is a very time consuming and troublesome task to set up an entire assembly line consisting of multiple devices that are required to interact and 
communicate with each other. It often requires intricate knowledge of the hardware and a deep understanding of the vendor's software tools. Plug & 
Produce aims to drastically simplify this procedure by directly detecting and configuring connected devices. So far this is only available in a limited 
scope when all devices are from the same manufacturer. A robust cross platform methodology, where devices from multiple vendors could be 
connected together, is currently not available on the market. 

Plug & Produce is an important step towards the factory of the 
future aiming to automatically enable and configure devices 
for production in an industrial assembly line upon connection. 
The amount of effort involved in setting up an assembly 
system is significantly reduced. This creates the opportunity 
for setting up assembly lines that are more flexible and 
adaptive in terms of how easy it is to perform a product/batch 
change and how to handle optimized process flow. Reduced 
ramp-up time for the initial configuration of the devices is 
alone a great economic benefit. Currently some 
manufacturers offer products with these capabilities, but there 
is no cross-vendor solution that satisfies these needs. 

A multi agent systems (MAS) offers an architecture that is 
capable of working across a variety of different devices. It can 
be viewed as a global platform for communication across the 
elements of an assembly system, each element being an 
agent that can exchange information with others. MAS pose a 
particular requirement: devices need to be capable to run an 
agent. Many modern Programmable Logic Controllers, and in 
general devices that are using an embedded operating system, 
are nowadays able to perform this task. There are though a 
number of devices that cannot do this. In the scientific 
literature this group is called legacy devices. 

The implementation of MAS is demonstrated for such a legacy 
device – a flexible pick and place system (Figure 1). The 
system provided by the company Asyril consists of a delta 
robot and two feeder/camera subsystems connected via 
Ethernet to an industrial computer. Parts are delivered as bulk 
good on the vibrating feeders. A camera monitors this plate 
and detects the positions of the parts. The robot can then pick 
an available part from either one of the feeders and place it on 
a surface (e.g. pallet, conveyor) within its reach. 

The main agent platform is running on the industrial computer 
in Java. This demonstrator hosts five hardware agents (1 delta, 
2 cameras, 2 feeders), all legacy devices. Each device type 
requires the implementation of standard interface functions 
that provide the communication channels between the 
hardware and the agent society. The first step in such a 
system is the detection of connected devices. For devices 
capable of running an agent this task is available directly from 
the agent platform. Legacy devices require a separate 
process for their detection. This process continuously checks 
the status of Ethernet devices connected to the system. It 
provides constantly information about the devices and can be 
used for detecting both the connection and disconnection of a 
hardware component. Once a device is physically connected 
the system becomes aware of it and can trigger the 
configuration process. Depending on the task required from 
the assembly system, the configuration can be based on 
previously stored files or can be optimized towards a target 
goal using machine learning. 

 
Figure 1: Demonstrator. Image courtesy of Asyril (www.asyril.ch). 

The concept behind such an architecture is that the 
manufacturer of a device will provide the corresponding agent 
or standard interface implementation in a similar manner to 
today's software tools that are commonly distributed together 
with the hardware. This standardization of the integration tools 
greatly simplifies the task for the developer of the system who 
will no longer need to combine the heterogeneous interfaces 
of each device. It can be envisioned that such systems could 
be set up graphically with minimal programming skills needed. 

While the demonstrator presented here consists of a small 
number of components, in many real industrial cases this 
number would be much larger. The complexity of setting up a 
large assembly line increases dramatically when more devices 
are being used. Plug & Produce methodology would 
drastically reduce the initial ramp-up time. But it is not the only 
gain that would be made: consider the case of a faulty device. 
Using the awareness and automatic configuration capabilities 
of the system, alternative flow scenarios could be dynamically 
created allowing the process to continue further without 
interruption. Taking this idea one step further, maintenance 
could be performed on various devices without the need to 
stop production. Future factories will be capable of monitoring 
the performance of the system, and learning how to adapt its 
configuration in order to optimize efficiency, reduce downtime 
and in general fulfill any predefined goals. 

The work has been carried out in the collaborative project 
PRIME, www.prime-eu.com, (University of Nottingham, 
Siemens AG, Simplan AG, TQC Limited, Asyril SA, ZHAW, 
CSEM, UNINOVA, TTS S.R.L., Introsys SA) supported by the 
European Commission under FP7, grant agreement number 
314762. Co-financing by the EC and the cantons of Central 
Switzerland (MCCS) is gratefully acknowledged. 

110 



 

Accurate Robotic Milling with Real-time Position Correction 
D. Boesel, P. Glocker 
The position accuracy of an industrial robot is highly improved by implementing a real-time closed-loop measurement of its tool position. This 
control is implemented in the motor level. The improvement qualifies robots for tasks requiring high accuracy, such as milling and laser operations. 

Machining processes, including milling, are performed in the 
industry today almost entirely by dedicated machine-tools [1]. 
The advantages of using industrial robots compared to such 
machines are the cost, size of the workspace and flexibility to 
work in most position and orientation within its workspace [2].  

However, robotic milling faces limitations in today’s standard 
technology. Off-the-shelf industrial robots today present a low 
absolute accuracy, i.e., a position error in comparison with a 
fixed reference frame. Moreover, robots with low stiffness 
react to processes forces and deviate from the programmed 
path, intensifying their low accuracy. This will ultimately result 
in poor geometrical tolerances in operations performed by 
today's robot.  

To overcome these problems, a number of different 
techniques are in use: re-teaching of the robot path (iteratively 
adjusting the robot program to eliminate its error), robot 
calibration (robot analysis with external tools to measure its 
effective error) and static sensor guiding (robot position, in 
places where it is not moving, is corrected with help of an 
external measurement device). There are few drawbacks. 
They normally work only on specific conditions (i.e., they are 
not flexible), and/or do not considerably improve the robot 
accuracy and/or require advanced know-how by the robot 
programmer.  

CSEM implemented a compensation of the robot error in real-
time on the level of the motor control. This is continuously 
performed at a frequency of 1 kHz. The corrections performed 
on the level of the robot motors are based on a closed-loop 
control of the robot cartesian position and trajectory.  

 
Figure 1: Robot cell with robot controller with open interface and real-
time laser tracker. 

The concept has been realized with only commercial, off-the-
shelf hardware: a laser tracker measuring the absolute 3D 
position and orientation and an industrial robot with an open 
interface to its motor control have been used. Through this 
interface, it is possible to use an external controller to 
complement or completely replace the commands of the 
proprietary motor control of the robot. As a controller we set 
up a regular desktop PC, running Linux and equipped with 
RTAI – a real-time extension. 

The external controller realizes the correction of the absolute 
robot position. The controller was programed on top of a 
software framework for hard real-time applications developed 
by CSEM. The controller continuously reads the current robot 
position from the laser tracker and the desired position from 
the robot. It calculates a complementary command for the 
position control of the motors, controlling the robot cartesian 
position in closed loop every millisecond. 

This approach led to a number of results. The correction of the 
robot position is implemented on the motor level. Therefore, 
the robot program does not need to be modified: the robot can 
be programmed assuming it has no error. The correction is 
performed by a closed-loop of the robot cartesian position. 
This improves the accuracy by an order of 10. Moreover, as 
the robot position is continuously controlled, the robot base 
can even be moved while the robot is working without 
reprogramming its trajectory.  

 
Figure 2: Robot aboslute error with and without closed loop 
correction in a circular trajectory with 20 mm/s speed. 

The improved accuracy of the robot extends its application 
areas. This includes tasks that require high accuracy, such as 
milling, laser operations, additive manufacturing, to name a 
few.  

The work is being co-financed by the EU under FP7 project 
MEGAROB, contract number 314015. Further support by 
MCCS and by the cantons of Central Switzerland is gratefully 
acknowledged. 

[1] O. Sörnmo, B. Olofsson, A. Robertsson, R. Johansson, 
"Increasing time-efficiency and accuracy of robotic machining 
processes using model-based adaptive force control", 10th IFAC 
Symposium on Robot Control, Dubrovnik, Croatia, 2012 

[2] J. Pandremenos, C. Doukas, P. Stavropoulos, G. Chryssolouris, 
"Machining with robots: a critical review", 7th International 
Conference on Digital Enterprise Technology 
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Turbisc Pump with an Integrated Flowsensor for Closed-loop Operation 
J. Goldowsky, N. Schmid, H. F. Knapp 
To target applications such as precise liquid dispensing, driving liquids in compact fluidic systems or dispensing of adhesives, the Turbisc pump has 
been developed at CSEM [1]. Since the pump offers pulsation-free flow and very fast liquid acceleration, a closed-loop operation using a flow-rate 
feedback is facilitated, which in turn enables precise metering and with it accurate dispensing of liquid volumes regardless of flow-resistance and 
backpressure. 

The Turbisc pump [ 1 ] has proven to be a valuable tool in 
dispensing and other applications where a quantification of the 
volume flow is essential. Hence an advanced version of the 
Turbisc pump was developed including an integrated flow-
sensor. Within a width of only 8 mm the Turbisc pump, the 
flow-sensor, as well as the control electronics for closed-loop 
operation are combined (Figure 1). 

 
Figure 1: Turbisc pump with an integrated flow sensor and closed-
loop control electronics utilizing CAN interface for communication. 

The flow-sensor is implemented as a differential pressure 
sensor. Thus, the flow can be determined from the liquid-
viscosity, the dimensions of a flow restriction and the pressure 
difference across this flow restriction. 

If, for instance, a constant flow through the pump is desired, 
the pump controller manages the motor speed to warrant the 
desired flow-rate. Figure 2 shows a measurement of the two 
pressure signals during a constant flowrate run of the Turbisc 
pump.  

 
Figure 2: Constant flowrate run of the closed-loop Turbisc pump. Red 
and blue represent the upstream and downstream pressure of the 
flow restriction, the set point for pressure difference is displayed in 
green and the measured pressure difference in magenta. 

At the beginning of the run the pump is disabled and set point 
and measured pressure difference are unequal. At point 1 the 
motor is activated and the controller sets the motor speed until 
the pressure difference needed for the given flow-rate is 

reached. If backpressure (flow resistance) is increased (by 
turning the dial in Figure 3), both up- and downstream 
pressure signals rise (point 2) and the controller increases the 
motor speed, keeping the pressure difference constant. At 
point 3 the backpressure is reduced to its original value, thus 
the motor speed and the absolute pressure values are 
reduced to their former values. At point 4, the closed-loop 
control is disabled and delta pressure is reduced to zero (no 
flow) as the pump is stopped.  

Clogging can be detected by observing the flow-rate. By 
integration of the flow-rate over time, the absolute dispensed 
volume can be calculated. 

 
Figure 3: Demonstrator of the Turbisc pump with an integrated flow-
sensor. An arbitrary flow resistance can be set with the dial. 

The closed-loop operation of the Turbisc pump widens its field 
of applications by combining the strengths of the pump design, 
such as its small size, bi-directional and pulsation-free 
pumping and fast acceleration with a controlled flowrate. This 
enables exact volume dispensing, including dispensing of 
small volumes (droplets), which, for instance, is difficult with 
comparatively heavy syringe pumps. Potential fields of 
application are laboratory equipment, biomedical devices or 
generally any application requiring compact fluid actuation 
solutions. 

This work is supported by the Swiss Federation and the 
MCCS Micro Center Central Switzerland. CSEM thanks them 
for their support. 

[1]  N. Schmid, T. Burch, A. Lisibach, E. Casartelli, H. F. Knapp, 
CSEM Scientific and Technical Report (2009), 107 
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Miniaturized Fluidic and Electrical Rotary Feedthrough 
J. Goldowsky, S. Bitterli, L. Amstutz ●, C. Haack ●, H. F. Knapp 
Fluidic and electrical rotary feedthroughs are widely used in commercial, large scale mechanical engineering applications. While electrical 
feedthroughs are available with small outlines and can often even be eliminated with the help of wireless communication, commercially available 
fluidic feedthroughs are bulky. To enable the downsizing of systems that make use of rotary feedthroughs, we designed a miniaturized fluidic 
feedthrough that brings the advantages of continuous fluidic access to downsized rotating machines used for example in biotechnology. 

Reaction chambers in biotechnology applications often require 
a constant control of a number of quantities, such as oxygen 
and carbon dioxide saturation and temperature, which can be 
influenced by a controlled replacement of buffer liquid. The 
implementation of such systems is straight forward if the 
targeted samples are fixed in space or moved only linearly. 
However, when it comes to rotating samples as for instance 
on random positioning machines (RPMs) or centrifuges, the 
access to the sample gets more difficult. 

One solution is to locate the complete fluidic system, including 
tanks, valves and pumps on the rotary axis. In this case, not 
only the rotating mass is increased, also the structural 
dimensions of the rotated body – mainly dominated by the 
amount of buffer and other required liquids – are increased.  

A second solution is the feedthrough of liquid, electric power 
and signal through the rotating axes. In larger scale machines 
both, fluidic and electrical feedthroughs are industrial standard 
and are widely used. However, for portable laboratory 
systems the dimensions of the available fluidic feedthroughs 
are insufficient. That is why a miniaturized electric and fluidic 
feedthrough has been designed by CSEM and is in test stage 
now. It provides 2 fluidic lines for feeding fluid in and out and 6 
electric lines. 

 
Figure 1: Exploded view of the miniaturized fluidic and electrical 
feedthrough. 

Figure 1 shows the design of the miniaturized axial 
feedthrough, which is based on a commercially available 
electrical feedthrough. The unit is designed such that all parts 
in contact with the fluid can be easily disassembled and 
sterilized. Two spring packages guarantee a certain contact 
pressure of rotor and sealing - preventing leakage - as well as 
a bearing resulting from concentric contact of stator and 
coverage. To make a proper priming of the feedthrough 
possible, the channels are designed in a way which allows the 

complete filling of the system with liquid without residual air 
bubbles within the channels. 

 
Figure 2: Simple experimental setup for proof of principal of the 
combined fluidic and electric feedthrough. It provides 2 fluidic and 6 
electrical lines. 

The electrical feedthrough, combined with the fluidic one, 
enables to measure parameters inside the reaction chamber 
in-situ. Feeding these values (via USB or CAN) to a control 
unit, then makes it possible to exchange defined volumes of 
fresh buffer or to dose other reagents through the liquid 
feedthrough into the reaction chamber, without stopping the 
rotation. The constitution of the media in the reaction chamber 
can thus be carefully regulated. With the addition of a 
temperature regulated liquid supply to the feedthrough, even 
the temperature of the media in the reaction chamber can be 
controlled. 

The increased observability and accessibility of such reaction 
chambers can lead to a significant reduction of their 
complexity and costs, as for instance incubators are not 
needed when the environment of the biological entity can be 
controlled by a temperature regulated buffer supply to the 
sample. 

This work is supported by the MCCS Micro Center Central 
Switzerland. CSEM thanks them for their support. 

                                                                 
● Hochschule Luzern (HSLU), Technik und Architektur,  

CC Mechanische Systeme 
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Compact, Pressure-based Flow System for Sequential Actuation of Fluids with 
Integrated Flow Monitoring 
S. F. Graf, J. Goldowsky, H. F. Knapp 
A novel combination of membrane pump, pressure sensor and valve enables to dose precise amounts of liquids in a wide volume range with gas as 
system fluid. Liquid properties e.g. density or viscosity do not influence the precision and can remain unknown. To move multiple fluids sequentially, 
only bottle and valve have to be multiplied, the more expensive pump and sensor unit can be used for all fluids simultaneously. 

In many microfluidic devices small precise amounts of liquids 
have to be dosed. Most often syringe pumps are used for this 
purpose. However, they are expensive and bulky. An 
alternative are peristaltic pumps which squeeze the inserted 
tubing and enable controlled flow. In some applications, the 
peristaltic pumps' pulsating flow can be a problem. For both 
pump types, the driving fluid has to be incompressible; 
otherwise the volume displacement would not be precise. 
Obviously, any other pump principle can be used in 
conjunction with a flow meter to dose precise amounts of 
liquid. A range of flow meters are available (e.g. temperature 
based, differential pressure based, ultra sonic based) each 
having its pros and cons, such as size, materials in contact 
with the media, required fluid parameters, calibration, speed, 
price etc. 

Here we present a novel low-cost approach of combining a 
membrane pump, a combined pressure/temperature sensor 
and a valve to dispense precise amounts of liquids out of a 
bottle. The precision is obtained by applying the ideal gas law: 
𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛𝑛𝑛 , where 𝑝𝑝 is the pressure, 𝑝𝑝  the gas volume, 𝑛𝑛 
the amount of gas, 𝑛𝑛 the gas constant (8.314 𝐽𝐽𝐾𝐾−1𝑚𝑚𝑚𝑚𝑚𝑚−1) 
and 𝑛𝑛  the absolute gas temperature. Figure 1 shows the 
schematics and change of gas parameters during the fluid 
actuation process while the final device is shown in Figure 2. 
Advantage of our approach is that gas (air) is the driving fluid, 
meaning the liquid to be dispensed never gets in contact with 
pump and sensors; therefore even solvents can be dispensed. 
Furthermore, the liquid properties like density or viscosity do 
not influence the volume flow accuracy. 

 
Figure 1: (left) Schematics of the device; (right) Gas parameter 
change during device preparing and liquid dosing cycle. 

In a first process step for dosing, the gas pocket volume V 

𝑝𝑝 = 𝑐𝑐𝑚𝑚𝑛𝑛𝑐𝑐𝑐𝑐 = 𝑝𝑝1 = 𝑝𝑝2 = 𝑛𝑛 𝛥𝛥𝑛𝑛𝑝𝑝 �
𝑝𝑝1
𝑛𝑛1
−
𝑝𝑝2
𝑛𝑛2
��  

is calculated where 𝛥𝛥𝑛𝑛𝑝𝑝 are the added gas molecules by a 
number of strokes of the membrane pump P1. 𝛥𝛥𝑛𝑛𝑝𝑝  is 
extracted from a calibration curve which respects the influence 
of the counter pressure on the stroke volume. The number of 
strokes is counted by using pressure sensor S1. 

 
Figure 2: Final setup – valves Vb to Vd are additional valves to use 
the built-in calibration volume and to change between aspiration and 
dispensing. S1 is mounted on the PCB which uses a uController. S1 
has a built-in temperature sensor therefore no separate S2 is used. 

In a second process step, a defined liquid volume (Δ𝑝𝑝) is 
dispensed, which relaxes the gas pocket (𝑝𝑝 decreases and 𝑝𝑝 
increases to 𝑝𝑝3). This way the amount of gas 𝑛𝑛 = 𝑐𝑐𝑚𝑚𝑛𝑛𝑐𝑐𝑐𝑐 =
𝑛𝑛2 = 𝑛𝑛3stays constant - because only liquid is dispensed. 
During dispensing, valve Va is opened and the pressure has 
to be monitored continuously. As soon as the calculated value 
𝑝𝑝3 = 𝑛𝑛3 � Δ𝑉𝑉𝑇𝑇2

Δ𝑛𝑛𝑝𝑝𝑅𝑅𝑝𝑝2
�𝑝𝑝2
𝑇𝑇2
− 𝑝𝑝1

𝑇𝑇1
� + 𝑇𝑇2

𝑝𝑝2
��  is reached, the valve 

has to be closed immediately. 

Initial tests with the new device show that with this low-cost 
setup small liquid volumes can be dispensed. The accuracy 
clearly depends on the size of the gas volume. The smaller it 
is the higher the accuracy. The same setup could also be 
used to only sense gas volumes. Furthermore, the device in 
Figure 2 is already prepared to not only dispense but also 
aspirate precise amounts of liquid by simply changing the 
pump direction. 

To sequentially actuate different liquids, only additional bottles 
with associated valves Va and temperature sensor S2 are 
required. Pump and pressure sensor which are the more 
expensive parts are only required once. 

In the next step, the presented setup will be implemented in 
the pre-conditioning unit of the European project BIOFOS. 
Here small amounts of aggressive solvents (e.g. hexane, 
acetonitrile) have to be dispensed to extract specific analytes 
using solid phase extraction for later detection in a microfluidic 
biosensor. 

This work was supported by the Swiss federation, MCCS 
Micro Center Central Switzerland, and the European 
Commission (FP7-611528 BIOFOS). CSEM thanks them for 
their support. 
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ULTRA-LOW-POWER INTEGRATED SYSTEMS 
Alain-Serge Porret 

The Ultra-Low-Power (ULP) Integrated Systems program 
addresses the key challenges and technologies required for 
building very low power, often wirelessly interconnected, 
embedded smart systems or remote sensing nodes. Many 
target applications require the design of full-custom integrated 
circuits in order to achieve the best combination of 
performance, cost, miniaturization, and system integration. 
Therefore, the development of ASICs (application-specific ICs) 
is a major part of the program’s activities, although COTS 
(commercial, off-the-shelf) devices are preferred when 
available. The overall technological realm of the program 
encompasses mixed-signal devices, embedded processing, 
sensor interfaces, wireless systems, and vision technologies. 

 
Figure 1: Positioning of the ULP Integrated Systems roadmap 
against the ITRS roadmap (www.itrs.org). 

The ULP Integrated Systems roadmap is clearly aligned with 
the "More than Moore" paradigm, as overlaid on top of the 
ITRS roadmap in Figure 1. For the obvious reasons of limited 
resources and best fit with the Swiss economy, the program 
does not follow the kind of aggressive process-scaling found 
elsewhere, driven by processors and other heavily digital 
applications, but rather seeks to provide smart solutions 
through functional diversification. 

 
Figure 2: Basic structure and function of a remote sensor node. 

Figure 2 shows the basic structure of a generic sensing node, 
which (1) collects and manages electrical energy to 
(2) acquire physical stimuli, (3) process them locally — both in 
the analog and digital domains — in order to extract the 
relevant information, and (4) communicate this information to 
a central unit, often wirelessly. These four fundamental 
functions are covered by the program and detailed below. 

• Management of the energy required by the node: In its 
simplest form, this subsystem consists of a traditional 
battery power-management unit, including linear or 
switched regulators, end-of-life detection, and possibly a 
charge controller. However, it can also include circuits to 

manage one or more energy harvesting sources, such as 
photovoltaic cells, thermo-electric generators, or a 
contactless power transfer receiver. The global 
optimization of energy management also impacts the best 
ways to design the processing circuits, such as the use of 
multiple supply domains, finely adjusted supply voltages, 
or proper sleep and shutdown modes. 

• Sensing interface: A great many different types of physical 
quantities, both scalar and matrix, may need to be sensed 
by the broad range of applications covered. Scalar 
quantities can be as diverse as pressure, acceleration, 
stress, and gas concentration, or — alternatively — a 
variety of vital sign monitoring signals, such as 
electrocardiograms (ECG). Specific imager technologies 
are used to cover matrix and vector acquisition needs, 
although such principles are not limited to visible light, but 
can be applied to temperature (bolometer), radio waves, 
or X-rays.  

• Processing and extraction of the relevant data: Special 
techniques are being designed to reduce the energy 
required for the acquisition, conversion, filtering, and 
pre-processing of the sensor data. In many cases, the raw 
information generated by the sensors cannot be 
transmitted directly, because it amounts to too much data, 
would require too much energy, or would unnecessarily 
clog the network. At the system level, it is also much more 
elegant to perform part of the processing locally, and 
avoid overloading the central servers with meaningless 
data. In the context of ultra-low-power devices, however, 
neither finding the optimum split between local and remote 
processing nor defining the limit between analog and 
digital processing are easy tasks. 

• Transmission of the extracted information: Communication 
between devices also requires a significant amount of 
energy and can even be the dominant factor at the system 
level. The quantity of information and frequency of data 
transmissions must therefore be carefully controlled and 
adapted to the type of physical interface selected. For 
wireless devices, there are difficult trade-offs that must be 
balanced between the bulk of the device (antenna 
performance), the quality of service (lost packets), the 
latency (immediate availability), the system complexity 
(hardware and software), and the energy consumption. 

The markets covered by the program are very diverse, as the 
generic nature of Figure 2 suggests, and are growing in scope 
with the development of the Internet of Things (IoT) paradigm, 
which is also aligned with the global trends of “wireless 
everywhere” and “smart everything". Applications include:  

• Consumer electronics (Bluetooth Smart devices, GPS 
enabled devices, home automation and security systems, 
image classification); 
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• Industrial systems (high-performance sensor interfaces, 
sensor networks for harsh environments, optical quality 
control);  

• Metrology (integrated measurement microsystems, optical 
encoders for various purposes); 

• Medical and wellness (implants, vital sign monitoring, 
electronic prostheses). 

The program addresses these applications holistically, not 
only at the device or component level (radio front-end, imager, 
digital processing unit, …) but also at the algorithm level 
(image recognition, protocol, real-time processing, dynamic 
power management, …) and at the system level (complete 
solution, printed circuit boards, external components, antenna, 
optics, sensors, …). Although the careful design of individual 
hardware blocks is important to reach and exceed the state of 
the art in performance, the embedded software and system 
aspects are at least as critical. This point is often neglected in 
fundamental research, but is central to the ULP program value 
proposition. 

Long-term objective  
The long-term objective of the program is to provide the 
unique technologies required to build commercially successful, 
state-of-the-art sensing platforms and remote sensing nodes, 
with a focus on very low power (or battery-less), low-voltage, 
miniaturized devices. Although the program has a clear 
inclination toward integrated circuits, it will only focus on ASIC 
IPs with well-defined added value relative to available 
products and will rely on COTS devices when suitable. 

As mentioned above, this objective will be achieved not only 
by the continuous improvement of component performance, 
but also by mastering the solution at the system level and by 
covering all hardware and software aspects, from signal 
acquisition to signal processing, data communication, and 
power management (and in close conjunction with other 
CSEM programs).  

The ULP Integrated Systems program is structured into three 
research activities as described below: 

• The Vision activity seeks to master all key elements in the 
image processing chain, from pixel sensing and 
electronics (components), to optics and processing 
hardware (system), and the image processing and 
recognition tools (algorithms). Because imagers are 
multi-dimensional sensors, they tend to produce a great 
quantity of low entropy data that can easily overwhelm 
embedded systems. Consequently, the ultimate goal is to 
provide complete, embedded vision solutions that not only 
capture images (bitmaps), but locally extract relevant 
features (i.e., contours), and ultimately meanings (i.e., the 
type, presence, or movement of objects).  

• The Wireless activity similarly aims at providing complete 
solutions tailored to specific applications that wirelessly 
transmit information (meanings) through a network at a 
low energy cost for the remote nodes. It includes the 
development of narrow- and wideband ULP radios and 
antennas (components), of dedicated protocols taking 
advantage of the specifics of the components and 

applications (algorithms), and of complete wireless 
sensing nodes and network architectures (system). The 
main markets targeted are wireless sensor networks 
(WSN, IoT) and wireless body area networks (WBAN).  

• Finally, the System-on-Chip activity provides the missing 
elements to complete a fully integrated solution. It includes 
ULP sensor interfaces; power management and 
energy-optimized digital processing (components); 
embedded, real-time control and processing software 
(algorithms); and power-efficient design methodologies 
and design flow (system). 

Highlights  
A high speed image sensor implementing 11 bit ADCs and 
high SNR pixels has been developed in a 180 nm CMOS 
process. It is capable of outputting up to 4000 frames/s in 
global shutter mode. Such a sensor meets the needs of many 
industrial, medical, and automotive applications, such as the 
quality control of fast-moving parts.  

A system to precisely measure the angular position of an 
infrared laser source over a large distance has been devised 
for a theodolite. A functional, cost-effective prototype has 
been realized, adapting the CSEM spaceCoder technology in 
a new operating range to deliver accurate angles in real time. 

The icyTRX 65 transceiver sets a new benchmark for low-
power, Bluetooth, low-energy circuits. Taking full advantage of 
a 65 nm CMOS technology, it achieves a very low power 
consumption of 5 mW in receive mode and can operate under 
a supply voltage as low as 0.9 V. The resulting circuit area is 
smaller than 2 mm2 and it requires no external components. 

A novel RTC module consisting of an ASIC and a 32 kHz 
crystal in a ceramic package has been developed. It operates 
from 1.5 to 5 V, consumes less than 250 nA and is capable of 
generating a temperature compensated 1 PPS signal with a 
stability of ±3 ppm over the industrial temperature range.  

A wireless tire-pressure sensing system for future aircraft 
landing gear has been designed. The main technical 
challenges addressed were related to the complex and harsh 
environment and to the need for a small footprint, and a 
lightweight and self-powered module. 

An ASIC has been developed to monitor physiological signals 
locally and, by communicating and cooperating with similar 
devices placed at different locations on the human body, to 
extract vital signs. It can be simply connected within a vest 
fitted with two conductive fabric wires, resulting in an 
unprecedented level of integration.  

Sub-threshold digital design techniques are being refined so 
that logic circuits can fully benefit from the potential energy 
savings provided by lowering supply voltages. New standard 
cell libraries had to be optimized and new trade-offs found to 
achieve this goal. Excellent preliminary results have been 
demonstrated in a 180 nm process, and studies for 65 nm are 
under way. 
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Design and Optimization of a Sub-threshold Standard Cell Library 
D. Séverac, M. Pons, C. Piguet 
The main goal of sub-threshold design (i.e. integrated circuits supplied with a voltage lower than MOS transistor threshold voltage) is to reduce the 
dynamic power consumption by decreasing the supply voltage. However, in order to fulfill the requirements of the specific application, sub-threshold 
standard cell libraries can also be optimized for constraints like frequency or static power consumption. This motivates the comprehensive study of 
sub-threshold library design trade-offs. We present here the results obtained for a 180 nm technology process. 

Application-driven sub-threshold design  
Application specific integrated circuits (ASICs) have to be 
designed to satisfy their requirements in frequency (in Hertz) 
and dynamic and static power (in Watt). The available supply 
voltage (e.g. 1.5 V battery cell or few hundreds of mV coming 
from alternative power sources) also impacts the standard cell 
library design strategy. 

For ultra-low power (ULP) ASICs, the final goal is to reduce 
the energy cost per cycle, defined in Watt per Hertz (i.e. sum 
of dynamic and static power divided by frequency). Doing so, 
the circuit is more efficient in terms of energy for performing a 
given task. This can increase for instance the battery life, 
which is very important for applications like wireless sensor 
networks (WSN). 

Sub-threshold design is mainly used to reduce the dynamic 
power consumption when compared to classical 
super-threshold design (i.e. circuits with a supply voltage 
significantly higher than the transistor threshold voltage).The 
frequency of operation, however, is strongly degraded, but we 
will show that substantially lower energy cost can still be 
achieved. Another advantage of this technique is that the 
circuit continues working with lower supply voltage levels 
when others fail. 

Sub-threshold libraries studied 
For our work in a 180 nm technology, we had the choice of 
using either standard threshold voltage transistors (SVT) or 
low threshold voltage transistors (LVT). We built and tested 
two separate standard cell libraries, one based on LVT and 
one on SVT devices, each using a reduced set of 30 cells [1] 
with transistors sized for robust sub-threshold operation [2]:  

• SUB_LIB_SVT: SVT library sized for 0.6 V 

• SUB_LIB_LVT: LVT library sized for 0.4 V 

We have then compared their results to libraries issued by the 
foundry using the same reduced set of cells: 

• LIB_SVT: SVT library from the foundry at 0.9 V 

• LIB_LVT: LVT library from the foundry at 0.72 V 

Test vehicle circuit evaluation 
The test vehicle used for our work is a digital circuit using 
latch-based design with a critical path depth of 45 cells and an 
equivalent gate count of 10 kgates. 

For sub-threshold libraries we have performed the circuit 
synthesis in the worst-case corner at the minimum supply 
voltage (0.4 V and 0.6 V for LVT and SVT respectively) and 
then have evaluated the achieved speed using static timing 
analysis at higher voltages (up to the standard voltages of 
0.72 V and 0.9 V respectively). Power is evaluated in the 
typical case corner. Normalized results are shown in Figure 1.  

 
Figure 1: Comparison of the different 180 nm libraries (normalized 
results, in logarithmic scale for frequency, static power and dynamic 
power). 

Compared to foundry libraries, when decreasing the supply 
voltage, both novel sub-threshold libraries show the expected 
frequency degradation (up to 45x for the lowest supply) and 
dynamic power reduction (up to 50x).  

For SUB_LIB_LVT static power is also reduced (up to 3x) but 
at the expense of an important frequency reduction at 0.72 V 
compared to LIB_LVT at the same voltage (frequency is in this 
case halved). For SUB_LIB_SVT static power is higher than 
the one for LIB_SVT at 0.9 V (15x) but comparable when 
reaching 0.6 V. In both cases, the differences at foundry 
voltages are due to sub-threshold sizing to ensure robust 
operation at 0.4 V and 0.6 V respectively.  

The results presented here, although evaluated only for one 
specific process and design, emphasis the generic 
advantages of sub/near-threshold libraries. A significant 
reduction of the minimum operational voltage and a gain of a 
factor 2 to 3 in energy cost have been shown, albeit at the 
price of a 40% increase in area, conclusively proving that 
sub-threshold design can contribute to better ULP ASICs.  

This research was partially funded by the Nano-Tera project 
“IcySoc”. 

[1] J.-M. Masgonty, et al., "Low-power low-voltage standard cell 
libraries with a limited number of cells", Power And Timing 
Modeling, Optimization and Simulation (PATMOS), (2001) 

[2] M. Pons, et al., "Ultra low-power standard cell design using 
planar bulk CMOS in subthreshold operation", Power And Timing 
Modeling, Optimization and Simulation (PATMOS), (2013) 9 

0.00

0.20

0.40

0.60

0.80

1.00

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

En
er

gy
 C

os
t

Supply Voltage (V)

LIB_LVT LIB_SVT SUB_LIB_LVT SUB_LIB_SVT

0.01

0.10

1.00

0.3 0.5 0.7 0.9 1.1

Fr
eq

ue
nc

y

Supply Voltage (V)

0.01

0.10

1.00

0.3 0.5 0.7 0.9 1.1

Dy
na

m
ic 

Po
w

er

Supply Voltage (V)

0.01

0.10

1.00

0.3 0.5 0.7 0.9 1.1

St
at

ic 
Po

w
er

Supply Voltage (V)

0.00

0.20

0.40

0.60

0.80

1.00

0.3 0.5 0.7 0.9 1.1

En
er

gy
 C

os
t

Supply Voltage (V)

117 

                                                                 



 

Multicore Architectures in Near-threshold Regime 
J.-L. Nagel, C. Piguet 
Using multicore architectures (heterogeneous or homogenous) is a way to further reduce system-on-chips (SoC) energy consumption. Adding 
cores allows lowering the frequency of operation for a constant computing power, and hence the supply voltage down to near-threshold or 
sub-threshold operation. Such operation regime is highly advantageous for applications such as hearing-aids or electro-cardiogram signal 
processing. 

Energy consumption due to dynamic switching is reduced in a 
multicore system-on-chips (MPSoC) by the fact that voltage 
(Vdd) and frequency can be lowered. Experiments show 
however that MPSoCs achieve an energy reduction only when 
the following tight requirements (requ.) are fulfilled: 

1. Following the well-known Amdahl's law, the number of 
cycles executed sequentially (on a single core) shall obviously 
remain small compared to the total number of executed cycles, 
so that the speed-up brought by core parallelism is as close 
as possible to the degree of parallelism (no core stalling). 

2. The overhead in synchronization and communication 
required to distribute the application tasks over the cores 
should be kept as low as possible. This is slightly different 
from requ. #1, as overhead will occur even if all cores are fully 
occupied. The consequence of this overhead is however also 
to reduce the actual speed-up. Different mechanisms can be 
used for transferring data from one core to another, e.g. 
packets in shared-memory, messages in hardware queues, 
etc. Library encapsulating such mechanisms should in any 
case minimize memory transfers ("zero-copy" mechanism). 

3. The speedup shall be directly converted into a Vdd 
reduction in addition to frequency reduction. Otherwise, 
because the speedup is smaller than the number of cores, the 
frequency reduction alone will not balance the increase in the 
total capacitance switched, and energy will almost always be 
higher in the MPSoC. A corollary is that the circuit is likely to 
operate close to the maximum clock frequency at a given Vdd. 

4. The application considered for an MPSoC should allow 
operating in near-threshold; sub-threshold is unlikely to benefit 
from parallelization. Indeed, for a given parallel speed-up, the 
voltage reduction is bigger if the original supply voltage is 
higher (because delays increase extremely rapidly when 
reducing voltage close to sub-threshold regime). A typical 
frequency of a few MHz or tens of MHz will typically mostly 
benefit from being parallelized in near-threshold. 

5. The application should run continuously rather than being 
heavily duty-cycled. As dynamic power decreases with Vdd2, 
the static power already becomes an important contributor to 
total power consumption in near threshold, and even more if 
the activity is also reduced. Parallelizing the architecture will 
further amplify this phenomenon.  

Requ. #4 and #5 above can typically be fulfilled in applications 
such as digital hearing-aids (DHA), electrocardiogram (ECG) 
monitoring, etc. Table 1 illustrates a typical voltage reduction 
achieved with a dual-core system (requ. #3). 

Optimizing the application mapping onto a parallel architecture 
or optimizing the communication overhead requires in the first 
place that sufficient parallelism can be extracted. For ECG or 
DHA applications, this extraction is usually done manually by 

the designer at the task level. Instruction- or data-level 
parallelism within a task is generally directly exploited within 
cores (e.g. the vector unit of the icyflex4 DSP). Task 
parallelism is for example highly present in DHA systems, 
where the following tasks will typically execute concurrently: 
microphone beam-forming, noise reduction, feedback 
cancellation, wide dynamic-range compression (WDRC), etc. 

Table 1: Typical power reduction for a 65 nm near-threshold dual 
core architecture. A speed-up of 1.8 is achieved with two cores. 

 Frequency Supply Normalized power 

Single core 20 MHz 0.9 V 1 

Dual core 12 MHz 0.6 V 0.5 

 
Figure 1: Simplified view of a multicore DHA architecture. 

Specific tools may not be mandatory for this mapping (often 
called deployment), but complexity soon becomes intractable 
when offload of tasks is planned on more than two types of 
cores and on various hardware accelerators, when multiple 
configurations shall be targeted, or when offload decisions are 
dynamic (e.g. to take into account local temperature). Tools 
developed in the ToucHMore EU project typically fill this gap 
(http://www.touchmore.eu.org). Ultra-low-power MPSoC will 
usually rely on scratchpad memories rather than on multi-level 
caches, where energy allocated to maintaining cache 
coherence would become dominant. Nevertheless, in order to 
achieve requ. #2, adequate tool chain and communication 
libraries are required during the deployment of the application. 

At the circuit level, requ. #3 demands standard cells [1 ] and 
memories optimized for near-threshold. At the architecture 
level, latch-based design, made possible by CSEM's 
proprietary icyflex cores, increases the robustness to process 
variability at low-voltage thanks to time borrowing, and 
reduces power consumption.  

[1]  D. Séverac, M. Pons, C. Piguet, "Design and optimization of a 
sub-threshold standard cell library", this report page 117 
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Sensor Interface for a Resonant Accelerometer 
P.-F. Rüedi, P. Persechini, E. Le Roux, N. Raemy, T. C. Le, M. Aeschlimann •, R. Bostock •, D. Pizzato • 
In the context of a Clean Sky project, a sensor interface ASIC has been realized in collaboration with HMT Microelectronics to interface a resonant 
MEMS accelerometer. In addition to analog signal conditioning, the ASIC also includes on-chip digitization of the analog signals by frequency 
counting to enable the computation of the acceleration. This ASIC together with the MEMS target navigation-grade systems. 

Up to now, most MEMS based accelerometers have been 
capacitive, sensing the capacitance change induced by the 
acceleration of a proof mass. However, this type of 
accelerometer has a limited dynamic range and suffers from 
drift due to environmental conditions, such as radiations, thus 
preventing its use in space applications or harsh environments.  

Another class of MEMS accelerometers measures the 
resonant frequency of a proof mass that changes with 
acceleration. Such devices are not affected by radiation and 
provide a very large signal-to-noise ratio, thus making them 
suitable for a large range of applications. Their resonant 
frequency is dependent on temperature, but a differential 
implementation based on two resonators whose resonant 
frequencies exhibits opposite dependences to acceleration 
solve this issue and also help to reject the effects of 
common-mode, even-order non-linearities and bias variations. 

An ASIC has been developed to interface a resonant MEMS 
developed. Figure 1 shows a block diagram of the system. 
The MEMS is composed of two tuning forks which resonant 
frequencies are a function of the force transmitted to them by 
a seismic mass subjected to the acceleration. The two tuning 
forks are mounted in a differential configuration so that a given 
acceleration creates a frequency increase in one of them and 
a frequency decrease in the other. They are set into 
resonance by their respective drive electrodes, which exert an 
electrostatic force on the beam of the tuning fork. The 
resulting oscillations are measured using sense electrodes, 
inducing a capacitance variation roughly proportional to the 
movement. Further electrodes are placed on each side of the 
mass to ensure a proper electrostatic damping. 

The output signal of the accelerometer cell is first processed 
in the analog domain. The main oscillation loop is 
implemented by a transimpedance amplifier, a variable gain 
and a MEMS driver. A secondary amplitude control loop fixes 
the level of the sensed signals. This secondary loop extracts 
the signal amplitude by full-wave rectification and compares it 
to a reference voltage. The difference between the sensed 
amplitude and the target is integrated to control the variable 
gain of the main oscillator loop. The oscillator output signal is 
then digitized by zero-crossing detection and fed to counters 
to extract the acceleration. 

In addition, a damping loop is built with another 
transimpedance amplifier, a bandpass filter and an output 
buffer, to damp the mechanical energy of the proof mass. This 
is necessary to reduce the response time of the system. 

The targeted acceleration measurement range is +/-80 g with 
a noise level of 30 μg in a 10 Hz bandwidth, which compares 
very favorably with the state-of-the-art. To achieve such 
performances, the project ideally combines the experience of 
CSEM in ultra-low noise oscillator and resonator circuit design 
with HMT's competences in low noise high voltage design. 

 
Figure 1: Simplified block-schematic of the ASIC and MEMS. 

Figure 2 shows the layout of the ASIC with the different 
building blocks highlighted. It is realized in a 350 nm process 
with high voltage options, as voltages in excess of 10 V are 
required for the damping of the proof mass. 

 
Figure 2: Microphotograph of the ASIC. 

This ASIC enables the reduction of the volume and power 
consumption of high performance resonant accelerometers, 
opening the door for the widespread dissemination of such 
products throughout the avionics field, and especially for 
integrated flow and load control systems as applied to the 
wings of civil aircraft. 

The project is partly funded by the European Union Clean Sky 
program under grant 32355. 

                                                                 
• HMT Microelectronic AG, Switzerland 
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ASIC for the Monitoring of Physiological Signals with Cooperative Sensors 
F. Giroud, T.-C. Le, P. Heim, J.-L. Nagel, P.-F. Rüedi 
Monitoring physiological signals from several locations on the body requires a harness of wires which contributes significantly to render wearable 
monitoring systems impractical. To solve the issue, CSEM developed cooperative sensors that can be simply connected within a vest fitted with two 
conductive fabrics wires, resulting in an unprecedented level of integration — in particular for systems requiring many sensing points. Each 
cooperative sensor has its own battery and electronics and the requirements for the electrical interconnects are minimal. Independently of the 
number of cooperative sensors, only two shared wires, not shielded, only weakly insulated and made of elastic conductive fabrics weaved into a 
non-conductive fabric can be used for the whole vest, resulting in very high integration. The ASIC presented here and developed in the MONIMIP 
MIP is made to replace as much as possible today discrete electronics and provide a key step towards the sensor miniaturization. 

One of the major keys to the success of the MONIMIP [ 1 ] 
project is miniaturization. Therefore, as much functionality as 
possible shall be implemented in an ASIC, thus reducing the 
external part count to a minimum. The same ASIC shall apply 
identically to the configurations of either a reference or a 
measuring electrode. Each individual sensor also includes a 
lithium-ion (Li-ion) battery and its own charging circuitry. As 
there are only two wires (CFA and CFB) made of conductive 
fabrics used both for inter-sensor communication during 
normal operation and to bring the high voltage (up to 12 V) 
required in recharge mode, clamp circuits had to be 
developed to protect the low voltage electronics of the ASIC. 

The study of the high-voltage (HV) option of the TSMC 
0.18 μm technology widely used at CSEM, showed very poor 
behaviors in terms of matching and current drive capabilities. 
The integration of the recharging circuit would have required 
the use of a more expensive BCD (Bipolar-CMOS-DMOS) 
technology currently used in automotive electronics, which 
was not economically justified. Therefore, the HV option has 
been abandoned as well as the on-chip Li-ion battery 
recharging circuit. 

As a first step, the ASIC was limited to operating with a single 
pair of cooperative sensors, namely a reference sensor and a 
measuring sensor. The communication between cooperative 
sensors is not needed in this reduced configuration and 
therefore not supported yet. 

 
Figure 1: Simplified block-schematic of the developed ASIC. 

The chip includes the following blocks: 

• Pass-through circuit and skin-saturation detector 

• Electrocardiogram (ECG) amplifier (G=4) and low-pass 
filter (LP) at about 200 Hz 

• Electro-impedance tomography (EIT) amplifier (G=7), 
high-pass filter (2 kHz) and demodulator (I-Q Dem) 

• EIT modulator (50 kHz), band-pass filter (50 kHz) and 
current injector (external RC) 

• Three 15-bit analog-to-digital converters (ADC) 

• Voltage reference (BG1v26) and voltage regulators 
(Reg3v0 and Reg1v8) 

• SPI controller (serial-parallel interface) 

• Line driver amplifiers 

• Clamp protection circuits against the battery-charging high 
voltage 

Overall, the ASIC includes 2 regulators, 15 operational 
amplifiers, a bandgap reference, two modulators, three ADCs, 
an SPI, four clamp circuits, and several dozens of resistors 
and capacitors.  

One of the key components is the protection clamps 
implemented as a simplified version of the well-known LM431 
adjustable precision Zener shunt regulator from National 
Semiconductor, but using only MOS transistors.  

 
Figure 2: CAD layout drawing of the mominmipv1a ASIC. 

The layout of the ASIC is depicted above. The density of the 
chip is rather low, but sufficient for the first step and could be 
easily improved in the next ASIC generation that will also 
include communication functionality. 

[1] O.  Chételat, et al., "MONIMIP: wearable EIT system with 
cooperative sensors", this report page 18 
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A 14-bit 1 Msample/s ADC with On-chip Calibration 
A. Bischof, B. Putter, P. Persechini, C. Monneron, J. Nagel, D. Sigg, P.-F. Rüedi  
A 14-bit analog-to-digital-converter (ADC) with on-chip calibration and excellent linearity (DNL = 0.8 LSB; INL = 1 LSB) was integrated in a 0.18 um 
technology. The design exhibits a low power requirement (1.5 mA) for a core area of only 1.5 mm2. 

Successive-approximation-register (SAR) analog-to-digital 
converters (ADCs) are widely used because of their power 
efficiency. A further advantage is that the design is very 
compact, as sample and hold and conversion circuits can be 
shared. The limiting factor of the linearity of a SAR ADC is the 
mismatch error in the capacitor DAC. Even though the 
mismatch error can be reduced by using large unit capacitors 
and optimal layout, the linearity of SAR ADC is limited to 
around 12 bits. Thus, for a 14-bit SAR ADC, some calibration 
algorithm had to be applied.  

A first self-calibrating SAR converter was presented by 
Lee/Hodges/Gray in 1984 [1]. This calibration method requires 
an error voltage to be measured for each capacitor. As shown 
in Figure 1, the capacitor to be calibrated is first shorted to 
ground, while all capacitors of a lower binary weight sample 
the reference voltage Vref. Then, the short is released and 
Vref is applied to the capacitor to be calibrated, while on all 
capacitors below Vref is applied. A mismatch error in the 
capacitor to be calibrated leads to a voltage change after 
charge redistribution while, with a perfect matching, the 
resulting error voltages would be zero. The error voltages are 
stored as digital coefficients. During conversion, these errors 
are taken into account by adding or subtracting, based on the 
outcome of the current SAR step, the corresponding 
coefficient. 

vref

gnd

gnd

vref

Vx

gnd
 

Figure 1: Capacitor calibration. 

A SAR ADC with self-calibration was developed as part of an 
industrial project. The block diagram of the ADC is shown in 
Figure 2. The main blocks are a coarse ADC, a main ADC, a 
control logic and a serial interface. The coarse ADC operates 
as a pre-scaler and is needed because the maximum input 
signal range is 7.2 Vpp, whereas the supply voltage is only 
1.8 V. The signal is attenuated at the input of the coarse ADC 
to lie within the supply range. During conversion, the first two 
bits are first obtained by the coarse ADC. These two bits are 
then used at the onset of the main conversion, as presets for 
the two MSBs. There is no signal attenuation at the input of 
the main ADC, but, if the two first bits are properly set, the 
signal will be automatically forced within the proper range.  

With a conventional radix-2 SAR ADC, any mismatch between 
coarse and main ADC would lead to a decision error in the 
first two bits, which could never be corrected with the 
subsequent bits. By choosing a radix smaller than 2 
(“sub-2-radix”), some redundancy is introduced between the 
conversion steps and any decision error can be corrected in 

subsequent steps. A decision error can be caused by a 
mismatch between the coarse and main ADCs, by noise or by 
incomplete settling. All of those can be corrected by the 
proposed scheme, as long as no spurious charges are 
injected during the conversion on the nodes common to the 
weighted capacitance. 

The self-calibrating SAR principle was adapted to sub-2-radix 
architecture. The radix has been chosen so that one capacitor 
has the same value as the sum of the three subsequent 
conversion capacitors. Therefore, during calibration, instead of 
comparing one capacitor with all the capacitors of a 
lower-weight, only the three subsequent capacitors are used 
for comparison.  

SAR control logic

SERIAL
IF CSN

SCLK

SDI
SDO

coarse ADC

main ADC

AIN

 
Figure 2: SAR ADC block diagram. 

The ADC has been modelled in labview, to verify that the 
calibration algorithm can deal with the expected mismatches. 
Table 1 summarizes the simulation results. 

Table 1: Summary of ADC performance 

Technology 0.18 u 1.8 V CMOS 

Resolution 14-bit 

Sample rate 1 MS/sec 
Full scale input 7.2 Vpp 

SNDR 80 dB with Vref=2.0 V 

DNL / INL 0.8 / 1 
Current consumption 1.5 mA 

Area 1.5 mm2 

The ADC has been implemented in a 0.18 u CMOS 
technology. The SNDR obtained by the labview model has 
been confirmed by mixed mode simulations. The ADC 
samples are expected to be evaluated in the winter of 2015. 

[1]  H.-S. Lee, D. A. Hodges, P. R. Gray, "A self-calibrating 15 bit 
CMOS AD converter", IEEE Solid-State Circuits, (1984)12 
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A 256 x 256 Pixels 4000 Frames/s Image Sensor 
Y. Zha, H.-R. Graf, A. Bischof, C. Henzelin, B. Schaffer 
A high-speed image sensor implementing 11 bit ADC's and 150 ke- high-SNR pixels has been developed. It is capable of outputting up to 
4000 frames/s at a 1 us row-time in global shutter mode. This sensor fits the needs of many industrial, medical and automotive applications 
requiring fast high dynamic-range and high SNR cameras. The building blocks have been developed in a tower 0.18 μm CMOS process and serve 
as a basis for further high-speed camera projects. 

High-speed image sensors are widely used for industrial, 
medical and automotive vision applications where fast moving 
objects have to be captured and investigated. Most high 
speed sensors on today's market implement a global shutter 
exposure to capture smear free images, 10 or 11 bit ADC's for 
reaching ~60 dB dynamic range and achieve row-times 
between 1-2 us. However, due to the trend of smaller pixel 
pitch of about 6 μm, the pixel fill-factor and full-well-capacity is 
decreased. Typical full-well-capacity of these sensors is in the 
range of 20 ke- resulting in SNR levels of ~40 dB. This low 
SNR level is not sufficient for many applications. 

As part of the EU-project VIAMOS (vertically integrated array-
type Mirau-based OCT system), we have developed an image 
sensor with a 12 μm pixel pitch, with a capacity reaching up to 
150 ke-, achieving an SNR of ~51 dB, and including a readout 
path with a typical row-time of 1 us. This high SNR and short 
row-time is a strong requirement for our EU partners whereas 
the dynamic range is of less importance because the 
illumination level does not vary much. A major design step has 
been achieved by designing an 11 bit SAR-ADC with a pitch 
of 12 μm for column-wise integration. The sensor is capable of 
acquiring up to 4000 frames/s. The sensor controller has been 
kept very flexible and supports many different modes of 
operations. 

 
Figure 1: Sensor, test-bed, evaluation environment. 

The sensor is packaged in a custom 161-pin CLGA package 
and evaluated in a custom made test-bed (Figure 1). The 
sensor has been evaluated according to the well-known 

EMVA1288 standard (standard for image sensor 
characterization). The measured figures of merit are excellent 
and exceed requirements given by the initial specification: 

• Full-well 137 ke-, dynamic range: ~60 dB, SNR: 51.5 dB 

• Gain 177 e-/DN, Lag: 0% 

• PRNU: 0.2%, non-linearity: 0.5% 

• QexFF@600 nm: 0.5 

This results in an excellent video quality which has been 
demonstrated in a high speed video showing a rotating fan.  

In a second step the resolution of the sensor will be enlarged 
to 1 Mpixels still reaching 2000 frames/s because of the 
integration of 2 ADC's per column with top/down readout 
(Figure 1). 

  
Figure 2: Sensor architecture of the 1 Mpixel sensor. 

Thanks to the great contribution of all project members and 
our EU partners, CSEM has been able to make this project a 
success. 
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ROIC for High Performance Low Cost Monolithic Uncooled THz Focal Plane Array 
A. Bischof, Y. Zha, P. Persechini, C. Monneron, N. Blanc, P.-F. Rüedi 
A readout circuitry (ROIC) was integrated on a single chip in a CMOS-SOI process together with a focal plane array (FPA) to realize novel high 
performance uncooled THz sensor for passive imaging systems. First measurements with a THz source show that the ROIC works within required 
specifications. 

The goal of the European project TeraTOP is to develop a 
device that has the potential to reduce the cost and improve 
the capability of terahertz (THz) uncooled passive imaging in a 
wide range of applications, with a focus on security. 

As part of the TeraTOP project, CSEM contributed with the 
development of the CMOS-SOI readout circuitry as well as the 
integration of the ROIC and pixel field on a single chip.  

The analog data path is shown in Figure 1. The sensor 
consists of a “thermal” antenna and a NMOS transistor in 
diode connection, which is biased with a current source in 
each column. The THz signal causes a change in temperature 
of the antenna and thus of the sensor transistor, leading to a 
voltage change on the output of the sensor. For proper 
operation, the sensors have to be thermally isolated from the 
rest of the chip, thus some chip post-processing is needed. 
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Figure 1: Analog test setup. 

The samples were measured inside a vacuum chamber with a 
pressure of 1 Pa, and a monochromatic THz source was used. 
Initially we planned to bias the sensors with 20 uA. However, it 
turned out that, with such a high bias, the output signal was 
very unstable. This was due to the self-heating of the sensor. 
To reduce this effect, the bias current was reduced to 1 uA.  

Prior to measuring the pixel response, we verified that the 
pixels can be properly calibrated. Calibration was done at 
pressure levels of 1 bar and 1 Pa. When doing a histogram of 
the calibration values for 1 bar and 1 PA, it was observed that 
at 1 bar (i.e. atmospheric pressure), the histogram was shifted. 
The reason for this effect was attributed to the fact that, even 
with a bias of 1 uA, there was still some self-heating effect. It 
would be therefore better to further reduce the biasing current. 

For the measurement of the pixel response, the distance 
between the sensor and the THz source was varied from 
63 mm to 356 mm. For each step the distance was increased 
by a factor of √2, i.e. the output signal should decrease by a 
factor of 2. For each position, a dark image and a THz image 
were taken. Prior to this measurement, the pixels were 
properly calibrated. 

Figure 2 shows the median response (raw data) of each of the 
measured pixel types, and the corresponding linear regression. 
The bottom x-axis shows the input power Pin (THz power at 

the sensor), the top x-axis shows the distance between the 
sensor and the THz source (in mm). 

 
Figure 2: Response of various pixel types. 

The skirt v7 and log dipole pixels did not show a proper 
response. The skirt v7 pixel was designed for a bias of 20 uA. 
Because of the self-heating effects, the bias current had to be 
reduced to 1 uA, leaving a pixel with a very poor response. 
For the log dipole design, the shielded pixel also responded to 
the THz signal. It turned out that the shielded version of this 
pixel was not properly designed. The response of the active 
pixel was therefore cancelled by the response of the shielded 
pixel. 

The slopes are different for the farther region shaded in grey 
(i.e. distance above 128 mm) than the closer region (distance 
below 128 mm). For a distance above 128 mm, the slope is 
increased by a factor of 2. The phenomena can be explained 
with the small divergence (2 degrees) of the THz source. For 
close distances (below 100 mm), the device under test was 
not entirely positioned in the beam, leading to an 
inhomogeneous illumination. The slope of the response 
obtained for distances above 128 mm is in line with 
measurements done by the TERATOP project partners, which 
focused on test pixels without ROIC. 

As a further step, a second integration was done with 
improved sensors and reduced bias current. In addition, the 
ROIC has been optimized for the new sensors. Measurement 
results are expected in the spring of 2015. 

The research leading to these results has received funding 
from the European Union Seventh Framework Program 
(FP7/2007-2013) under grant agreement n° 288442. 
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Embedded Infrared Angular Tracker 
E. Grenet, A. Corbaz, C. Henzelin, H.-R. Graf, E. Franzi, P.-A. Beuchat 
The aim of this study was to develop a new technology to measure the angular position of an infrared laser source at large distances with an 
extremely high precision and accuracy. A functional cost-effective prototype has been realized, adapting the CSEM spaceCoder technology in a 
new operating range to deliver accurate angles in real time through embedded processing. 

The goal of this project was to realize an accurate theodolite 
to determine the angular position of a mobile object relatively 
to a reference point at large distances. In our context, the 
mobile object is a SWIR handheld Laser rangefinder operating 
at a wavelength of 1.5 μm, and the reference point is a 
calibrated base station. Current contactless systems are not 
satisfying: magnetic compasses are sensitive to perturbations 
in urban areas, inertial sensors are heavy and expensive, and 
MEMS-based inertial measurements units (IMU) drift and lose 
accuracy with time. The challenge here was to realize an 
“angular tracker”, vision system attached on a calibrated 
reference, able to detect the angular position (latitude and 
longitude) of the Laser pointing to it, as shown in Figure 1.  

 
Figure 1: Principle of the angular tracker. 

The spaceCoder [ 1 ] technology, invented and developed at 
CSEM, is an absolute measurement system based on shadow 
imaging. It consists in the detection of the position of a light 
source in its field of view with high precision and accuracy. 
The pattern of a reticle fixed on an imager is shadowed on its 
pixel array and processed with a Fourier-like algorithm, 
providing the position of the light source. The principle of the 
spaceCoder technology appeared as particularly adapted to 
realize this SWIR theodolite, with the constraint to use a Laser 
as the light source and a different sensor technology to detect 
its beam. 

The first step was to find the adequate technology to sense a 
SWIR light source, as the standard spaceCoder technology is 
typically based on low-cost CMOS imagers, which are not 
sensitive at the target wavelength. The main suitable 
technology is the InGaAs technology that perfectly fits infrared 
wavelengths, but which comes at a high cost. Such InGaAs 
sensors are extremely expensive, with a cost directly related 
to the sensor area. We found only one new sensor fitting all 
economical and technical constraints (signal and processing) 
thanks to a low resolution and to smaller pixels of 20 μm pitch. 
The main required characteristics of this sensor are: 

• A high sensitivity (2000 nV/e-) at 1.5 μm  

• A global shutter mode 

• A minimal resolution of 128 x 128 pixels 

• A viable cost, maximum 1 kCHF per sensor 

A custom shadow mask with absolute 2D-code has been 
designed with a spatial frequency of 480 μm to fit the infrared 
sensor geometry. The sensor delivers blurred images as long 
as the Laser does not illuminate it. These images are directly 
filtered. Once powered on, the Laser sends an eye-safe pulse 
train that generates a shadow of the absolute 2D-code on the 
sensor, from which the Laser angular position is computed.  

The system was designed with three stacked boards 
(Figure 2): A sensor board with the InGaAs sensor, an 
analog-to-digital conversion board equipped with a CPLD, and 
a processing board. The program in the CPLD samples the 
analog video signal of the sensor and delivers rasterized 
images to the processing board. These images are processed 
in real time by a Cortex M4 ARM processor, and the (X, Y) 
positions of the shadow pattern on the sensor are extracted. 
These positions are then converted into (longitude, latitude) 
angles with an integrated correction of the refraction effect 
due to the glass parts. 

   
Figure 2: System stacked boards with mounted SWIR sensor (left) 
and final working device with shadow mask and package (right). 

The final prototype, standalone and compact, achieves 
expected metrological performances: an angular accuracy of 
3 mrad and a precision of 14 μrad. The main pending issue is 
the field of view, limited to ±45° by the sensor packaging. To 
solve this, a custom version of the package is currently 
discussed with the sensor’s supplier to decrease the 
sensor-to-glass distance and to integrate the shadow mask on 
the package glass. The next step of this development will be 
the industrialization of the infrared angular tracker prototype, 
upgraded with the new sensor package. 

[1] E. Grenet, et al., “spaceCoder: a nanometric 3D position sensing 
device”, CSEM Scientific and Technical Report (2011), 89 
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A Descending Stairs Detector for Safety Applications 
S. Cloix, D. Hasler, G. Bologna ●, T. Pun ● 
The project aims at developing a light device for rollators to protect elderly people from common dangers such as falls. Descending stairs are one 
of the potential hazards rollator users have to face daily. We propose a method of detection of descending stairs operating in real-time using a 
passive stereo camera. To meet the requirement of low-power consumption, we studied the performance of our detector with respect to the camera 
resolution. The prototype succeeds in differentiating approaching stairs from safe situations with an accuracy of 98.9% even at a very low resolution. 

The rollator, a device widely spread among elderly, aims at 
helping its users keep their independence and a safe mobility. 
However, these tools can lead to falls especially in urban 
zones and buildings. The EyeWalker project's objective is to 
develop a low-cost, ultra-light computer vision-based device 
for users with mobility problems. It is meant to be an 
independent accessory to easily fix on a standard rollator and 
with a daylong autonomy. Our device will warn users of 
potentially hazardous situations. 

According to elderly care experts, descending sidewalks and 
stairs are among the most common hazards. Thus we 
developed a robust descending stair detector based on depth 
information obtained from a stereo vision algorithm adapted to 
real-time. 

We are interested in the falls related to the loss of balance 
caused by the change in ground elevation. The detection 
relies on a three-bin classifier that works as follows: the 
ground depth map is extracted from the stereo pictures and is 
divided into upper and lower sub-images. For each sub-image, 
we compute the histogram over the depth values. The ratio of 
pixels located below the ground level is then compared to a 
threshold. If this ratio is greater than said threshold then the 
sub-image is classified as a stair (positive). The final decision 
is made from the binary classification of the two sub-images: (i) 
the situation is safe if both sub-images are negative; (ii) it is a 
warning if the upper sub-image is positive and the lower one is 
negative; (ii) it is a danger if the lower sub-image is positive, 
no matter what the prediction is for the upper sub-image.  

 
Figure 1: Our experimental setup mounted with the Bumblebee2 
stereo camera. 

To evaluate our approach, a Bumblebee2 [1] was attached to a 
standard three-wheel rollator (Figure 1) at 76 cm from the 
ground and tilted at a 35 degree angle. We trained our 
algorithm on 70% of data randomly chosen from the first three 
scenes to determine the optimal parameters of the ground 
levels and pixel ratio thresholds. Two sets of parameters were 
tested. The first set optimized the accuracy of each binary 
classifier, whereas the second set minimized the false alarms 
and misses. The resulting three-bin classifiers were tested on: 
(i) the remaining 30% of scenes #1 to #3 (1455 frames), (ii) all 
captures of scene #4 (2109 frames) (Figure 2). 

The two parameterizations gave similar results: (i) the 
decrease of the resolution alters the performance; (ii) safe and 
dangerous situations are clearly differentiable. When we 

solely focus on the detection of safe and dangerous situations 
as a binary classification problem, the accuracy remains 
greater than 98.9% at low resolution. In terms of time and 
power consumption, the chosen stereo matching algorithm is 
dedicated to real-time applications [2]. We expect our algorithm 
to run on an ARM cortex-M4 at 10 fps. An Arm cortex-M4 runs 
at 180 MHz and consumes 157 mμW/MHz. With two cameras 
that consume up to 60 mW, we expect our detector to run for 
about 160 hours on a mobile phone battery (700 mAh at 
3.7 V). 

 
Figure 2: Descending stairs scenes. The images were captured with 
the Bumblebee2. From left to right: (#1) indoor staircase; (#2) 
entrance indoor stairs; (#3) outdoor stairs to enter a building; (#4) 
outdoor stairs. 

We designed a reliable descending stair detector based on 
stereo vision and robust at low resolution. The classifier is 
capable of recognizing 98.9% of safe and dangerous 
situations at 160 x 120 pixel resolution and up to 99.8% at 
higher resolutions. Our results enable us to be highly 
confident in integrating our algorithm on an embedded 
platform equipped with low resolution sensors to reach the 
project's user requirements of low power consumption 
(several days) and real-time feedback (about 10 fps). As 
future steps, we will embed our detector, connected to low 
resolution and high dynamic range cameras for both indoor 
and outdoor usage for elderly safety and self-confidence. A 
video of our detector in action is available online [3]. 

This work is co-funded by the Swiss Hasler Foundation 
SmartWorld Program, grant Nr. 11083. 

● Computer Science Department, CVML, University of Geneva, 
Switzerland 

[1] http://ww2.ptgrey.com/stereo-vision/bumblebee-2 
[2] K. Konolige, "Small vision systems: hardware and 

implementation", Eighth Int. Symposium on Robotics Research, 
(1997) 111 

[3] www.youtube.com/watch?v=IvxGg4mgpZc 
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Embedded Convolutional Neural Network for Object Classification 
V. Moser, A. Rai, P. Volet, A. Chebira, D. Hasler, P.-A. Beuchat, E. Franzi 
A convolutional neural network has been implemented on an embedded platform. It shows the ability of CSEM to implement a robust classifier on a 
cheap and small device. In parallel, a framework for the optimization of the parameters of the convolutional neural network has been developed. 
This tool allows CSEM to develop very quickly any optimized classification application based on a convolutional neural network. The system can 
recognize any kind of objects. As demonstrator, a stamp recognition application has been ported on the platform. 

Neural networks are well known for their high recognition rate 
in vision applications. However, they are computationally 
expensive and thus very slow; an important drawback when 
implemented on a small platform. Moreover, one may 
consider them as black boxes and it is difficult to know which 
parameter can be optimized. 

The principle of convolutional neural networks [ 1 ] for image 
classification is to convolve a certain number of filters with the 
original image. The convolution results in a filtered image onto 
which a nonlinear function is applied. The operation is 
repeated on the resulting images a few times (called the 
number of layers), each image of the last layer corresponds to 
a class of recognition. 

The filters are first set to random values, then during what is 
called a learning phase, the convolutional neural network is 
applied on a labeled image. Then the error is back propagated 
through the layers and the filter values are updated. 

The number of layers and the number of filters for each layer 
is set arbitrarily at the start of the learning and until now there 
was no tool to appreciate the initial choice of these 
parameters. As a consequence, a framework has been 
developed showing the evolution of the filters during the 
learning phase. With this framework, it is now possible to 
detect and remove redundant filters, which allows to speed up 
the execution of the convolutional neural network.  

Figure 1 shows the resulting filters at the end of the learning 
phase for the stamp classification application. The two filters 
of the first layer (shown with the arrows in the figure) are 
similar, implying that no information is obtained with a second 
filter. One filter is thus sufficient for this layer. 

 
Figure 1: Filters representation of the convolutional neural network. 

This framework has been used to optimize the convolutional 
neural network that was implemented to classify ten stamps 
on the demonstrator platform (shown in Figure 2). 

 
Figure 2: Demonstrator set-up with examples of recognized stamps. 

The demonstrator is a standalone compact set-up composed 
of a board processor with embedded classification software, a 
camera, the optics and light. The Gumstix Overo 
WaterSTORM COM platform and the Caspa camera have the 
following specifications: 

• Processor: OMAP3530 (ARM Cortex A8 @ 800 MHz, 
512 MB memory) 

• Vision sensor: Aptina VGA 752x480 pixels 

• Board size: 58x17 mm 

• Camera size: 39x25 mm 

A Linux operating system has been ported on the platform to 
make the implementation of any application very easy.  

This demonstrator is capable of classifying a stamp or 
detecting an unknown stamp in less than 750 ms with a 
recognition rate >99.9%. It is applied on stamp classification 
but it can also be used to classify any other object or product. 

The added values of the system are that the objects or 
products to classify do not need to be modified and that the 
development of any classification application on this 
embedded platform is easy and thus very fast. 

In the near future, the classification application will be 
implemented in a "vision in package" device, a completely 
integrated vision platform with a footprint of 16.5x16.5 mm. 

[1]  Y. LeCun, P. Haffner, L. Bottou, Y. Bengio, "Object recognition 
with gradient-based learning", Lecture Notes in Computer 
Science, 1681 (1999) 823 
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icyTRX-65, a 2.4 GHz Silicon RF IP Optimized for Low-power Bluetooth Low Energy  
N. Raemy, F.-X. Pengg, N. Scolari, A. Vouilloz 
Directly derived from the 90 nm version, the icyTRX-65 transceiver sets a new benchmark for low-power Bluetooth low energy (BLE) circuits. 
Thanks to the new technology node (CMOS 65 nm), this circuit achieves a lower power consumption and a lower minimum operating supply 
voltage than its 2012 version. The unique architecture results in a highly integrated solution (<2 mm2) requiring no external matching components. 
The main challenges were to continue improving the performances (sensitivity, power, flexibility, robustness, etc) without increasing the circuit 
complexity and the silicon area. 

The final characteristics of a transceiver is the result of many 
trade-offs between mutually disagreeing parameters, such as 
sensitivity and power consumption. The architectural choices 
(heterodyne, low intermediate frequency, direct conversion 
receiver and direct modulation transmitter), the process choice 
(here TSMC CMOS 65 nm) and the design options selected at 
the circuit level all have great consequences on the global 
performances, the cost, the silicon area, etc. 

The goal here was primarily to reach the minimum power 
consumption, at a low cost, with a small size and with few 
external components. However, at the same time, other 
characteristics such as the link-budget, maximum data-rate, 
start-up and turn-around latencies and receiver linearity also 
all remained important parameters. The icyTRX-65 IP 
successfully combines our primary goals of low power 
consumption and cost while preserving as much as possible 
the other key RF parameters. 

 
Figure 1: Block diagram of the icyTRX transceiver. 

Referring to Figure 1, the transmitter (TX) shares with the 
Receiver (RX) a common 50Ω RF-port to the external 
antenna. Choosing an on-chip matching network eliminates 
the need for critical external RF matching components, thus 
reducing cost and simplifying the design at the application 
level, but at the expense of a limited quality factor of the 
passive components imposing additional design constraints.  

The same frequency synthesis (PLL) is shared by the RX and 
TX sections, but operates in different modes. In TX mode, the 
direct modulation scheme implies the needs for a larger PLL 
bandwidth and a faster settling time, allowing burst mode 
operations with a high instantaneous data rate and 
coincidentally reducing the startup time overhead.  

The receiver signal path is designed for high performance and 
low power consumption, thanks to a high voltage gain LNA 
(32 dB) realized with Q-optimized integrated inductances. 
Quadrature (IQ) signals are required by the low intermediate 
frequency (low-IF) down-converter to guarantee a proper 
image rejection. The IQ generation is performed by a 
single-stage passive RCCR polyphase filter, avoiding the 
necessity of a quadrature local oscillator (LO) and thus 
reducing current consumption without compromising linearity. 
An IF variable gain amplifier, a configurable 5th-order 
polyphase gm-C channel filter and a 4-bit Phase ADC 

complete the receiver chain. The dynamic range is increased 
by a 36-dB automatic gain control (AGC) block piloted by the 
RSSI (received signal strength indicator) information. 

The integrated digital baseband (DBB) has been designed for 
maximum flexibility and versatility and supports both the BLE 
PHY layer and IEEE 802.15.4 standards, as well as a wide 
range of proprietary protocols. The DBB furthermore includes 
a finite state machine (FSM) that handles the start-up and 
power-down sequences of the radio. The different blocks are 
powered up in a predefined order and with a precise timing, 
taking into account their respective latencies, using finely 
tunable timers, in order to optimize the average power 
consumption and the turn-around time. The device 
communicates with an external controller through an SPI 
interface and offers ten GPIOs for interrupt handling, special 
operating modes and test purposes. 

The icyTRX-65 silicon has been fully characterized over the 
process, voltage and temperature ranges (PVT). The 
measured receiver performances exceed the requirements of 
BLE (with a sensitivity of -97 dBm @ 5.4 mA, 1.1 V) and 
exhibit well controlled characteristics over PVT corners. 

 
Figure 2: Sensitivity curves over selected PVT corner. 

A transmit power of 0.5 dBm with 8.5 mA current consumption 
can be reached under nominal operating voltage (1.1 V). The 
power accuracy is better than ±1.5 dB over process and 
temperature for a given supply voltage. Moreover, a spread 
lower than 6 dB is observed as a function of antenna detuning 
for voltage standing wave ratios (VSWR) smaller than 1:7. 

Despite the trade-offs required by the stringent power 
consumption and size targets, the new transceiver achieves a 
sensitivity that exceeds BLE requirements and compares 
favorably to the state-of-the-art. Operating under a supply 
voltage as low as 0.9 V, the IP is fully integrated with a 
surface of only 1.6 mm2 in a 65 nm 1PM9 technology, 
requiring only an external 48 MHz XTAL and some supply 
decoupling capacitors. 
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A 700 pJ/bit, 2.4 GHz, Narrowband, PLL-free Burst Mode Transmitter Based on an FBAR 
R. Thirunarayanan, D. Ruffieux, C. C. Enz ● 
A PLL-free transmitter based on an FBAR (film bulk acoustic wave resonator) is presented and achieves a 5 μs startup time that reduces the 
crystal oscillator power overhead which otherwise degrades the energy efficiency of heavily duty cycled systems. The TX upconverts an FSK-
modulated FBAR DCO signal with the IF output of a phase switching divider (PSD) injection locked to the DCO. The PSD has a division step of 0.2 
to circumvent the limited FBAR tuning range that prevents addressing all the channels in the targeted band (between 2.36 and 2.5 GHz). Integrated 
in a 65 nm technology, the TX outputs -1dBm and consumes 9.2 mA at 1.2 V. Further, the TX is capable of data rates up to 16 Mbps leading to a 
peak energy efficiency of 700 pJ/b as well as a multifold reduction in the mean power dissipation at lower mean data rates. 

A TX with a conventional loop-based frequency synthesizer 
has a constant power overhead, a major portion of which is 
consumed by the crystal oscillator (XO) used as a frequency 
reference. This XO normally has around 1ms startup time and 
consumes about 1 mW during this phase. Owing to the long 
startup time, the XO is usually maintained running 
continuously during which time it consumes at best 
50-100 μW. Even if the XO is duty cycled at the same rate as 
the TX (40 times/s for transmitting 32 byte length packets at 
2 Mbps peak data rate for achieving 10 kbps mean data rate), 
it still consumes 40 μW which is greater than the power spent 
for communication (only 27 μW at this peak data rate). 
Therefore, in systems with a low average data rate, reducing 
the duty cycle ratio by increasing the peak data rate is moot 
since the mean power consumption is limited by the dominant 
XO power. An interesting option to reduce power would be to 
eliminate the PLL altogether, which would in turn eliminate the 
crystal-based reference oscillator. As an added advantage, 
such an architecture would also avoid the settling time latency 
of the PLL. 

 
Figure 1: Block diagram of the PLL free TX. 

Figure 1 illustrates the proposed PLL-free up-conversion 
transmitter architecture, which consists of an FBAR DCO 
generating the LO signal that is divided by a Phase-Switching 
Divider to produce the desired IF signal i.e. fIF  = fLO/N. The LO 
and the IF are then fed to a mixer which up-converts these 
signals (fRF = fLO + fIF) followed by a single-ended class-C PA 
doing the final amplification. The centre frequency of the 
FBAR is chosen such that the spurs due to IF harmonic fall 
outside the band of interest while also being able to address 
all the channels in the given band. The DCO output is also 
divided by 32 to serve as a clock for a digital modulator that 
performs FSK by varying the DCO frequency. The circuit has 
been integrated in 65 nm (Figure 3) and consumes 9.2 mA 
from a 1.2 V supply. The dynamic operation of the TX is 
shown in Figure 2 which depicts the time domain TX output 
measured for a 1Mbps FSK modulation with an index of 0.5. 
The current profile shows that the TX require only 5 μs to 
begin transmission after wake-up and therefore avoids the 

usual overhead that cripples power savings from high data 
rate bursts. This TX supports data rate up to 16 Mbps (4 FSK 
with 8 MS/s) and is able to switch channels in only 3 μs, 
despite being a narrow-band system, making it an attractive 
alternative for ultra-low power systems. 

 
Figure 2: Frequency agility of the TX showing the start-up / channel 
switching times. 

 
Figure 3: Chip microphotograph. 

● EPFL, School of Engineering, Institute of Microengineering IMT, 
Switzerland 

 [1] R.Thirunarayanan, et al., "A 700 pJ/bit, 2.4 GHz, narrowband, 
PLL-free burst mode transmitter based on an FBAR with 5μs 
startup time for highly duty-cycled systems", IEEE Radio 
Frequency Integrated Circuits Symposium (RFIC), (2014) 
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A High Performance Ultra-low Power Temperature Compensated Real-time Clock 
D. Ruffieux, N. Scolari, F. Pengg, T.-C. Le, R. Caseiro, C. Monneron, J.-L. Nagel, D. Séverac, V. Peiris, O. Aubry ●, R. Haeni ●, 
S. Dalla Piazza ●, Y. Godat ●●, T. Bey ●● 
A novel RTC module consisting of an ASIC assembled in a miniature ceramic package together with a 32 kHz XTAL has been developed. It 
operates from 1.5 to 5 V, consumes less than 250 nA and is capable of generating a temperature compensated 1 PPS signal with a stability of 
±3 ppm over the -40 to 85°C range. Designed for consumer applications, the microsystem is now in production at the market introduction phase. 

The HiPeRTC project, involving Micro Crystal AG and CSEM 
and funded by the CTI via the "Swiss franc fort" initiative, 
targeted the development of a high performance, ultra-low 
power, accurately temperature-compensated, real time clock 
(RTC). The developed microsystem is comprised of an ASIC 
and a miniature XTAL combined together in a tiny ceramic 
package, offering a solution with a low form factor, improved 
robustness and reduced sensitivity to environmental 
conditions such as moisture, temperature variations and 
gradients. Besides keeping accurate track of time, the RTC 
features alarm, timer and interrupt functions. 

CSEM leveraged its strong legacy background in the design of 
ultra-low-power timing and oscillating circuits for the 
development of a dedicated ASIC solution featuring a number 
of circuit and system level innovations. By replacing the 
traditional bandgap-based temperature sensor with a 
thermistor-based dual oscillator, both the minimum operating 
voltage of the circuit and its power consumption could be 
significantly reduced relative to competing products. The 
result is a solution that combines "best in class" temperature 
stability with a very compact circuit area leading to a highly 
cost-competitive product. A novel all-digital solution for 
temperature compensation was invented. The new method 
eliminates the drawbacks of previously known 
implementations producing a fine resolution temperature-
compensated 1 pulse per second (PPS) signal. The solution 
has been implemented and successfully validated, opening 
new market segments and thus commercial perspectives for 
Micro Crystal AG, the industrial partner. Two related patent 
applications have been filled. Thanks to such innovations, the 
current consumption of the solution, which is less than 250 nA, 
rivals that of uncompensated RTC, while providing a 60 fold 
improvement in time-keeping accuracy over the industrial 
temperature range.  

 
Figure 1: Measured temperature stability of the 1 PPS signal over 
temperature and voltage. 

The results of measurements of the temperature stability of 
the 1 pps signal are shown in Figure 1, where it can be seen 
that the solution achieves ±1ppm over -40 to 85°C at supply 
voltages between 1.5 to 5 V. 

 
Figure 2: Photograph of the ceramic package with flip-chip mounted 
ASIC (bottom) and 32 kHz tuning fork XTAL (top). 

Micro Crystal AG has been deeply involved in the project from 
the start, providing detailed system specifications and a clear 
roadmap towards industrialization based on its market 
expertise. Functional prototypes built with MPW ASIC dies 
implemented during the course of the project were also 
provided to key customers for evaluation. A photograph of the 
RTC module after ASIC and XTAL assembly, but before 
sealing in vacuum, is shown in Figure 2. 

The project has now reached its industrialization phase in 
partnership with EM Microelectronic which is fabricating and 
testing the ASIC. EM Microelectronics also made significant 
contributions throughout the project sharing design for test 
expertise and participating to design reviews, leading to a very 
fruitful, effective and efficient three-party collaboration that 
was instrumental in the success of this ambitious 
development.  

Such an achievement paves the way towards novel products 
that will enrich Micro Crystal’s portfolio, clearly demonstrating 
the role of CSEM as a provider of advanced innovative 
solutions. In a highly competitive timing market segment 
dominated by Japan and Far East manufacturers, HiPeRTC 
will lead to very competitive products which are fully designed 
and manufactured (crystal, ASIC, packaging and test) in 
Switzerland. For more product information, please search for 
RV-8803-C7 on Micro Crystal's website [1]. Funding from the 
CTI is acknowledged. 

● Micro Crystal AG, Switzerland 
●● EM Microelectronic-Marin SA, Switzerland 
[1] www.microcrystal.com/ 
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Sound-based Robust Low-power Ranging Measurement 
A. Hammoud, A. Restrepo Zea, C. Hennemann, B. Perrin, J.-D. Decotignie 
As part of an accurate indoor localization system, CSEM has developed a robust ranging measurement prototype based on non-audible sounds. 
The system has low power consumption and achieves an accuracy better than 10 cm. An accurate indoor localization system would serve a large 
number of location-based applications, such as indoor navigation, virtual tour guides, mobile robots, warehouse management and others. 

In the recent years, Location-based services have become 
very popular, with the fast increase in the number of mobile 
devices. Today's prevailing outdoor localization method is 
GPS, available in many mobile devices and providing 
reasonably good accuracy (below 10 m on average) for many 
applications. For indoor localization, there exist a number of 
approaches to estimate the distances based on the time of 
flight (e.g. cricket system using ultrasound or ultrawide band 
impulse radio) and on received signal strength (RSSI) with or 
without fingerprinting (e.g. based on WiFi). However it is 
widely accepted that there is not yet a good solution to this 
problem [1]. 

Some examples of indoor location-based applications include 
navigation inside big shopping malls, searching for a particular 
book in a large library, virtual tour guides inside museums, 
tracking movable assets, warehouse management, and 
mobile robots. If applications have varying demands in terms 
of accuracy, the main concern is the robustness of the 
solution. A number of techniques yield precise positioning in 
ideal cases but fail in real settings. There is thus a need for a 
robust solution and one option is to combine different 
techniques. 

Several indoor localization systems have already been 
implemented at CSEM. They are based on the RSSI of radio 
signals. However, they lack accuracy and are not sufficiently 
robust, due to the characteristics of RF signals propagation 
(multipath propagation, interference). To improve their 
performance, the idea was to combine them with a ranging 
measurement system based on the time-of-flight (TOF) of 
acoustic signals in a non-audible frequency range. A number 
of factors make acoustic signals attractive: 

• Their frequency allows significantly lower sampling rates 
and thus much lower consumption than IR-UWB 

• Their propagation speed is slower than RF signals, easing 
the synchronization requirements of TOF measurements 

• Commercial loudspeakers and microphones operate up to 
20 kHz thus outside the audible range 

The developed ranging platform is based on a wireless sensor 
network board, WiseNode, equipped with loudspeakers and 
microphones to support acoustic signals emission and 
detection. The WiseMac protocol (operating at 868 MHz) is 
used to synchronize the transmitter and the receiver, as 
shown in Figure 1. The node that initiates the measurement 
(Receiver) first sends on the RF link a request. The 
transmitted node sends the start listen packet and as soon as 
it gets the acknowledgement from the receiver emits the 
sound pulse.  

Distance is obtained multiplying the time-of-flight 
𝑐𝑐1 − 𝑐𝑐0 + ∆𝑐𝑐 

of the acoustic signal by the speed of sound v=343 m/s. 

The distance between two WiseNodes is calculated simply as: 

𝑑𝑑 = 𝑣𝑣 × 𝑐𝑐 

 
Figure 1: Synchronization protocol between two WiseNodes. 

The transmitted signal is a sinusoidal wave with a frequency 
of 20 kHz and with a very short duration (<1 ms). Signal 
detection at the receiver is based on the matched filter 
technique. 

To test the accuracy of our system, we have placed two 
WiseNodes in one of CSEM laboratories in a normal ambient 
noise environment. The distance between the nodes was 
varied from 5 cm to 5 m. 100 measurements were taken at 
each distance. Figure 2 presents the results, showing that all 
distance measurements lay within the error margin of ±10 cm. 

 
Figure 2: Ranging accuracy testing. 

The maximum distance limits the operations within a room. 
Acoustic ranging is thus a good complement of RSSI based 
techniques that can cover entire buildings. It adds a degree of 
robustness and permits a more precise localization. 

[1] M. Harris, "The way through the flames", Spectrum, IEEE, 50 
(2013) 30 
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Human Obstacle Independent Proximity Detection using Classification Techniques 
A. S. Chekili, A. Restrepo Zea, C. Hennemann, B. Perrin, J.-D. Decotignie 
Proximity detection entails identifying with a high degree of probability the presence of a given person or object next to some reference location. It 
can be achieved by comparing the positions of the objects. Here we present a technique that is at the same time independent from any location 
system, is low-power and operates indoors. The experiments show that the technique is robust to the presence of obstacles. 

Detecting the proximity between a person and a given location 
is at the heart of many applications. This can be the case in a 
restaurant, where clients would get the menu of the closest 
buffet displayed on their smartphones or tablets. Also it can be 
applied for security reasons, in a chemical plant for example, 
where workers receive an alert if they exceed the time allowed 
to stay near dangerous chemical products.  

Proximity information can be inferred from the position of the 
parties. However this requires a global positioning system that 
is able to operate in-door. It is also possible to use the 
distance between the parties (ranging techniques) based on 
the time of flight (ToF) or the received signal strength (RSS) of 
the signal. 

The choice of the proximity sensing technique depends on the 
required accuracy and system complexity. Many typical low 
power communication technologies, such as Bluetooth low 
energy (BLE) and radio frequency identification (RFID) have 
problems maintaining stable signal coverage and they are 
vulnerable to the presence of human bodies and metal objects 
nearby, as they can modify significantly the signal propagation 
patterns. This report presents the performances of a proximity 
detection system using machine learning techniques, and 
based on magnetic induction. Magnetic induction technologies 
have the advantage of being robust against shadowing and 
multipath in indoor environments, but they suffer from shorter 
transmitting range compared to RF technologies.  

Rather than yielding a distance between the objects, the 
system classifies the distance as near, "in between" and far. 
The system is composed of a fixed transmitting and mobile 
receiving resonant circuits operating at 125 KHz. The 
transmitter holds three orthogonal coils that generate 
magnetic field lines in all directions in space. To avoid that the 
magnetic fields issued from different coils cancel each other, a 
de-multiplexer controlled by a microcontroller switches 
between the coils, allowing only a single coil transmitting at a 
given time. The receiver processor measures the received 
magnetic signal strength and makes the proximity decision. 
This is based on the mean and average values of 
15 amplitude measurements from the coil yielding maximum 
power. These values constitute the feature vector of the 
classification method. The chosen classifier is a 3-way support 
vector machine (SVM), where the target classes are white 
(near), grey (in between) and black (far) zones. The 3-way 
SVM based classifier is obtained by combining two binary 
classifiers representing the white/grey boundary and the 
black/grey boundary (Figure 1). The system range is 
approximately 2.2 m. 

To verify the robustness of the proximity detection, a total of 
2100 feature vectors were acquired. Each one is calculated 
repeating 100 times the average and maximum values of 
15 measured amplitudes every 10 cm. Measurement were 

performed from 10 to 210 cm. Half of these points were used 
to train the SVM-based classifier and the other half to test it.  

 
Figure 1: Detection zones. 

In the test, the "near" zone corresponds to a distance smaller 
than 1 m from the transmitter, the "in-between" zone ranges 
from 1 to 1.2 m and the "far" zone is beyond 1.2 m. 

 
Figure 2: Scatter diagram of the measured feature vectors. 

The distribution of these measurements is plotted in Figure 2. 
It shows that the grey zone is separable neither from the "far" 
nor the "near" one. In fact, the grey zone points overlap with 
the ones from "far" and "near" zones and so errors in 
classification are inevitable. However, the "far" zone points are 
linearly separable from the "near" ones and there should not 
be any misclassification between these two zones. 8% of the 
test points were misclassified but the important point is that 
none of the points in the "near" zone was misclassified into 
the "far" one or vice versa. Proximity detection thus achieved 
less than 20 cm uncertainty. 

This solution is robust against non-magnetic obstacles thus 
human bodies hardly affect the received signal strength and 
the classification. It offers a robust alternative to systems like 
Apple iBeacon. The grey zone may be adjusted according to 
the application. Energy consumption on the mobile is kept to a 
minimum as the magnetic signal is used to wake-up the 
processor thus avoiding any waste. 

This proximity detector may be combined with in-door 
positioning to improve the overall robustness of the solution. 
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Wireless Aircraft Tire Pressure Sensing  
C. Hennemann, L. von Allmen, P. Dallemagne, J.-D. Decotignie, C. Henzelin 
The wireless aircraft tire pressure sensing (WAITIPS) is a wireless tire pressure sensing system for future aircraft landing gear, allowing for 
wheel-mounted pressure sensors to transmit measurements over a few meters to a processing unit, located in the aircraft landing gear bay. The 
main technical challenges addressed in this project are driven by the complex, metallic and harsh environment and by the need of a small-footprint, 
light-weight and self-powered sensor module. 

The building blocks for enabling wireless aircraft tire pressure 
sensing have been developed and integrated in a wireless 
aircraft tire pressure sensing system demonstrator which has 
been successfully validated – in terms of sensing performance, 
wireless communication and resistance to environment – in 
laboratory and relevant environments. 

WAITIPS is the sensing sub-system of the tire pressure 
monitoring system (TPMS). It is able to sense, transmit and 
receive measurements and manage its power and health. The 
WAITIPS sub-system is made of a sensor, called the wireless 
tire pressure module (WTPM), which is attached on each 
wheel rim of the landing gear, and one transceiver, called the 
landing gear transceiver module (LGTM), for each landing 
gear that communicates wirelessly with the WTPMs. The 
LGTMs are wired to the core of the TPMS system, which is 
the tire pressure module unit (TPMU). 

 
Figure 1: Top level architecture. 

The resulting system meets the technical specifications listed 
below. The wireless communication links operate in the ISM 
frequency band (2400-2485 MHz). The typical distance 
between a LGTM and a WTPM is 5 m. The information 
exchanged between a LGTM and WTPM comprises 
temperatures (sensor and electronics), Built-In-Test and 
battery status. The typical sampling rate for one landing gear 
(i.e. 2 to 6 WTPMs) is once every few seconds. The 
communication protocols developed for the project meet the 
need to operate for long period (years) without battery change. 

 

The WTPM is a miniature, battery powered, wireless module 
equipped with an antenna and including a sensing element 
(for pressure and temperature), signal conditioning and 
communication electronics, a processor and a battery (high 
energy density and wide operating temperature range). The 
WTPM is packaged in a specific way which allows mounting 

on the wheel. The housing protects the electronics and battery 
against environment (chemical) and overheating while still 
allowing wireless transmission from the antenna. 

       
Figure 2: WTPM demonstrator. 

The LGTM consists of a radio frequency communication 
controller located in a landing gear bay. The LGTM manages 
both the wireless communication with the WTPMs and 
interface with the TPMU.  

A comprehensive laboratory test campaign was performed to 
validate the capability of the WTPM to operate in the harsh 
environment encountered by a landing gear. A summary of 
the test results is provided below. 

 
Static and dynamic tests were performed on a full-scale 
aircraft landing gear test rig for the validation of the wireless 
communication in a representative metallic environment. 
Several configurations of sensor/transceiver locations were 
successfully tested, including in the presence of WiFi 
networks (interference). Finally, a wireless system 
demonstrator was installed on an aircraft wheel in a full-scale 
dynamometer test together with a standard wired tire pressure 
module (TPM) for validation purposes.  

 
Figure 3: Dynamometer test setup and schematic. 

The TPM was exposed to several stop sequences under 
severe conditions. For each sequence, the main stop was 
followed by a taxi phase and taxi stop. The wireless 
communication link operated properly for various tested LGTM 
locations, delivering an accurate tire pressure measurement in 
good agreement with the pressure measured by the standard 
wired TPM (reference). The above-mentioned challenges 
have been addressed by CSEM in CTI project 3439.1 
PFFLR-NM in collaboration with Meggitt SA. 
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Liquid Metal-based Bracelet Antenna for Wearable Electronics 
A. Vorobyov, C. Hennemann, P. Dallemagne, J.-D. Decotignie 
One of the most important and basic parts of any wireless communication system is the antenna. CSEM has developed a concept for a flexible 
antenna based on liquid metal which is well suited to a number of applications, such as fabric, elastic bracelets, patches, etc. 

Wearable electronics technology is becoming increasingly 
important for the realization of unobtrusive wearable devices. 
Such devices may be used to gather information concerning 
user health and wellness (e.g. body sensor devices) and to 
wirelessly exchange this information with other portable or 
stationary devices in support of services (e.g. health 
monitoring, sports, assisted living). Often, flexible, stretchable 
or polymorph structures are required to implement wearable 
solutions; necessitating the use of a likewise flexible antennas 
capable of satisfying the same mechanical constraints.  

Our approach to the design and prototyping of such flexible 
antennas is based on liquid metal (LM) [1]. LM antennas are 
radiating structures which use fluidic metal alloys that are 
injected into microfluidic channels built into flexible polymers. 
This type of antenna lends itself to close co-design and 
co-integration with the wearable sensor devices embedded in 
flexible resin based materials. In addition to wearables, this 
technique has potential applications in, for example, the 
domains of packaging and sealing.  

A flexible and stretchable loop antenna using 1.5 mm 
diameter silicon tubing and LM has been prototyped (Figure 1). 
After LM injection into the tubing, the tubing ends were sealed 
by attaching conductive pins. A miniature u.FL connector was 
fitted to the pins for RF performance testing (in a working 
solution, the antenna could be directly connected to the 
device). The flexible physical properties of the polymer enable 
the prototype LM loop antenna to achieve excellent 
performance in terms of stretching and elasticity. Figure 2 
shows that the antenna placed on a phantom hand wrist can 
be easily and widely stretched; stretchability of approximately 
150% was demonstrated during the manipulation. 

          
Figure 1: Elastic LM-based antenna bracelet. 

       
Figure 2: a) Tight to wrist; b) Stretched 150% (wrist). 

The LM antenna has been tuned to operate together with 
CSEMs wireless sensor at 868 MHz (Figure 3). 

 
Figure 3: Bracelet integrated LM based elastic antenna and 
WiseNode, operated at 868 MHz. 

The antenna S-parameter measurements presented in 
Figure 4 (top), demonstrated good antenna impedance 
matching at desired frequency. The proposed antenna can be 
easily tuned to the 2.4 GHz ISM band, used by Bluetooth and 
Wi-Fi. The prototype LM antenna also provides almost 
omnidirectional radiation (Figure 4, bottom), which is an 
advantage for miniature wearable communication devices. 
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Figure 4: Bracelet LM based antenna measured performance. 
(top) Antenna S-parameter; (bottom) Radiation pattern. 

The LM based antenna concept can be used in many kinds of 
applications where mechanical stress is high. For example, 
bending, twisting, stretching, washing, freezing is possible due 
to the encapsulation inside a flexible material. Wearable 
wireless devices for sports or health monitoring and smart 
clothes are such possible applications. 

[1]  A. Vorobyov, J. R. Farserotu, P. Dallemagne, “Flexible and 
stretchable antennas”, CSEM Scientific and Technical Report 
(2013), 106 
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In-package Non-invasive Detection of Milk Degradation using RF Sensing 
A. Vorobyov, C. Hennemann, J.-D. Decotignie 
Radio frequency-(RF) based sensing can be used for monitoring the properties of food and other elements subject to bacteria contamination. In this 
experiment, RF sensing is used to measure the spoilage of milk. 

RF sensing allows for the remote and non-invasive 
measurement of a phenomenon by observing its impact on 
the signal characteristics, such as a shift of the characteristic 
resonant frequency. In this experiment, the coagulation of milk 
was measured via RF sensing techniques using loop 
antennas and a network analyzer. Testing was performed 
using a non-invasive setup (remote sensing). 

As recently reported in the literature [1], it is possible to detect 
milk spoilage and subsequent coagulation using RF 
techniques. The milk spoilage rate is related to changes in the 
dielectric properties of milk during storage. A change in the 
dielectric constant leads to a shift of the characteristic 
resonant frequency, which provides an indication of spoilage. 
Previous experiments have shown that a non-invasive sensing 
technique based on RFID technology, also using the resonant 
circuit principle, can be used to test the milk for spoilage 
through the wall of the milk carton. 

In order to assess and verify the approach, an experiment was 
performed. In this experiment, we replaced the RFID tag by a 
resonant inductance-capacitance (LC) circuit. Figure 1 
illustrates the experimental setup used to test the milk: the LC 
circuit is placed on the wall of the milk carton. A network 
analyzer was used to monitor the resonant frequency of the 
LC circuit, which was excited by an RF signal generated and 
then received by antennas located on both sides of the box in 
which the milk carton was sitting. 

   
Figure 1: Test setup to monitor milk spoilage. 

Coagulation occurred about 20 to 24 hours after the beginning 
of the test. In order to accelerate the spoilage process, the 
milk was heated. Figure 2 presents the results of 
measurements of the frequency shift over time, as the milk 
went bad. The results show that the shift of the resonant 
frequency is nearly linear except for one step, which may be 
due to the heating of the milk during the experiment. 
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Figure 2: Measurements results. 

We have successfully verified the relevant use of dielectric 
properties as an indication of the milk spoilage. This paves the 
way to many applications of RF sensing principles in the field 
of food quality assessment and biological monitoring, In the 
future, magneto-elastic sensors developed at CSEM will be 
characterized and tested in the context of remote RF sensing 
for bacteria detection and estimation of their concentration [2,3]. 

[1]  R. A. Potyrailo, N. Nagraj, Z. Tang, F. J. Mondello, C. Surman, 
W. Morris, "Battery-free radio frequency identification (RFID) 
sensors for food quality and safety", J Agric Food Chem., (2012)  

[2]  R. Guntupalli, J. Hu, R. S. Lakshmanan, T. S. Huang, 
J. M. Barbaree, B. A. Chin, "A magnetoelastic resonance 
biosensor immobilized with polyclonal antibody for the detection 
of Salmonella typhimurium", Biosensors and Bioelectronics, 22 
(2007) 1474 

[3]  Q. Lu, H. Lin, S. Ge, S. Luo, Q. Cai, C. A. Grimes, "A wireless, 
remote-query and high sensitivity escherichia coli O157: H7 
biosensor based on the recognition action of Con A", Anal 
Chem., (2009) 
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WiseSkin for Tactile Prosthetics 
J. R. Farserotu, C. Antfolk, J.-D. Decotignie, C. Rojas Quiros, V. Kopta 
Today, the use of myoelectric prostheses (e.g. hand) remains limited due, in part, to a lack of sensory feedback to the user. A first step to providing 
sensory feedback is having adequate sensors in the prosthesis. WiseSkin targets artificial skin embedding ultra-low power wireless sensor nodes 

Amputation of a hand or limb is a catastrophic event resulting 
in significant disability with major consequences for amputees 
in their daily activities and quality of life. Although functional 
myoelectric prostheses are available today (e.g. hand), their 
use remains limited due, in part, to a lack of sensory function. 
As the world’s population grows and ages, the number of 
people living with disabilities, including lost limbs due to 
trauma, diabetes or cancer is increasing. A sense of tactility is 
needed to provide feedback for control of prosthetic limbs and 
to perceive the prosthesis as a real part of the body; a sense 
of “body ownership”. Today, there is no solution for restoration 
of a natural sense of touch for persons using prosthetic limbs. 

WiseSkin aims to provide a solution for the restoration of a 
natural sensation of touch. The concept is illustrated by 
Figure 1. The focus is on non-invasive (external actuation) 
feedback mechanisms relying on the phantom limb effect and 
tactile feedback (Figure 2). Tactility sensors are embedded 
into the cosmetic silicone coating of prostheses, which acts 
like a sensory “skin” providing the sensation of touch, enabling 
improved gripping, manipulation of objects and mobility 
(walking) for amputees. The "skin" is integrated with a sensory 
feedback system. The main elements of the project are the: 

• Flexible, skin-like, material embedded with tactility sensors 

• Miniature, soft-MEMS sensors (e.g. pressure, shear) 

• ULP, event driven wireless communication (radio, protocol) 
between the sensors and processing / control module 

• Conformal, stretchable powering system based on a 
metallic layers (e.g. gold, liquid metal) 

• Use of the metallization layers as a waveguide 

• Non-invasive sensory feedback based on a tactile display 
(i.e., on the amputation stump) via miniature actuators 

• Demonstrator (i.e., tested on volunteers) with brain 
imaging to study neural mechanisms of tactile perception 

 
Figure 1: Transducing artificial skin outputs into tactile signals applied 
onto the phantom map of amputees for a natural sense of touch. 

 
Figure 2: Phantom mapping (left), tactile display and feedback (right). 

Towards the goal of restoring a natural sense of touch to 
users of prosthetic limbs, the project provides innovations in: 

Wireless: scalable routing, adaptable MAC, robust, event 
driven and solutions for high density WSN (HD-WSN); 

Sensors: miniature, soft-MEMS sensors (e.g. pressure, shear); 

Smart material / artificial skin: stretchable power distribution 
and signal transmission layers, electro-mechanical integration; 

Human electronic interface (HEI): study and test of a non-
invasive HEI on volunteers, multi-sensory perception, MRI 
brain imaging analysis (somatatopy); 

System: stretchable smart material / skin with embedded 
sensors, able to cover large areas, for tactile prosthetics. 

  
Figure 3: Miniature, tactile sensors, communication and processing. 

 
Figure 4: Stretchable power distribution and signal transmission 
layers. 

WiseSkin pushes the forefront of technology in miniature, ULP 
sensor and communication devices, materials and sensory 
feedback systems. It enables new prosthetic products with 
enhanced functionality, offering improved quality of life for 
amputees. It also opens the door for new solutions based on 
smart materials such as smart gloves, patches and artificial 
skin for tactile robots able to work and interact more safely 
along-side people (e.g. in factories, homes, assisted living), as 
well as, haptic interfaces for medical (e.g. tactile catheter, 
tactile endoscope) and commercial (e.g. gaming) applications. 
The partners are CSEM, EPFL and BFH. This work is partly 
funded by Nano-Tera and CSEM thanks them for their support. 
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Ultra-wide Band based Real-time Communication System for Spacecrafts 
P. Dallemagne, D. Piguet, J.-D. Decotignie, Y. Brunet, D. Barras 
CSEM developed a wireless communication system for spacecrafts based on recent extensions to IEEE802.15.4; enabling robust and timely 
wireless communication, between sensors, controllers and actuators both inside and between nearby spacecafts. 

Satellites and spacecrafts are currently relying on dedicated 
wired communication for the ground tests as well as in-flight 
control applications, for which the rising cabling weight and 
complexity due to the ever-increasing number of sensors is 
becoming unmanageable. However, most current wireless 
standards do not meet the spacecraft constraints in terms of 
timeliness, sampling synchronization, energy consumption 
and throughput.  

IEEE 802.15.4 [ 1 ] is one of the most well-known wireless 
sensor network standards. It has been recently extended with 
time slotted extensions to support real-time process 
communications (IEEE 802.15.4e [ 2 ]). Three new medium 
access control (MAC) protocols are introduced: LLDN (low 
latency determinist networks) for factory automation; TSCH 
(time-slotted channel hopping) for process automation 
(wireless HART, ISA 100.11a and WIA-PA) and DSME 
(deterministic and synchronous multichannel extension) for 
general industrial application requiring robustness. 

Examining the requirements, such as the support of hundreds 
of nodes and the timeliness in the order of ms or less, leads to 
a few interesting observations and conclusions: a star 
topology covers all the needs; a TDMA MAC with beacon and 
fixed size slots seems a logical choice; there should be some 
flexibility in the slot assignment to cater for variable needs; it is 
possible to cover all three use cases with the same solution. 

Satellites are made of different metallic cavities that create 
strong wave reflections resulting in multipath signal fading. 
IEEE 802.15.4a [ 3 ] IR-UWB physical layer is a potential 
solution for replacing wires in such environment. Its MAC 
companion, IEEE 802.15.4-2006, was also an option but the 
new IEEE 802.15.4e proved to be better suited.  

IEEE 802.15.4a does not eliminate transmission errors 
resulting from fading. It is thus important to find an efficient 
scheme to counter such errors. IEEE 802.15.4e principles do 
not allow for forward error correction. The most logical venue 
is to use retransmissions. Two possible schemes to recover 
from transmission errors have been evaluated: systematic 
repetition (babbling) and adaptive retransmission. The first 
option is typical of TSCH while the latter is used by LLDN. A 
comparison was performed on considering two conventional 
metrics: the residual error rate and the latency (i.e., for the 
same bandwidth). In either case, scarce bandwidth resources 
appear to be the limiting factor. An analysis of the 
IEEE 802.14.5e options shows that DSME is always inferior to 
LLDN or TSCH. 
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Figure 1: Beacon and slot organization with a sleeping period. 

LLDN and TSCH are identical in terms of their main 
organization: the exchanges are organized in successive 
rounds or beacon intervals, starting with a beacon slot 
followed by N slots for data transfers (Figure 1). Some slots 
may be left unused at the end of the beacon interval. The data 
transfer period (superframe) is a number M times the beacon 
interval. Therefore, the first beacon period (TROUND) is used 
for the transmission of new samples while the following 
beacon periods may be used for retransmissions (Figure 2). 
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Figure 2 Principle of transfer organization of the retry schemes. 

CSEM selected the Decawave DW1000 ultra-wide band RF 
component as the basis of the experimental UWB 
communication system to be used for validating the 
above-described approach. Combined with an ST STM32 
controller and an optional Ethernet interface, it offers a flexible 
UWB platform allowing for the implementation of a real-time, 
scalable and high performance wireless communication 
system that meets the requirements of the different target 
space applications. 

IEEE 802.15.4e TDMA extensions together with the IEEE 
802.15.4a IR-UWB physical layer are good candidates as a 
replacement for wired intra and inter spacecraft 
communication. Several other factors have to be considered 
in designing a communication system. Energy management, 
redundancy and clock synchronization are among these. This 
work represents the first step in the development of a wireless 
communication system for satellite based on IR-UWB. In a 
next step, experiments will be conducted using the IR-UWB 
platform in a real satellite set-up, such as the VEX or MARS 
mock-ups in ESA-ESTEC Noordwijk and Airbus Defense & 
Space in Toulouse premises for the evaluation of the UWB 
communication system. 

[1]  IEEE Std 802.15.4-2011 (Revision of IEEE Std 802.15.4-2006). 
IEEE Standard for Local and metropolitan area networks – Part 
15.4: Low-Rate Wireless Personal Area Networks (LR-WPANs) 

[2]  IEEE Std 802.15.4e-2012, IEEE Standard for Local and 
metropolitan area networks – Part 15.4: Low-Rate Wireless 
Personal Area Networks (LR-WPANs) Amendment 1: MAC 
sublayer (Amendment to IEEE Std 802.15.4-2011), (2012) 

[3]  IEEE Std 802.15.4a™-2007, Part 15.4: Wireless Medium Access 
Control (MAC) and Physical Layer (PHY) Specifications for Low-
Rate Wireless Personal Area Networks (WPANs). Amendment 1: 
Add Alternate PHYs 
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Localization and Person Condition Monitoring on Board Cruise Ships for Safe 
Evacuation 
C. Kassapoglou-Faist, Y. Brunet , P. Dallemagne 
Ultra-low power wireless sensor network technologies are used to realize an unobtrusive system that achieves real-time localization and person 
condition monitoring on-board large vessels during evacuation and emergency drills. It enhances safety through efficient decision support and 
emergency management. Key cruise industry actors and maritime safety product manufacturers are part of the consortium. 

As the capacity of modern cruise ships has reached a few 
thousand passengers, emergency mustering and evacuation 
procedures have grown in complexity. The aftermath of recent 
tragic accidents emphasizes the need to locate all persons on-
board during ship evacuation. In order to enhance safety 
through efficient decision support and emergency 
management, the EU project Lynceus (FP7, support for SME 
and SME associations) [1] proposes the use of ultra-low power 
(ULP) wireless sensor network technologies for unobtrusive, 
real-time localization and tracking of people on-board and 
overboard. The system has been designed to meet 
requirements for high reliability, robustness, scalability and 
user acceptance, while being low-cost and low-maintenance. 
Power-greedy solutions such as GPS assistance were 
excluded. CSEM is a key contributor to the on-board 
localization and sensing system. 

Lynceus embeds low-cost, battery-powered, radio-frequency 
devices in wearable (life jackets, bracelets) and infrastructure 
items (smoke detectors), as shown in Figure 1. These devices 
are equipped with sensor elements and use ULP, short range 
wireless communication in order to transmit information 
concerning their relative location, as well as sensor 
measurements for monitoring of motion and health status of 
each person during an emergency situation. This information 
is collected at a control center and made available to the ship 
master over a convenient and user-friendly graphic interface 
(deck maps). 

 
Figure 1: Lynceus devices. 

Life jackets, which are systematically worn in case of 
emergency, are used for localization and motion assessment. 
Wrist bracelets are mainly worn by children, persons with 
special needs and by assistance teams during a mission 
on-board. They are used for both localization and person 
condition monitoring and are equipped with both motion and 
vital signs sensors. Smoke detectors act as wireless gateways 
that relay the information collected by the mobile wireless 
nodes to the control center, over the fire detection network 
backbone. They are also used as references (anchors) in the 
localization process. A schematic representation of Lynceus 
nodes deployed on-board a vessel is shown in Figure 2. In 
case of failure of the backbone link (in whole or in part), the 
gateways can organize themselves into a multi-hop, wireless 

backup network in order to relay a reduced amount of 
essential information from the mobile nodes to the control 
center. 

 
Figure 2: Lynceus node deployment. 

Lynceus uses a modular hardware design to fulfil the 
requirements of all types of Lynceus nodes. It capitalizes on 
ULP hardware based on the CSEM icyCOM system-on-chip 
(SoC) that combines one of the industry’s lowest power 
wireless transceiver operating at 868/915 MHz with on-chip 
power management and an ULP 16/32-bit microprocessor 
(icyflex1) including DSP features. The icyCOM SoC consumes 
as low as 1 uA on standby (at 1 V power supply). 

Power consumption is further reduced through the use of the 
WiseMAC medium access protocol and communication stack, 
which is especially designed for wireless sensor networks and 
performs exceptionally well in low traffic conditions. In order to 
achieve scalability and to cope with high mobile node 
densities, the synergy between low-power, preamble-sampling 
WiseMAC on the mobile node side with a high-availability 
protocol on the fixed, smoke detector side is being studied.  

The localization technique is based on the received signal 
strength indicator (RSSI) and a proximity detection algorithm. 
This method is simple and comes for free with wireless 
communication since no specific hardware is required. 
Although the accuracy of the RSSI based solution is modest 
(a few meters indoors), it is sufficient to provide the rescue 
team with the information needed to perform effective and 
efficient search and rescue operations. 

Early propagation measurements at 868 MHz and 2.4 GHz 
and wireless network experimentation carried at various 
locations on a LOUIS cruise ship confirmed the feasibility of 
the Lynceus approach. A small scale demonstration of 
on-board localization has been achieved and captured in a 
Euronews Futuris documentary [2]. 

[1]  www.lynceus-project.eu/ 
[2]  www.euronews.com/2014/05/05/don-t-panic/ 
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Conductive Transparent Surfaces for Planar Antennas 
A. Vorobyov, S. Nicolay, C. Hennemann, P. Dallemagne, J.-D. Decotignie 
Transparent and conductive electrode surfaces could be used as an antenna element or even antenna array to meet esthetic or functional 
requirements. Printed on a PV cell, antennas can be used for RF transmission and reception, as well as energy harvesting from RF waves. 

Conductive transparent surfaces may be used to realize 
planar antennas for applications requiring transparency for 
esthetic or functional purposes. In order to assess the 
potential of such solutions, CSEM prototyped and 
characterized transparent antennas on both glass and plastic 
substrates; demonstrating good performance in the targeted 
2.45 GHz frequency band. The result of the deposition 
process used to create the active surface of the antenna is 
durable and resistant to mechanical force and scratching. 

There are currently several materials which may be used to 
create transparent antennas, such as, spray-on conductive 
substances and metallic conductive films. However, most of 
these materials do not offer the desired degree of optical 
transparency. One possible solution is the use of zinc oxide 
(ZnO) based films, which provide a good compromise 
between optical transparency and electrical conductivity.  

Transparent conducting oxide coating (TCO) may be applied 
to various transparent material surfaces including plastics. 
This enables transparent (physically or electromagnetically) 
surfaces to be transformed into an antenna. The approach 
offers potential advantages and added flexibility with respect 
to the co-integration of antennas with systems. 

The proposed transparent antenna technology could be used 
in many different applications operating in various frequency 
bands (FM, GPS, GSM, Wi-Fi): 

• Car industry (communication systems, energy harvesting 
system) 

• Aerospace industry (antenna printed on available glass or 
plastic surfaces, antenna printed on a satellite solar cell 
surfaces) 

• Land communication (antenna applied on building 
windows or on PV cells) 

Several transparent antenna prototypes were produced using 
the CSEM facilities for design, coating, deposition and testing. 

 
Figure 1: Clusterline 200 II machine from Oerlikon at CSEM 
PV-center. 

TCO was deposited via RF magnetron sputtering in a 
Clusterline 200 II machine from Oerlikon (Figure 1). The 
CSEM PV-center uses a very specific combination of TCO 

(ZnO) and metal interlayers in order to achieve state of the art 
transparency in the visible spectrum, associated with very 
high conductivity. All layers were deposited at 60°C, 
compatible with use on flexible substrates (for example thin 
plastic layers). Typically, the TCO films developed at CSEM 
had the following properties: transparency on glass above 85% 
in the visible spectrum and sheet resistance between 4 and 
6 Ω/ cm2. Examples of the prototype antennas on a thin 
flexible plastic foil and glass substrates are presented in 
Figure 2. 

 

 

Figure 2: Prototyped transparent antennas on different substrates: 
plastic foil substrate (a) and glass substrate (b). 

One of the technical challenges with respect to transparent 
antennas is the antenna excitation itself. Indeed, the type of 
soldering used in electronics can damage the TCO surface, 
which would degrade the antenna structure. There are two 
main options to attach an SMA connector to such an antenna: 
(1) use of conductive glue, plastic with conductive additives or 
silver based epoxy, or (2) direct contact with a mechanical 
fixation (spring contact). However, direct antenna feeding is 
not an issue for reflective antenna arrays (Figure 4), which 
can be a great trade-off between complexity and performance. 

Transparent antenna array

External Tx/Rx 
antenna

 
Figure 4: Transparent antenna array concept drawing. 

Such transparent antenna designs combine the different 
expertise of CSEM, to provide a unique set of mechanical, 
visual and electro-magnetic properties. The transparent 
antennas can be implemented on top of complex substrates 
such as solar cell or other functionalized surfaces; enabling 
the integration of transparent antenna elements or antenna 
arrays onto future energy harvesting systems. 
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Overview of CSEM Antenna Characterization Facilities: Free Space Applications, 
Wearable Electronics and Implantable Solutions 
A. Vorobyov, C. Hennemann, P. Dallemagne, J.-D. Decotignie 
All wireless devices or communication systems require characterization. Radiation performance is a key, and may involve radiation pattern 
measurements, communication channel characterization and evaluation of the link budget. CSEM has the know-how and facilities needed to 
characterize wireless devices under different scenarios, assuming free space propagation, or specifically for wearable or implantable devices.

All wireless devices have an antenna for transmitting or 
receiving RF signals. The complexity of the antenna depends 
on the device design, the application and the operating 
environment. Antennas must therefore be characterized 
together with the device in an environment representing as 
closely as possible the context in which it will be used. Design 
and performance optimization of wireless devices are 
challenging and time consuming tasks. Having tools that allow 
characterization in a controlled and adjustable environment, 
as representative as possible of the real operating 
environment, greatly helps. Various facilities are available at 
CSEM; including, an anechoic chamber for antenna 
measurement, phantoms to make a mock up the human body 
in the case of wearable and implanted devices, as well as 
outdoor flying platforms. 

 
Figure 1: Antenna characterization in the CSEM anechoic chamber. 

As an example, Figure 1 illustrates a controlled antenna 
radiation performance measurement and characterization 
being performed in the anechoic chamber at CSEM (in this 
case, of an implantable device). Generally, there are three 
major elements in an anechoic chamber setup: a rotatable 
tripod-mount for the antenna under test; a tripod-mount with a 
reference antenna and a vector network analyzer (VNA) or 
spectrum analyzer connected to a personal computer for 
control, data collection and processing. The CSEM antenna 
measurement capabilities cover the 300 MHz to 500 GHz 
range. 

      
Figure 2: Implantable antennas inserted into the artificial materials 
mimicking human tissue (a) and synthetic adult skin sample (b). 

Implantable sensors and wearable devices are increasingly 
used in health monitoring and treatment. Characterization of 
these devices requires special tools like artificial tissue, liquids 
mimicking the electromagnetic (EM) properties of the body or 

even human body phantoms. An example of artificial 
tissue / human skin is depicted in Figure 2. 

            
Figure 3: Antenna under test on the CSEM human body phantom (a) 
and wireless module fixed in the artificial human hand (b). 

For some wearable wireless devices, characterization of a 
realistic human body, or body parts, is necessary. For 
instance a real head shape with anatomically correct scull 
may be required for the purposes of precise characterization 
of the radiation pattern of cochlear implant (Figure 3). 

Controlled outdoor measurements are also often required. For 
instance, the characterization of an in-situ localization system 
is depicted in Figure 4. The system includes a balloon 
(carrying a transmitter) attached to a remote controlled boat 
and a boat that hosts the system under test and the 
measurement equipment. The test setup enables 
measurement of the losses over long distances, while taking 
into account the effect of water surfaces on propagation, for 
the purposes of evaluating the link budget. The transmitter (Tx) 
is remotely setup to test various parameters. The receiver (Rx) 
is on the boat. 

 
Figure 4: Measurement setup. balloon with Tx 250 m from the shore. 
Rx on the boat at distance “r”, attached to life jacket in the water. 

The antenna characterization and propagation test facilities at 
CSEM, together with our related expertise in test and 
measurement, have proven their usefulness in multiple 
projects and are available to external users. 
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HOPV14, Lausanne (CH), May 2014 

C. Martin-Olmos, M. Favre, F. Loizeau, A. Meister,  
N. De Rooij, H. Heinzelmann, M. Liley, 
''Parallel force spectroscopy on patterned cells'', NMC 2014, 
Madrid (ES), 30-2 May 2014 

C. Martin-Olmos, ''2D AFM spectroscopy for cell stiffness 
measurements'', MNE 2014, Lausanne (CH),  
22-26 September 2014 

J. Mayer, T. Offermans, B. Gallinet, I. Zhurminski,  
M. Chrapa, R. Ferrini, ''Application of nanoscale diffraction 
gratings for light-management in OPVs'', International 
summer school on organic photovoltaics 2014,  
Strasbourg (FR), 4 September 2014 

M. Morgan, ''Low-power DSP accelerator embedded in a 
heterogeneous many-core architecture'', FlexTiles: Self-
Adaptive Heterogeneous Many-Core Technology Based on 
Flexible Tiles (AHS), Leicester (UK), July 2014 

M. Morgan, ''Low-Power DSP Accelerator Embedded in a 
Heterogeneous Many-Core Architecture'', FlexTiles: Self-
Adaptive Heterogeneous Many-Core Technology Based on 
Flexible Tiles (FPL), Munich (DE), September 2014 

D. Müller, C. Hofer, S. Cattaneo, S. Follonier, M. Spallek,  
J. Doll, R. Welz, L. Calzolai, ''Miniaturized cartridge for 
asymmetrical flow field-flow fractionation'', Nanosafety 2013, 
Saarbrücken (DE), 20-22 November 2013 

D. Müller, C. Hofer, S. Cattaneo, S. Follonier, M. Spallek,  
J. Doll, R. Welz, L. Calzolai, A. deMello,  
''Miniaturized cartridge for asymmetrical flow field-flow 
fractionation for SMART-NANO'', Swiss Nano Convention 
2014, Brugg AG (CH), 21-22 May 2014 

D. Müller, S. Cattaneo, S. Follonier, F. Meier, R. Welz,  
T. de Vries, C. Luigi, A. deMello, ''Miniaturized asymmetrical 
flow field-flow fractionation cartridge and its application to 
the analysis of sunscreen samples'', International FFF 
Symposium, Salt Lake City (US), 12-16 October 2014 

D. Müller, E. Györvary, ''Schweizer Nachwuchsforschung in 
einem internationalen Umfeld – heute und morgen'', 
EURESEARCH: Es ist unsere Zukunft - Jetzt reden wir, 
Bern (CH), 2 October 2014 

D. Müller, S. Cattaneo, S. Follonier, F. Meier, R. Welz,  
T. de Vries, C. Luigi, A. deMello, ''Analysis of nanoparticle-
containing sunscreens with a miniaturized Asymmetrical 
flow field-flow Fractionation cartridge'', Graubünden forscht, 
Davos GR (CH), 10-11 September 2014 

D. Müller, S. Cattaneo, S. Follonier, F. Meier, R. Welz,  
T. de Vries, C. Luigi, A. deMello, ''Analysis of nanoparticle-
containing sunscreens with a miniaturized Asymmetrical 
flow field-flow Fractionation cartridge'', 30th International 
Symposium on Chromatography, Salzburg (AT),  
14-18 September 2014 

P. Papet, L. Andreetta, G. Wahli, J. Meixenberger, 
B. Legradic, W. Frammelsberger, D. Bätzner, D. Lachenal, 
B. Strahm, Y. Yao, T. Söderström, J. Ufheil, A. Waltinger, 
J. Zhao, S. Kitada, K. Honda, F. Zicarelli Fernández, 
A. Faes, N. Badel, J. Levrat, M. Despeisse, E. Vetter, 
''Silver usage reduction for monofacial and bifacial 
heterojunction solar cells'', 5th Workshop on Metallization of 
Crystalline Silicon Solar Cells, Konstanz (DE), October 2014 

C. Piguet, D. Séverac, M. Pons, ''IcySoC: Inexact sub- and 
near-threshold systems for ultra-low power devices'', 13th 
Edition of IEEE Faible Tension Faible Consommation, 
Monaco (MC), 4-6 May 2014 

C. Piguet, C. C. Enz, L. Benini, A. Burg, T. Lentsch,  
F. Gurkaynak, D. Séverac, M. Pons, ''IcySoC: Inexact sub- 
and near-threshold systems for ultra-low-power devices'', 
Lausanne (CH), 20 May 2014 

M. Pons, D. Séverac, C. Piguet, ''Sub- and near-threshold 
design for nano-Watt scale integrated circuit (IC)'', 
Lausanne (CH), 20 May 2014 

E. Portuondo-Campa, R. Paschotta, S. Lecomte,  
''100-attosecond timing jitter from low-noise passively mode-
locked solid-state laser'', 28th European Frequency and 
Time Forum - EFTF 2014, Neuchâtel (CH), 23-26 June 2014 

H. Rossmann, F. Zanella, N. Marjanovic, R. Minamisawa,  
H. Bartolf, T. Jung, E. Meyer, J. Gobrecht, M. Schnieper, 
''Device simulation and fabrication of novel 4H-SiC nano 
trench MOSFETs'', Swiss NanoConvention 2014, Brugg 
Windisch (CH), 21-22 May 2014 

 149 



 

M. Tormen, ''MEMS tunable gratings'', Newrad 2014, 
Helsinki (FL), 24-26 June 2014 

G. Voirin, B. Schyrr, B. Wenger, E. Scolan, R. Smajda,  
L. Le Reste, R. P. Stanley, ''Nanoporous layer for optical 
sensing'', BioNanoMed 2014, Krems (AT),  
26-28 March 2014 

N. Vuković, J. Radovanović, V. Milanović, D. L. Boiko,  
''Exploring the relation between Risken–Nummedal–
Graham–Haken instabilities and conditions for 
superradiance in a quantum cascade laser'', European 
Semiconductor Laser Workshop (ESLW 2014), Paris (FR), 
18-19 September 2014 

G. Weder, H. Heinzelmann, M. Liley,  
''Bioindenter: a new instrument for indentation of soft tissues 
and biomaterials'', The Tissue Engineering Congress 2014, 
London (GB), 2-4 June 2014 

G. Weder, M. Favre, R. Ischer, M. Liley, H. Heinzelmann, 
''Parallel AFM analysis of biopsies for cancer diagnosis'', 
Nano-Tera Annual Meeting, Lausanne (CH), 20 June 2014 

S. F. Zamkotsian, M. Canonica, P. Lanzoni, W. Noell,  
S. Lani, ''Large 2048 tilting micromirrors array for 
astronomical spectroscopy : optical and cryogenic 
characterization'', 9th ESA Round Table on Micro and Nano 
Technologies for Space Applications, Lausanne (CH),  
June 2014 

F. Zanella, N. Marjanovic, R. Ferrini, F. X. Pengg, C. C. Enz, 
J.-M. Sallese, ''Sub-micrometer organic thin-film transistors: 
technology assessment'', 6th International Exhibition and 
Conference for the Printed Electronics Industry (LOPEC), 
Munich (DE), 26-28 June 2014 

F. Zanella, N. Marjanović, G. Nisato,  
''Design kit for gravure printing'', OLAE Circuit Design 
Workshop, Sedgefield (UK), 13 May 2014 

X. Zeng, L. Sulmoni, J.-M. Lamy, T. Stadelmann,  
S. Grossmann, A. Hoogerwerf, N. Grandjean, D. L. Boiko, 
''Solitary pulse-on-demand production by optical injection 
locking of passively Q-switched InGaN diode lasers near 
lasing threshold'', 6th EPS-QEOD Europhoton Conference, 
Neuchâtel (CH), 24-29 August 2014 

Xi. Zeng, D. L Boiko, ''Absorption spectroscopy of 85Rb 
atoms at 420 nm: Pressure broadening with N2 Buffer gas 
and saturation intensity '', EFTF 2014: 28th European 
Frequency and Time Forum, Neuchâtel (CH),  
23-26 June 2014 

X. Zeng, C. Y Wang, D. L Boiko, ''Optical beam size effects 
in spin polarized pumping '', EFTF 2014: 28th European 
Frequency and Time Forum, Neuchâtel (CH),  
23-26 June 2014 

M. Zinggeler, T. Offermans, I. Zhurminsky, M. Chrapa,  
R. Ferrini, ''Comparative degradation study of organic solar 
cells using solution'', Time and Length Scales of 
Degradation in Next Generation Solar Cells,  
Winterthur (CH), 5 February 2014 

S. Züfle, B. Ruhstaller, M. Neukom, S. Altazin, M. Zinggeler, 
T. Offermans, M. Chrapa, R. Ferrini, ''Metal-oxide based 
hole transport layers leading to P3HT solar cells with 
improved stability as studied by dynamic characterization '', 
HOPV14, Lausanne (CH), May 2014 

 

Research Projects  
CCEM – Electricity CONNECT-PV – Conductive transparent electrodes: a competence cluster for highly efficient thin film 

photovoltaics 

CCEM – Electricity DURSOL – Exploring and improving durability of thin film solar cells 

CCEM – Mobility DURACAT – Highly durable oxide-based catalysts for polymer electrolyte fuel cells 

CCMX-NMMC  FANOSENSE – Ultrasensitive sensing transducer based on Fano interferences in plasmonic 
metamaterials 

CCMX-NMMC  GANTRY – Gantry-based X-ray phase contrast scanner for microCT application 

CCMX-NMMC  OMNY – Tomography nano cryo stage 

Eurostars ALBIREO – Low-power impulse-radio ultra-wideband module for remote control and keyless access 

Eurostars HICOLA – Highly coherent laser for coherent communication and sensing 

Eurostars MINI-EMC – Minaturized electrical motor controller for harsch environments 

Eurostars MTGA – Modular trace gas analyzer (MTGA) consisting of MEMS grating tuned infrared laser module 
for enhanced photo-acoustic spectroscopy  
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Eurostars MTGA – Modular trace gas analyzer consisting of a MEMS grating tuned IR-laser module for 
enhanced photo-acoustic spectroscopy 

Eurostars ORCA – Development of ultra-stable high-finesse cavity 

Eurostars REMIQUA – Scalable and reconfigurable systems for microassembly and quality inspection 

Eurostars SENSMOTION – Patch-like sensor system for skeletal muscle and motion monitoring 

Fondation Suisse pour les 
Téléthèses 

LISOMAD – Pour des services et des produits favorisant l'autonomie et les possibilités de maintien à 
domicile des personnes âgées 

Foundation The Ark OPTIEIS TAE – Optigrid and adaptive EIS projects 

Foundation The Ark PREDMAINT II – Maintenance predictive pour des installations hydroélectriques 

Foundation The Ark WATERFLOW – Etude de faisabilité quant à la conception d'un système non-intrusif et automatique 
appliqué aux réseaux d'eaux potables 

Hasler Fondation EYEWALK – Mobile ultra-light vision system for the handicapped 

InterReg OSCAR – Optimization, simulation, control and application of AFM probe arrays 

InterReg PIMENT – Plastique injection micro et nano technologie 

InterReg RHIN-SOLAR – Aufbau eines Exzellenzclusters für organische Solarzelle Region Oberrhein, inkl. 
Herstellung von Demonstratoren 

Ligue Pulmonaire Suisse OxySmart – Validation of portable SpO2 sensor by reflective means 

Nano-Tera 3D-SENSTEX – 3D Large scale integration of sensors into smart textile 

Nano-Tera BREATHE – High throughput transducers to measure in-vitro muscle contraction 

Nano-Tera FLUSITEX – Developing a wound dressing with an integrated sensing layer for non-invasive wound 
monitoring using fluorescence lifetime detection 

Nano-Tera HEARRESTORE – Image-guided micro surgery for hearing aid implantation 

Nano-Tera ICYSOC – Inexact sub-near-thershold systems for ultra-low power devices 

Nano-Tera ISYPEM – Intelligent integrated systems for personalized medicine 

Nano-Tera MINACEL – Micro- and nanofluidics for cell handling 

Nano-Tera MINIHOLTER – Photoplethysmography-based ambulatory heart rate monitor device embedded into a 
smart watch 

Nano-Tera NAMBP – Night ambulatory monitoring of blood pressure 

Nano-Tera NEOSENSE – Novel integrated wearable sensors for multi-parameter monitoring in critically ill 
newborns 

Nano-Tera NEWBORNCARE – Reducing the false alarms of neonate vital sign monitoring via a computer vision-
based approach to accurately measure heart and respiratory rates in a contactless way 

Nano-Tera NEXRAY – Network of miniaturized X-ray systems working in complex environments 

Nano-Tera OBESENSE – Monitoring the consequences of obesity 

Nano-Tera PARATEX – Novel smart textile to non-invasively monitor pressure, oxygenation and perfusion of 
tissue to prevent pressure ulcers in paraplegics 

Nano-Tera PATLISCI – Probe array technology for life science applications 

Nano-Tera PATLiSci II – Developing rapid diagnostic tools for cancer, using highly parallelized mechanical 
sensors to investigate biopsy samples efficiently 
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Nano-Tera SHINE – Solar to hydrogen integrated nano-electrolysis 

Nano-Tera SPINEREPAIR – Hybrid CMOS-polymer neural interfaces for restoration of sensorimotor function 
after spinal cord injury 

Nano-Tera SYNERGY – Realizing photovoltaic energy harvesting systems based on tandem solar cells with 
efficncy beyond that achievable with state-of-the-art industrial single-junction cells 

Nano-Tera TECINTEX – Technology integration into textiles: empowering health and security 

Nano-Tera WISESKIN – Wise skin for tactile prosthetics 

NCCR-Nanoscale Science NCCR-VI – Self-assembly at surfaces (Module 5) 

SNFS FASTIQ – Ultrafast infrared emitter on a quantum cascade 

SNI - Argovia Program NanoSiCTrenchFet – Physical studies of SiC Nano-Trench-MOSFETs 

SNSF ACOUSTOCOMB – Acousto-optics based optical frequency comb stabilization 

SNSF HEMODYNAMEIT – Subject-adapted 3D dynamic bio-impedance models: application to blood 
pressure monitoring 

SNSF NOVIPIX – Novel integrated pixel X-ray detectors 

SNSF RB-GAN2 – Establish a concept and demonstrate novel active atomic clock based on mode-locked 
semiconductor laser with alkali vapor cell saturate absorber 

SNSF RB-GANX – Active atomic clock based on mode-locked laser with atomic vapor cell absorber 

Space Center EPFL FREE – Isochronous synchronisation of standalone electrode-sensors for physiological monitoring 

Space Center EPFL MIFAC – Miniature functionalized atomic cells for low-cost atomic clocks  

Swiss Commission for Technology and Innovation (CTI) 
13254.1 PFFLM-NM AMALITH Advanced mask aligner lithography 

16879.1 INNO13-16-NM  ANCHORGUARDIAN-PRE AnchorGuardian, first feasability evaluation 

16025.1 PFIW-IW APPROBATE Automatisierte approbierte Qualität für manuelle Montage von kleine 
Stückzahlen auf der Basis von selbstlernenden 
Bildverarbeitungsalgoritmen zur Arbeitsschrittkontrolle 

13865.2 PFNM-NM aTORCH Active optical resonator chip – Innovative concepts for next generation 
high sensitivity label-free bio-sensors 

13327.1 PFFLI-NM BioIndenter Instrument for nanoindentation testing of living biological materials 

14658.1 PFNM-NM BIOSENSIT Real-time signal processing of label-free biosensor signals for 
robustness and speed of measurement improvement 

16901.1 INNO-13-16-LS CELLECTRIC Enable bioimpedance sensing within UCUP perfusion bioreactor 
cutlure device 

13743.1 PFFLE-LS CITSENS BIO Wireless disposable sensor array for disposable bioreactors 

15971.1 PFNM-NM COMSTEER Compact beam steering unit 

 16372.1 PFIW-IW  COTTON Development of sorting systems with self learning algorithme and 
optical detection systems for foreign materials in cotton flakes 

15186.1 INNO12-IW COUNTER Machbarkeitsstudie zum Einsatz von Bildverarbeitung in Kombination 
mit einem selbstlernenden Algorithmus zur Erkennung von 
biologischer und mechanischer Kleinteile 
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13080.1 PFIW-IW DD-COAT Dedicated design of high temperature corrosion resistant PVD oxide 
coatings for automotive applications 

13288.1 PFFLR-NM DDP400 400W extreme high brightness laser modules 

14954.1 PFNM-NM DELIGHT Development of energy-efficient lighting technology based on organic 
solid-state light sources 

15416.1 PFES-ES DENEB2 Development of integrated IR-UWB technology for secure distance 
measurement 

15558.1 INNO-13-16-IW DIAMONDWIRE-PRE Drahtbeschichtung mit Mikro-Diamanten 

13931.1 PFES-ES DVSENSE Elaboration and industrialization of a high dynamic range vision 
system optimized and dedicated to people detection and tracking for 
security and light control battery operated sensors markets 

17288.1 PFNM-NM FELCOLAP Fabric-based electrodes for large-area commercial OLED-based 
products for lighting applications  

13822.2 PFNM-NM FILMS4GLAZING Seasonal heat management films – passive smart glazings 

16689.1 PFEN-IW FLEXBAT Process evaluation and implementation for production of flexible 
batteries 

17246.1 PFIW-IW FLEXHEAT Stretchable heating element based on printed conductors for a  
shape-customizable feature in novel pointing devices 

13485.1 PFFLE-NM FLEXLAM Improve cost and quality for manufacturing flexible LCD display by 
simpler handling of sheets and process robustness 

16862.2 PFNM-NM HIFLOW High sensitivity flow sensor for extended flow range 

13442.1 PFFLE-NM HIPERTC High performance ultra-low power temperature-compensated 
miniature real time clock 

10894.1 PFNM-NM ICYAMR 2 Development of an automatic meter reader (AMR) for retrofit 
applications on existing meters 

13618.1 PFFLE-NM INTELLISENSE SpaceCoder for automotive 

17142.2 PFEN-NM IOTLOC Development of a network for advanced low power localization using 
LoRa technology 

15532-1 PFNM-NM LARS System zur Überwachung der Webzone auf Webmaschinen 

16188.1 PFNM-NM LASGRAT High contrast gratings in vertical external cavity surface emitting 
lasers for gas sensing 

16871.1 PFNM-NM LIDTDOS LIDT und Degradations Prüftechnik für industrielle Anwendungen 

13458.1 PFFLR-NM LIGHTBEAT Development of a novel optical spectrometer based on two 
femtosecond lasers 

16044.2 PFNM-NM LORNO FOX A high performance time bounded fire hydrant network 

15862.1 PFNM-NM MEASOS2 Measurement system for mechanical watch oscillator  
(next generation) 

16711.1 PFNM-NM MICRO-FAS Integrated fiber optics acceleration sensor 

14427.1 PFLS-LS MIRASENS Miniaturized infrared absorption sensor 

14960.2 PFEN-NM MOLASSE Miniaturization and optimization of the laser sensor 
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12466.3 PFNM-NM MOPBOX Reinforcing the use of reconfigurable instructions in an ultra-low 
power DSP 

14345.2 PFIW-IW MPIR Matériaux et procédés de production innovants pour roulements à 
billes 

13482.1 PFFLI-NM MULTISENSE PHASE 2 Design of a high-speed, high-precision miniaturized mechano-optical 
touch-trigger probe for use on 3D coordinate measuring machines 

159541.1 PFEN/IW NCOOL2 Novel HVAC 

1618.1 PFNM-NM PASS Particles free sealing system 

14851.1 PFNM-NM PELT Personalized electo-therapy – estimation of the sub-cutaneous blood 
flow 

16049.1 PFNM-NM PICOFAB Fabrikation von Komponenten für die Präzisionsmechanik mit 
Picosekunden-Ultrakurzpulslasern 

16111.1 PFNM-NM PIFPAF Pipetting system with flowsensor and microelement for passive flow 
control  

17244.1 PFLS-LS POSBONE Compact and flexible system for total knee replacement surgery 

13494.1 PFFLI-NM PROS2 Protected Swiss smart cards. These smart cards will be highly 
secured for common criteria certification (EAL4+) 

11290.1 PFNM-NM QUADLINE A novel micro mark register head camera based on ultra-high-speed 
multi-linear image sensor 

13818.2 PFNM-NM QUANTIME A miniature cesium atomic clock using CPT technique for telecom 
applications 

13392.1 PFFLE-NM RIGEL Development of an integrated analog sensor interface for a miniature 
IO-Link device 

16108.1 PFNM-NM SAIGA Small antenna integrated in hearing aids 

14782.1 PFLS-LS SARENAPATCH Micro patch portable pour l’injection en continu d’insuline 

16584.1 PFEN-IW SILVERLINE Next generation production processes and quality controls for watch 
batteries 

12682.2 PFNM-NM SMACK Structured multifunctional polymers for electronic packaging 

13444.1 PFFLE-NM SMARTFILL Development of specific underfiller process suitable for high operating 
temperature and miniaturized IO-Link SiP devices and MEMS 
systems 

15826.1 PFIW-IW SMARTWIRE Development of multi-wire module design technology and production 
equipment 

14919.1 INNO12-LS SPACES Simple patterning of cell culture substrate 

13336.1 PFFLE-NM SPACETRACKER A high precision angular positioning device 

16050.2-PFNM-NM SPINBEAT-II Leistungsmessgerät mit integrierter Trittanalyse und 
Effizienzfeedback für Radfahrer 

12628.1 PFIW-IW SST Single shell tunneling 

16694.2 PFIW-IW STABILITY Dynamische Lageregelung für Hydraulikmodule demonstriert an 
einem Stelzentraktor im Rebberg 

15708.2 PFNM-NM SUBGRATPOL Magical watch dial 
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16853.1 PFNM-NM SUNTRACKER An accurate sun sensor for earth geographical north detection 

12215 PFNM-NM SWARM Smart water resource active management 

16637.2 PFNM-NM  TACOS Development and integration of alternative transparent conductive 
oxides for silicon heterojunction solar cells 

16185.1 PFNM-NM VALIPLATE Calorimetric tool for validating the liquid volume dispensed by liquid 
handling instruments 

12744.1 PFIW-IW VENTIL Decentralised, room oriented ventilation system, with heat and 
moisture recovery and without ductwork 

13439.1 PFFLR-NM WAITIPS Wireless aircraft tire pressure sensing 

12745.1 PFIW-IW WELDSPEC Sensor and analysis technique based on dielectric spectroscopy for 
volumetric in situ monitoring of polymer welding processes 

17170.1 INNO-13-16-NM WISEROCK-PRE2 Ultra-Low Power Felsüberwachung 

13466.1 PFFLE-NM WOWLED Woven substrates for organic light emitting diodes 

European Commission Projects  
FP7 – ICT ACTION Active Implant for optoacoustic natural sound enhancement 

FP7 – TRANSPORT AEROMUCO Aerodynamic surfaces by advanced multifunctional coatings 

FP7 – TRANSPORT AGEN Atomic gyroscope for enhanced navigation 

FP7 – NMP AMBASSADOR Autonomous management system developed for building and district 

FP7 – ICT ARROWS Advanced interfaced micro-systems research for analysis of real-
world clinical, food, environmental and waste samples 

FP7 – ICT BioFOS Microring resonator-based biophotonic platform for food analysis 

FP7 – SECURITY BONAS Bomb factory detection by networks of advanced sensors 

FP7 – ICT COLAE Commercialization clusters of organic and large area electronics 

FP7 – ICT D-LIVER Monitoring of patients with liver diseases 

FP7 – SPACE ELSA European levitated spherical actuator 

FP7 – SECURITY ESPONDER A holistic approach towards the development of the first responder of 
the future 

FP7 – TRANSPORT EVITA Non-destructive evaluation, inspection and testing of primary 
aeronautical composite structures using phase contrast X-ray imaging 

FP7 – ICT FEMTOBLUE Blue femtosecond laser implemented with group-III nitrides 

FP7 – ICT FLEXNET Network of excellence for building up knowledge for improved 
systems integration for flexible organic and large area electronics 
(FOLAE) and its exploitation (FLEXNET) 

FP7 – ICT FLEX-O-FAB Pilot-scale hybrid roll to roll/sheet to sheet manufacturing chain for 
flexible OLEDs 

FP7 – ICT FLEXTILES Self adaptive heterogeneous manycore based on flexible tiles 

FP7 – JTI FLITE-WISE Wireless sensor nodes for continuous flight test measurements 

FP7 – SPACE FOSTERNAV Flash optical sensor for terrain relative robotic navigation FP7 
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FP7 – ICT GO4TIME Global, flexible, on-demand and resourceful timing IC & MEMS 
encapsulated system 

FP7 – ICT HEARTCYCLE Compliance and effectiveness in HF and CHD closed-loop 
management 

FP7 – HEALTH HEMIBIO Hepatic microfluidic bioreactor 

FP7 – ENERGY HERCULES High efficiency rear contact solar cells and ultra-powerful modules 

SP1-JTI-CS-2013-02 ICEAGE Ice phobic coating associated to low power electromechanical deicers 

FP7 – NMP IMPRESS Flexible compression injection moulding platform for multi-scale 
surface structures 

FP7 – SECURITY INGRESS Innovative technology for fingerprint live scanners 

FP7 – NMP INNOVABONE Novel biomimetic strategy for bone regeneration 

FP7 – ENVIRONMENT INTASENSE Integrated air quality sensor for energy efficient environment control 

FP7 – ICT LASSIE-FP7 Large area solid state intelligent efficient luminaires 

FP6 – NMP MEDITRANS-COMPLEMENT Targeted delivery of nanomedicine 

FP7 – NMP MEGAROB Development of flexible, sustainable and automated platform for high 
accuracy manufacturing operations in medium and large complex 
components using spherical robot and laser tracker on overhead 
crane 

FP7 – IST MOBESENS-COMPLEMENT Mobile water quality sensor systems 

FP7 – NMP NANODIARA Development of novel nanotechnology based diagnostic systems for 
rheumatoid arthritis and osteoarthritis 

FP7 – ICT NEPHRON Wearable artificial kidney and personal renal care system 

FP7 – SME ORION Organic waste management by a small-scale innovative automated 
system of anaerobic digestion 

FP7 – ICT OSIRIS-COMPLEMENT Towards an open and sustainable ICT research infrastructure strategy 

FP7 – ICT PASTA Integrating platform for advanced smart textile applications 

FP7 – ICT PEGASO Personalised guidance services for optimising lifestyle management in 
teen-agers through awareness, motivation and engagement 

FP7 – SPACE PHASER High speed, high frequency electro-photonic ADC for space enabled 
routers 

FP7 – ICT PLAISIR-COMPLEMENT Plasmonic sensing in the infrared 

FP7 – NMP PLIANT Process line implementation for applied surface nanotechnologies 

FP7 – ICT POLARIC Printable, organic and large-area realisation of integrated circuits 

FP7 – ICT POSITIVE A highly integrated and sensitive porous silicon based lab on a chip 
for multiple quantitative monitoring of food allergies at point of care 

FP7 – NMP PRIME Plug and produce intelligent multi agent environment based on 
standard technology 

FP7 – NMP PROSYS-LASER-
COMPLEMENT 

Intelligent personal protective clothing for the use with high-power 
hand-held laser processing devices 

FP7 – ICT PSYCHE Personalised monitoring systems for care in mental health 

 156 



 

FP7 – KBBE RADAR Rationally designed aquatic receptors integrated in label-free 
biosensor platforms for remote surveillance of toxins and pollutants 

FP7 – SPACE REMOVE-DEBRIS A low cost active debris removal demonstration mission 

FP7 – JTI RESACC Development of a readout circuit for a resonant accelerometer 

FP7 – ICT SAVE-MED Microstructure secured and self-verifying medicines 

FP7 – MARIE CURIE SCANCER Specialized cantilevers for cancer research 

FP7 – NMP SELFMEM-COMPLEMENT Self-assembled polymer membrane 

FP7 – ICT SEMIAH Scalable multi-criteria energy management infrastructure for 
aggregation of households 

FP7 – NMP SMART-NANO Sensitive measurement, detection, and identification of engineered 
nano particles in complex matrices 

FP7 – NMP SMARTONICS Development of smart machines, tools and processes for the 
precision synthesis of nanomaterials with tailored properties for 
organic electronics 

FP7 – SECURITY SNIFFER Sensory devices network for food supply chain security 

FP7 – SPACE SOC-2 Towards neutral-atom space optical clocks: Development of high-
performance transportable and breadboard optical clocks and 
advanced subsystems 

FP7 – ICT SPLENDID Personalized guide for eating and activity behavior for the prevention 
of obesity and eating disorders 

FP7 – ENVIRONMENT STRATOCLIM Stratospheric and upper tropospheric processes for better climate 
predictions 

FP7 – ICT SUNFLOWER Sustainable novel flexible organic watts efficiently reliable 

FP7 – ICT SWAN-iCare Smart wearable and autonomous negative pressure device for wound 
monitoring and therapy 

FP7 – ICT TERATOP Terahertz photonic imager on chip 

FP7 – ICT THERMINATOR-
COMPLEMENT 

Modeling, control and management of thermal effects in electronic 
circuits of the future 

FP7 – ICT TOUCHMORE Automatic customizable tool-chain for heterogeneous multicore 
platform software development 

FP7 – NMP TRIBUTE Take the energy bill back to the promised building performance 

FP7 – ICT VIAMOS Vertically integrated array-type Mirau-based OCT system for early 
detection of skin pathologies – Small or medium-scale focused 
research project (STREP) 

FP7 – ICT WELCOME Wearable sensing and smart cloud computing for integrated care to 
COPD patients with comorbidities 

FP7 – ICT WISERBAN Smart miniature low-power wireless microsystem for body area 
networks 
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European Space Agency (ESA), Swiss Space Office and CNES Projects  
ESA Projects 

ADR-QB50 Pre-study of vision based technologies for ADR proximity navigation 

CCM-MTG Development and manufacture of corner cube mechanisms for MTG satellite 

DANOE High-dynamic absolute nanometric optical encoder technology assessment for space 

DATA-FUSION Sensor data fusion for hazard mapping and piloting 

DELIAN Detrous lightweight arm for exploration 

ESA-NPI Radiation-induced and mechanical damage in MEMS devices 

FREE Isochronous synchronisation of standalone electrode-sensors for physiological monitoring 

IHMSD Integrated vehicle health management system demonstrator 

JEM-EUSO Laser pointing system 

LTMS-S Long-term medical survey system 

MEMS GC-MS MEMS-based gas chromatograph and mass spectrometer 

MEMS-QUAL Validation and experimental verification of ESA MEMS qualification methodology 

MEMS-Real MEMS REliAbiLity Assessment 

MHIPIS Miniature high performance imaging spectrometer for remote sensing 

MILA Miniaturized imaging lidar system (phase 1) – Miniaturised imaging laser altimeter  

MILS Miniature imaging LIDAR system for GN&C space application 

MLBS Micro laser beam scanner 

MLSCL Sub-picosecond model-locked semiconductor laser for space missions 

NPI Reliability MEMS for space applications 

NPI-EIT Wearable physiological sensor network – non-invasive and non-occlusive blood pressure (BP) measurement 
based on Electrical Impedance Tomography (EIT) 

OCOR-VACUUM Optical correlator testbed for high resolution imaging from geostationary orbit 

OEO Ultra-low phase noise reference oscillator 

SAMTWO 4 Space active maser – four  

SAMTWO_5 Space active maser – five  

SPHM EQM Industrialisation of the passive hydrogen maser for the Galileo navigation payload 

STE-QUEST-A-PLUS STE-QUEST class M ESA mission candidate: assessment study  

UWB4SAT Ultra-wideband as a multi-purpose robust and reliable 

WALES-PLUS Wafer level encapsulation for microsystems-PLUS 

WATERLENS Water availability – Improved monitoring, forecasting and control of water availability, quality and distribution 

Swiss Space Office Projects 

HYBSAT Hybrid lightweight and flexible circuit boards (FCBs) for satellites and space 

CNES Projects 

IASI-FM3PHASE 1B IASI-FM3 Travaux préparatoires complémentaires à la réparation du mécanisme CCM  

IASI-FM3SUP Support for refurbishment of IASI-FM3 

IASI-FM3VC IASI-FM3 refurbishment stator procurement and manufacture 
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Industrial Property  
Creativity 

In 2014, 29 invention reports were submitted for examination. 

Patent portfolio 

CSEM inventions have led to 27 patent applications in 2014. The patent portfolio has been further enhanced by the extension of 
different countries of 10 patent files based on prior patent applications. 

Collaboration with Research Institutes and Universities 
University Institute Professor Field of collaboration 

Aristotle University of 
Thessaloniki 

Laboratory of medical informatics N. Magklaveras Collection of large set of physiological 
signals 

CEA  Institut national de l'energie solaire  P. Bernaud Building energy management 

CEA LETI Département microtechnologies pour 
la biologie et la santé 

G. Marchand Wound healing monitoring 

CEA-LETI Capteurs et actionneurs M. Le Prado Atomic gyroscopes 

CEA-LETI Service conception pour les 
microtechnologies émergentes 

R. Lemaire Multicore systems-on-chips 

CHUV Département anesthésiologie P. Schoettker Blood pressure 

CHUV Internal medicine C. Sartori Sleep analysis 

CIRO Center of 
Expertise for chronic 
organ failure 

Physical activity, exercise training & 
rehabilitation 

M.A. Spruit Clinical validation 

CNRS Laboratoire de chimie de la matière 
condensée de Paris 

C. Boissière Characterization of sol-gel films 

Croydon Healthcare 
NHS Trust 

Trust R&D J. Chang Clinical validation 

EMPA Swiss federal laboratories for 
materials science and technology 

F. Nüesch Exploring and improving durability of 
thin film solar cells 

EMPA Swiss federal laboratories for 
materials science and technology 

P. Hoffmann Solid state lighting 

EMPA Laboratory for thin films and 
photovoltaics 

A. N. Tiwari Exploring and improving durability of 
thin film solar cells 

EMPA Biocatalysis group M. Richter Fluorescence lifetime imaging 
microscopy 

EMPA Medical textiles L. Scherer Fluorescence lifetime imaging 
microscopy 

EMPA Department of advanced materials 
and surfaces 

P. Gröning X-ray read out circuits 

EMPA Polymères fonctionnels J. Heier, F. Nüesch Supramolecular assemblies 

EMPA Laboratory of advanced fibers R. Rossi Optical fibers 
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University Institute Professor Field of collaboration 

EPF Lausanne Laboratory of advanced 
semiconductors for photonics and 
electronics 

N. Grandjean Solid state lighting 

EPF Lausanne Laboratory of photonics and 
interfaces, Institute of chemical 
science and engineering  

M. Grätzel Exploring and improving durability of 
thin film solar cells 

EPF Lausanne Photovoltaics and thin film electronics 
laboratory, Institute of 
Microengineering 

C. Ballif Exploring and improving durability of 
thin film solar cells 

EPF Lausanne Nanophotonics and metrology 
laboratory 

O. Martin Development of plasmonic sensors 

EPF Lausanne Instant-Lab S. Henein Precision mechanics 

EPF Lausanne Embedded systems laboratory D. Atienza C-Compilers for reconfigurable 
processors 

EPF Lausanne Telecommunications circuits 
laboratory 

A. Burg Good enough circuits 

EPF Lausanne Laboratory for soft bioelectronic 
interfaces 

S. Lacour Artificial skin  

EPF Lausanne Signal processing laboratory  P. Vanderghynst Newborn vital signs monitoring based 
on multiple vision sensors; Signal 
processing 

EPF Lausanne Applied signal processing  J.-M. Vesin Newborn vital signs monitoring based 
on multiple vision sensors; Signal 
processing 

EPF Lausanne Institute of microengineering P. Renaud Microfluidic, MEMS for cell culture 

EPF Lausanne Institute of microengineering H. Shea Dielectric elastomer actuators for in 
vitro muscle models; Microstructure 
and microscopy 

EPF Lausanne Laboratoire d'électronique pour les 
sciences du vivant 

C. Guiducci Functional surfaces 

EPF Lausanne Optics and photonics technology 
laboratory 

H.-P. Herzig X-rays and photonics 

EPF Lausanne Powder technology laboratory H. Hofmann Superparamagnetic nanoparticles; 
Metal oxide nanoparticle and thin film 

EPF Lausanne Laboratoire de production 
microtechnique 

P. Ryser Compact 3D force sensor; 
Indoor air quality sensor system 

EPF Lausanne Signal processing laboratory 5 J.-P. Thiran Electrical-impedance tomography 

EPF Lausanne Institute of microengineering N. de Rooij MEMS qualification 

EPF Neuchâtel Integrated circuits laboratory C. C. Enz Approximate arithmetic, ULP radio 
and protocol for WiseSkin 

ETH Zurich Photonics laboratory L. Novotny Development of plasmonic antennas 

ETH Zurich Integrated systems laboratory -analog 
and mixed-signal design 

Q. Huang Analog design in advanced CMOS 
technology 
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University Institute Professor Field of collaboration 

ETH Zurich Institute of robotics and intelligent 
systems 

B. Nelson Fluorescence lifetime imaging 
microscopy 

ETH Zurich Laboratory for solid state physics H. von Känel X-ray read out circuits 

ETH Zurich Chemistry and applied biosciences A. deMello Nanoparticle separation 

ETH Zurich Chemistry and applied biosciences P.S. Dittrich Microfluidics for sample preparation 

ETH Zurich Institut für Elektronik G. Tröster Smart textiles 

ETH Zurich Integrated systems laboratory L. Benini Sub-near-threshold multicore  

Fraunhofer Society Group for automation in medicine and 
biotechnology 

B. Grychtol Electrical-impedance tomography 

Hôpital neuchâtelois 
HNE 

Hôpital de Landeyeux N. Della Ricca Validation of biomedical sensors 

INPG Institut 
Polytechnique Grenoble 

TIMA laboratory M. Nicolaidis Fault-tolerant processor cores 

Joint Research Centre of 
the European 
Commission (Ispra, Italy) 

Institute for health and consumer 
protection 

F. Rossi Nanoparticle detection 

Karlsruher Institut für 
Technologie 

Institut für Mikrostrukturtechnik A. Kolew Bulk metallic glass nanostructuring 

Kingston University 
London 

Science, engineering and computing B. Pierscionek Collection of large set of physiological 
signals 

Medical University of 
Vienna 

Division of immunology M. Epstein Scaffolds for bone regeneration 

Pôle européen de 
Plasturgie 

PEP R&D M. Moguedet Injection molding; Molded 
interconnected device 

Politecnico di Torino Control and computer engineering  A. Acquaviva Multicore platform 

Rice University Computer science department K. Palem Inexact arithmetic and sub-threshold 
logic 

Ruđer Bošković Institute 
(Rovinj, Croatia) 

Center for marine research D. Lyons Nanoparticle detection 

SUPSI L'istituto sostenibilità applicata 
all'ambiente costruito 

Domenico Chianese Exploring and improving durability of 
thin film solar cells 

TU/e, Eindhoven Micro-& nano- scale engineering 
group 

Y. Bellouard Femtolaser micro-structuring 

University Hospital of 
(Hamburg (UKE) 

Klinik und Poliklinik für 
Anästhesiologie 

D. Reuter Electrical-impedance tomography 

University Hospital of 
Bern (Inselspital) 

Cardiovascular department S. F. Rimoldi Blood pressure 

University Hospital of 
Bern (Inselspital) 

Department of pulmonary disease T. Geiser Oxygen therapy 

University Hospital of 
Bern (Inselspital) 

Department ENT surgery M. Caversaccio Image-guided micro surgery for 
hearing aid implantation 

 161 



 

University Institute Professor Field of collaboration 

University Hospital of 
Zurich 

Clinic of neonatology M. Wolf Neonate monitoring 

University Hospital of 
Zurich 

Biomedical optics research laboratory M. Wolf Newborn vital signs monitoring based 
on multiple vision sensors 

University Hospital of 
Zurich 

Division of neonatology J.-C. Fauchère Newborn vital signs monitoring based 
on multiple vision sensors 

University of Applied 
Sciences, Bern 

MSE V. Koch Sensory processing prosthetics  

University of Applied 
Sciences and Arts 
(FHNW) 

Institut für Automation S. Gaulocher Programming, electronics, automation 
and system techniques 

University of Applied 
Sciences and Arts 
(FHNW) 

Hochschule für Life Sciences U. Pieles Biology and sensing 

University of Applied 
Sciences and Arts, 
Lucerne (HSLU) 

Zentrum für Integrale Gebäude 
Technik 

U. P. Menti Building energy management 

University of Applied 
Sciences and Arts, 
Lucerne (HSLU) 

CC Mechanische Systeme / CC 
Integrale, intelligente und effiziente 
Energiesysteme 

M. De Angelis Solar panel cleaning robot 

University of Applied 
Sciences and Arts, 
Lucerne (HSLU) 

CC Aerospace biomedical science & 
technology / CC Mechanische 
Systeme / CC Electronics 

M. Egli, C. Haack, 
O. Schälli 

Micro gravity incubator 

University of Applied 
Sciences, Bern (BFH) 

Institute for energy and mobility 
research IEM 

A. Vezzini, M. Höckel,  
U. Muntwyler, A. Fuerst 

BFH-CSEM Energy Storage Research 
Center ESReC 

University of Applied 
Sciences, Buchs (NTB) 

Institut für Mikro- und 
Nanotechnologie MNT 

R. Buser Compact 3D force sensor 

University of Applied 
Sciences, Saint-Imier 
(HE-Arc) 

Institut de microtechnologies 
appliquées – plasturgie  

E. Marguet, A. Polikeit Injection molding 

University of Applied 
Sciences, Valais (HES-
SO) 

Systems engineering institute P. Roduit Smart grid and water distribution 

University of Applied 
Sciences, Valais (HES-
SO) 

Systems engineering institute M. Geiser Bioreactor for toxicology 

University of Applied 
Sciences, Yverdon 
(HEIG-VD) 

Systèmes industriels de bioénergie J.-B. Michel Building energy management 

University of Applied 
Sciences, Zurich 
(ZHAW) 

Institute of computational physics B. Ruhstaller Exploring and improving durability of 
thin film solar cells, solid state lighting 

University of Basel Dept. of physics C. Schoeneberger Development of organic solar cells 

University of Basel Dept. of physics E. Mayer Nano Argovia project 
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University Institute Professor Field of collaboration 

University of Bern Center for biomedical engineering – 
ARTORG  

S. Weber Guided surgery; Image-guided micro 
surgery for hearing aid implantation 

University of Coimbra Departamento de engenharia 
informática 

R. P. Paiva Medical informatics 

University of Franche-
Comté 

FEMTO-ST M. Lenczner Multiscale model for MEMS array 

University of Fribourg Adolf Merkle Institute C. Weder Sensitive layers for biosensors; 
Nanobiosensors 

University of Fribourg Adolf Merckle Institute B. Rothen Nanotoxicology 

University of Fribourg Advanced particles A. Fink Superparamagnetic nanoparticles 

University of Geneva GAP Biophotonics J.-P. Wolf Micromirrors 

University of Geneva Computer vision and multimedia 
laboratory 

T. Pun Obstacle detection for the elderly 
based on stereo vision  

University of Kiel Klinik für Anästhesiologie und 
Operative Intensivmedizin 

I. Frerichs Electrical-impedance tomography 

University of Lausanne Institut des sciences du sport G. Millet Sport physiology 

University of Neuchâtel Institut de biologie F. Kessler Nanostructure investigation 

University of Pierre et 
Marie CURIE 

Institut des systèmes intelligents et 
robotique (ISIR) 

S. Regnier Haptic feedback for positioning 
system 

University of Pisa Department of chemistry and 
industrial chemistry 

F. Di Francesco Wound healing monitoring 

University of Rennes I CAIRN and IRISA Lab O. Sentieys Tools for programming multicores  

University of Sheffield Center computational imaging and 
simulation technologies in 
biomedicine 

A. Frangi MRI segmentation for electrical-
impedance tomography 

University of Vienna Dept. of pharmacology and toxicology O. Hoffman Scaffold for bone regeneration 

University of Zurich Musculoskeletal research unit B. von Rechenberg Fluorescence lifetime imaging 
microscopy 

Teaching  
 Title of lecture Context Location 

J. Auerswald Werkstoffe der Elektrotechnik Werkstoffkunde Vorlesung HSLU T&A Luzern, CH 

M. Dadras  TEM and AFM nanotools Master program He-Arc 
AFM, TEM and ESEM Doctoral school EPF Lausanne 

J.-D. Decotignie Informatique du temps réel Bachelor informatique EPF Lausanne 
Real time networks Master computer and communication 

systems 
EPF Lausanne 

J. R. Farserotu Satellite communication systems and 
networks 

Master degree course under 
Communication systems and space 
technology 

EPF Lausanne 

J. Kruis Flexures and constraint analysis Conception de systèmes flexibles FSRM, Neuchâtel 
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 Title of lecture Context Location 

C. Latkoczy Analytical methods for characterization 
of nanoparticles and nanomaterials 

Nanotechnology ETH Zurich 

G. Nisato OPV - applications & perspectives COLAE: Organic PV technology 
(module 2) 

Basel 

Introduction to printable electronics Master of science in life sciences in 
environmental technologies / Module 
sustainable production and clean 
technologies  

FHNW Muttenz 

C. Piguet Microelectronics for systems-on-chips Master, EPFL, Autumn semester EPF Lausanne 
Green electronics  Invited course ISEP Paris 
ICT for sustainable development Invited course ISEP Paris 
Green electronics for a smarter planet Invited course LIRMM Montpellier 

R. Pugin Combining 2D self-assembly and 
standard microfabrication process 

Highlights in microtechnology EPFL – MicroCity 
Neuchâtel 

Micro/nanostructured surfaces and 
devices: fabrication by combining self-
assembly and top down processes 

Swiss master of advanced studies, 
nano- and micro technology, nanotools 
for surface structuring 

HE-ARC Neuchâtel 

E. Scolan Nano‐/micro‐structuration of sol‐gel 
derived coatings: design, fabrication, 
integration and industrial applications 

Collège polytechnique Ecole Polytechnique, 
Paris 

M. Stalder Mikrolinsenbau für das Smartphone Workshop for NanoScience students CSEM Muttenz 
Nanotechnology and industrialization 
at CSEM 

Lecture for NanoScience students University of Basel 

R. P. Stanley Industrial plasmonics MSc. Summer school photonics EPF Lausanne 

M. Tormen Optical MEMS highlights Ecole doctorale EPFL 2014 – 
“Highlights in microtechnology - 
Summer course” 

EPFL – MicroCity 
Neuchâtel 

M. Wannemacher Computer & network architecture Bachelor information and 
communications technology 

HSLU T&A Luzern, CH 

F. Zanella CSEM gravure technology OTFT circuit design training course 
(EU FP7 COLAE) 

Universitat Autònoma de 
Barcelona, Spain 

Theses  
PhD Degrees Awarded in 2014 

Name University Title 

A. Lingamneni Rice University, US Realizing ultra energy-efficient hardware systems through inexact 
computing 

L. Rossini EPF Lausanne Reaction sphere for satellite attitude control 

F. Zanella EPF Lausanne Organic thin-film transistors: from technologies to circuits 
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CSEM Employees carrying out a PhD 

Name Professor / University Theme / CSEM Unit Start year 

N. Adsul C. Schönenberger  
/ University of Basel 

Integrated organic opto-electronics for biosensors  
/ Thin Film Optics 

2010 

S. Ahmed B. Rothen / University of Fribourg Cell-based sensing microsystem / Micro&Nano Systems 2009 

T. Bandi H. Shea / EPF Lausanne Reliability of MEMS / Micro&Nano Systems 2010 

A. Bojko P. Renaud / EPF Lausanne Nanoporous membranes / Micro&Nano Systems 2010 

F. Braun J.-P. Thiran / EPF Lausanne Estimation of hemodynamics via electrical impedance 
tomography / Systems 

2013 

S. Cloix T. Pun, D. Hasler  
/ University of Genève 

Stereoscopic computer vision  
/ Integrated and Wireless Systems 

2012 

L. Dümpelmann L. Novotny / ETH Zurich Deep-subwavelength plasmonic nanostructures for light 
harvesting / Thin Film Optics 

2013 

S. Giudice H.-P. Herzig / EPF Lausanne Hermetic sealing for miniaturized X-ray sources  
/ Microrobotics & Packaging 

2010 

E. A. Hammes P. Ryser / EPF Lausanne Design, implementation and integration of an indoor air 
qualtiy sensor system / Microrobotics & Packaging 

2012 

S. Heub P. Dittrich / ETH Zurich Integrated sample preparation for label-free 
Immunoassays / Landquart 

2011 

S. Karlen G. Mileti / University of Neuchâtel MEMS cells for atomic clocks / Systems 2014 

F. Kehl J. Vörös / ETH Zurich Waveguide grating biosensing / Landquart 2011 

V. Kopta C. C. Enz / EPF Lausanne FM-UWB radio for high-density wireless sensor networks 
/ Integrated and Wireless Systems 

2013 

J. Kruis S. Henein / EPF Lausanne Hybridization of silicon micro-components / Systems 2012 

J. B. Larsen O. Guenat / University of Berne Electrochemical in-vitro metabolites sensing / Landquart 2011 

F. Lütolf O. Martin / EPF Lausanne Optical properties of asymmetric, partially metallic 
gratings / Thin Film Optics 

2011 

J. Mayer C. Schönenberger  
/ University of Basel 

Light management and harvesting for photovoltaic and 
sensing applications / Thin Film Optics 

2014 

D. Müller A. deMello / ETH Zurich Miniaturization of asymmetrical flow field-flow 
fractionation / Landquart 

2012 

O. J. Perez Anguiano H. Hofmann / EPF Lausanne Sol-gel based nanostructured thin films  
/ Micro&Nano Systems 

2010 

M. Proença J.-P. Thiran / EPF Lausanne Estimation of hemodynamics via electrical impedance 
tomography / Systems 

2012 

M. Rapin J. Snedeker / ETH Zurich Wearable EIT system / Systems 2013 

D. C. Rojas Quiros J.-D. Decotignie / EPF Lausanne Development of MAC and routing protocols for dense 
wireless sensor networks  
/ Integrated and Wireless Systems 

2014 

B. Schyrr C. Weder / University of Fribourg Nanobiosensor / Micro&Nano Systems 2009 

J. Sun H. Lissek, X. Falourd 
/ EPF Lausanne 

Anomaly detection in time varying signals for the quality 
inspection of electromotors / Microrobotics & Packaging 

2011 
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Name Professor / University Theme / CSEM Unit Start year 

R. Thirunarayanan C. C. Enz, D. Ruffieux  
/ EPF Lausanne 

Ultra-low power flexible frequency synthesizers  
/ Integrated and Wireless Systems 

2011 

X. Zeng N. Grandjean / EPF Lausanne Active atomic clockwork: Mode-locked GaN QW laser 
with Rb atomic vapor cell absorber / Systems 

2010 

PhD Funded by CSEM 

Name Professor / University Theme / CSEM Unit Start year 

K. Kanoun D. Atienza / EPF Lausanne Multicore VLSI architectures 
/ Integrated and Wireless Systems 

2011 

Commissions and Committees 
P.-J. Alet Steering Committee member, European Photovoltaic Technology Platform 

Technical Committee member, IEEE International Conference on DC Microgrids 
Working group leader, Grid integration, European Photovoltaic Technology Platform 

F. Amez-Droz CSEM Representative, EARTO Communication Group 

C. Bosshard Managing Director Swissphotonics NTN 
CSEM Representative, European Photonics Industry Consortium (EPIC) 
Photonics 21, Board of stakeholders 

P. Dallemagne Secretary and Swiss representative of Technical Committee 5 "Information Technology 
Applications", International Federation for Information Processing (IFIP) 

J.-D. Decotignie ISO TC 65 Swiss Committee 
ISO TC 65C, WG16 convenor, Wireless Industrial Communication Standardization 
Program Committee and Executive Board, Workshop on Real-Time Networks (RTN), Madrid, 
Espagne 
Program Committee, Euromicro Conference on Real-Time Systems, Madrid, Espagne 
Program Committee, IEEE International Conference on Wireless for Space and Extreme 
Environments (WiSEE), Noordwijk, Pays Bas 
Program Committee, IEEE Real-Time Systems Symposium (RTSS), Rome, Italy 
Program Committee, Real-Time Networks and Systems, Versailles, France 
Program Committee, Workshop on Factory Communication Systems, Toulouse, France 
Reviewer, Agence National pour la Recherche (France), Programme « Architecture du Futur » 

M. Despont Board member of the Swiss-MNT network 
Chairman of the Micro- and NanoEngineering conference, Lausanne, 2014 
Member of the Steering Committee of the Micro- and NanoEngineering (MNE) conference  
Chairman of the Swiss Nanoconvention (Neuchâtel, 2015) 
External Expert at PhD Thesis, EPFL 
Member of the Technical Program Committee for the IEEE International Conference on Micro 
ElectroMechanical Systems (MEMS), San Francisco 2014 
Member of the Editorial Board of Microelectronic Engineering Journal (Elsevier) 
Member of the Executive Board of the Swiss research program NanoTera 
Member of the Industrial Advisory Board, Nanotechnology Program, Prof. H. Bahaskaran, Oxford 
University, UK 
Senior Member of the IEEE Society 
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M. El-Khoury CNCI Chambre Neuchâteloise du Commerce et de l’Industrie, Neuchâtel 
Concours International de Chronométrie, Le Locle, Membre du Comité d’honneur 
Conseil de l’Université de Neuchâtel 
Emirati-Swiss Friendship Platform, Abu Dhabi 
Nano-Tera, Member of the Steering Committee 

J. R. Farserotu Chair and Research Co-ordinator The Hermes Partnership 
Chair of ETSI Technical Committee Smart Body Area Networks (TC SmartBAN) 
Member of the Steering Committee and Technical Committee, IEEE International Symposium on 
Medical Information and Communication Technology 2014 (ISMICT 2014) 
Member of the Technical Committee, IEEE Sensing Propagation and Wireless Networks for 
Healthcare 2014 (ISSNIP 2014) 
Technical Programme Chair, MAC and Cross-Layer Design, IEEE Personal Indoor Mobile Radio 
Conference 2014 (PIMRC 2014) 

D. Fengels Member of the Executive Board of Sensors.ch 

E. Györvary Advisory Board Smart Frame 
Extended Board Member CSEM Brasil 
Extended Board Member HTA  

H. Heinzelmann CCMX, Steering committee 
Comité d'orientation stratégique COS, Institut Carnot iC LAAS CNRS 
Expert, Austrian Bridge Initiative 
Expert, Austrian FTI Programme 
International Advisory Board, Nanomedicine WIRE 
International Program Committee, Micro Nano Engineering MNE, Lausanne 
International Scientific Committee, Smart System Integration, Vienna 
Member of the Deutsche Physikalische Gesellschaft 
Member of the Swiss Physical Society 
Vice-President Section Nanotechnology, Swiss Society for Optics and Microscopy (SSOM) 

A. Hoogerwerf Technical Committee and Session Chair at the SPIE Microtechnologies Conference,  
April 24-26, 2014, Grenoble, France 

C. Julia-Schmutz Communication Coordinator within the Heterogeneous Technology Alliance (HTA) 
CSEM Representative, BioAlps 

H. F. Knapp Delegate for cluster initiative Toolpoint for Lab Science 
Member of the Executive Board of biotechnet, Switzerland 

G. Kotrotsios Le Réseau, Advisory Board 
Micronarc, member of the expert group 
Member of the Board of Directors of CSEM do Brazil  
Member of the Board of Directors of Femto Innov, Besancon, France 
Member of the Executive Board of EARTO, the European Association of Research and Technology 
Organisations  
Member of the Executive Board of EREA (the European Association of Aeronautics Research 
Centers) 
Member of the International Advisory Board of the Samara Space and Aeronautics University 
(SGAU), Russian Federation 
Member of the Board of the Heterogeneous Technology Alliance (alliance federating the Fraunhofer 
(microelectronics), VTT, CEA-Tech and CSEM) 
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J. Krauss Membre du Comité Economique des Hautes Ecoles Spécialisées (HES-SO) 
President, Swiss Society of Biomedical Engineering (SSBE) 

M. Krieger CSEM Representative, Advanced Factory Automation workgroup of Swissmem (AFA) 
Member of the International Advisory Board of IPAS2014 Chamonix  
(International Precision Assembly Seminar) 

S. Lecomte European Time and Frequency Forum (EFTF) scientific committee member 

A. Madrigal CSEM Delegate in the Aviation and Security Research Groups of EREA (Association of European 
Establishments in Aeronautics) 
CSEM Representative, General Forum Clean Sky 
CSEM Representative, Network of European Research Organisations on ESA Issues (NERO) 
CSEM Representative, Swiss Aeronautics Security and Defense Division of Swissmem  
(Swiss ASD) 
CSEM Representative, Swiss Space Industries Group of Swissmem (SSIG) 
Expert for the evaluation of proposals for the Comité Consultatif pour les Technologies Spatiales 
(CCTS) of the Swiss Space Office (SSO) 
Member of the Swiss Space Centre (SSC) 

S. Mohrdiek Coordinator and Contact Point for Swiss Photonic Packaging Laboratory (SPPL) 

A. Perret Euripides Scientific Adviser of the Board, Council Member and Adviser of the Council 
Member of the ESA's Future Technology Advisory Panel 
Program Committee of Smart System Integration Conference 
Secrétaire de la Fondation du Prix Omega 

C. Piguet Membre du comité de rédaction du bulletin de la SSC 
Membre du Conseil d’Administration de Centredoc, Neuchâtel, Suisse 
Program Committee, Conférence d’informatique en Parallélisme, Architecture et Système 
(ComPAS 2014), Neuchâtel, Switzerland 
Program Committee, European Solid-State Circuit Conference (ESSCIRC 2014), Venice, Italy 
Steering & Program Committee, IEEE Faible Tension Faible Consommation (FTFC 2014), Monaco 
Steering and Program Committee, International Workshop on Power and Timing Modeling, 
Optimization and Simulation (PATMOS 2014) and European Workshop on CMOS Variability 
(VARI), Palma de Mallorca, Spain 
Steering Committee of the ALaRI Master Course, University of Lugano 
Subprogram Committee, Design, Automation & Test in Europe (DATE 2014), Dresden, Germany 

R. Pugin Expert French ANR Programme 
Scientific Committee, Highlights in Microtechnology, Neuchâtel 

D. Ruffieux Member of the International Technical Program Committee of the International Solid State Circuit 
Conference (ISSCC) in the Technology Directions sub-committee 

R. P. Stanley Nanophotonics Foresight Association Committee for Horizon 2020 
Photonics 21, working group 3 (biophotonics) and 6 (photonic components) 
Programm Committee member of SPIE Conference “Photonics West” 

P. Steiert Advisory Board Member for Institute für Chemistry and Biological Chemistry at the ZHAW 
Advisory Council for cluster initiative Toolpoint for Lab Science 
Member of the Executive Board for microPark Pilatus 
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Prizes and Awards  
May 2014 3rd prize in the Innovation Award Laser Technology 2014 at the International Laser Technology Congress 

AKL'14 for the European project Femtoprint (Aachen, DE) 

June 2014 Prix OMEGA Scientific Award goes to Florent Cosandier’s PhD thesis entitled “Conception of ultra-high 
straightness motorized linear axis” (Neuchâtel, CH) 

September 2014 Innovation Award at the Lloyd's List Global Awards 2014 for the European project Lynceus (London, GB) 
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