EUJO-LIMMS -AEUr dmae@an Opening of LI MMSo,
in Japani December 2011 to May 2016

The Laboratory for Integrated Micro Mechatronic Systemsis an
internationalresearch unit on MEMS and NEMS (Mierand Nane
ElectroMechanicalSystems) operated in joint namestbé French

LiMMS National Centre for Scientific Researahd the Institute of Industrial
Science of th&Jniversity of Tokyo, where it islocated inKomaba Campus (Il), Tokyo, Japan.
LIMMS hosts French and Japanese scientesteer CNRS permanent researcharpostdoctoral
researchers in host research group&JatllS. The research projects developed in LIMMS are
related to micro and nanosystems within three main axes: Advanced MEMS/NEMS,
BioMEMS/Nanobiotechnologgnd Nanotechnology.

In 2010, within the framework ofhe international cooperation specific activities FP7 the
European Commission launchet INCOLAB call for proposalsto establish European laboratories
in third countries such as Brazil, Chinadia, Russia, USA, and Japd@NRS andthe Institute of
Industrial Scienceof The University of Tokyo therefore offered to opeldMMS to 3 European
partners:

- Ecole PolytechniqueFédéralede Lausanne(EPFL), Switzerland

- University of Freiburg, Department of Engineering (IMTEK) , Germany

- Valtion Technical ResearchCentre of Finland (VTT), Finland

EUJO-LIMMS, EUropeJapan Opening of LIMMShereforebecame thdirst EU laboratory in
Japan, from December 2011 to May 201&hanks to this success, the Japan Society for the
Promotion of Science also awadEUJOLIMMS with a 5-years matching fund through its Cere
to-core program for mobility costs from W@Kyo-1IS to EU partners.
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In 2013,EUJOLIMMS organized aropen call for partner. This is
M ESA+ how in April 2014, EUJOLIMMS opened up to one new partmer

MESA+, Institute for Nanotechnology of the University of Twente
Netherlands which was chosen among 11 excellent candidates.

INSTITUTE FOR NANOTECHNOLOGY

The scientific challenge of EU3OMMS is to push the frontiers of micro and nano systems
technologyin capitalising the complementary expertise of theokyo, CNRS and thdour new
European partner3.he objectives of the project atleereforeto extendthe LIMMS structureand
capacityto 4 European partners and study the feasibility to open the institutional agreement in the
end of the project. Scientific projects are initiated between each partner and LAM&8rst result

of the creation of this EU laboratorfzuropean researchers joth&IMMS members andhe 16

Host laboratoriesf UTokyowhere they could pursue their project in a collaborative environment

LIMMS has been existing since 1995 and celebrated ftsA2Miversary in 2015From December

2011 to May 2016LIMMS developedts capacity in order to upgrade from a bilateral cooperation

to a real European Laboratory, in terms of management, administration, administrative and
technical hosting as well as research plannEBlgJOLIMMS successfully hoste@1 European
Researcherstom EPFL IMTEK, VTT and MESA+.

When looking at the statistics WQ
can see the EUJOMMS &
project brought a significan;;
increase in th@osting activity of &
the laboratory. Twentpne &%
researchers have been hosted it
years, some of them came fo
several staysthus doubling the§:
number of hosted researchers ¢
the given period. A hosting an
training strategy had to b
implemented to be abl to
maintainand improvethe quality
of research for EU researche
LIMMS has therefore selected =
technical support team based on
each project, and skills of the EU
researchers. In terms  of
administration, LIMMS upgraded its hostingpacity, structurand documentatioto meet the EU
standards, and provided aifficient office support team for all matters related to a mobility to
Japan. This 4 yeasffort is a valuable asset for the future of the EU laboratory of Japan in the next
years. The new EU labratory communicated on its activities, first in view of the call for partner in
2013, then in view of ensuring the sustainability of the laboratory further to the end of the project.

LIMMS and EU3OMMS Members in 2015 at The University o
Tokyo Institute of Industrial Scieng&omaba Campus



Four Information Days and Workshops were organized in Japan, Frantzer@&amd, Germany and
Finland.

The EUJGLIMMS consortium gathered at CNRS, Paris, September 29, 2015 for the Final
Workshop and Consortium meeting.

On the EUJGLIMMS websitedeveloped in 201,2all news, science and technology results as well
as researchers profiles and publications can be checked.

http://limmshp.iis.u -tokyo.ac.jp/about-the-laboratory/eujo-limms

One of the goals of th&eUJOLIMMS project was also to compare the institutioraadd
administrative systems from each of the five EU institutes and study their compatibility with the
current LIMMS at The University of Tokyo, as well as their strengths and weaknesses in order to
build an international laboratory. A case study of thgstesns was therefore published and was
used in the end of the project to releasstat up guide to creating ajoint international
laboratory. The 20 years experience of LIMMS as a Fredapanese laboratory and its extension

to EU partneravas an excellent cade identify best practices that can be used by any future EU
researchnstitute interested in building lortgrm scientific cooperation abroad.

Scientific projectsvereinitiatedduring these four yeatsetween each partner and LIMMS a first
result of the creation of this EU laboratoBuropean researchers joined LIMMS memberstaed
16 Host laboratoriesof UTokyo where they could pursue their project in a collaborative
environment



) EPFL, Switzerlandi LIMMS , Japan
COOPERATION

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE  7p¢ cooperation between EPFL and LIMMSocused on

Ami cro/ nanof abattcarnr i MEM®S f / s st twhithavhsaspstematically e c t r
investigated not only from fundamental fabrication mechanism but also in view of new practical
applications. Tie research activities focus on the controllable 3D nanopatterning technology and
developing cosefficient advanced MEMS devices, specifically for-atechip and microenergy
applications. Three main topics were systematically investigated, includingncadiva3D
nanofabrication techniques based on thermal scanning probe lithography (TSPL) and advanced
stencil lithography respectively, highly efficient and gentle trapping of single cells in large
microfluidic arrays, and high performance triboelectric getogrbased on nature material of silk
fibroin

¢ Highly efficient and
gentle trapping of
single cells

3
9\( > Micro/nanofabrication Q2
of soft-matter MEMS /
stretchable electronics

The above figure shows the brief summary description of WP3 objectives, including three main
lines: advanced 3D nanopatterning techniques, new applications in biomedical and microenergy
field.



MAIN S&T R ESULTS/FOREGROUNDS of EPFL-LIMMS PROJECTS

EPFL-LIMMS 1. Thermal modification of poly-phthalaldehyde using micro
heaters

1.1 Summary

We developed a method to pattern thermo sensitive polymer resists such-pstpalgidehyder
molecular glasses as a complementary method to thermal scanning probe lithography (TSPL).
These types of polymers can be transformed into vapor phase upon heating. The method exploits
joule heating to locally change the polymer phase.

1.2 Results and Bcussion

Recent progresses involve the design of the microheater stamp and COMSOL simulations to study
the heat distribution in the heater and the substrate and a proof of concept. A micrometer to
nanometer sized heater is used to locally modify a ternperaensitive resist. In a second step, a
thermal scanning probe is used to image the pattern and add nanometer sized features. According to
COMSOL simulation results, the effect of a thermal insulation layer is studied in order to reach
sufficiently high temperatures to decompose the resist when the heater is in contact with the
substrate. As the results show, a thermal insulation layer allows for higher local temperatures
around the heater in comparison to the stamp without a thermal insulation lagech@&ekerboard
patterns were written into pristine pghthalaldehyde (left) and the ppatterned resist (right).

The cross section profiles confirm that additional patterning with a thermal probe is feasible on both
structures. This is the first time miand match thermal lithography on a single sample is
demonstrated.
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Figure 1.1: This sketch shows the basic principle of a Figure 1.2: A checkerboard pattern written with a thatt
and match lithography using a microheatera first step scanning probe into pristine pephthalaldehyde (left) an
to pattern a temperature sensitive resist with micro to thermally patterned resist (right). The corresponding ci
sized patterns and in a second step using a thermal [ sections show that mix and match thermal lithograph
with a tip apex in the range of Znm to add nanomet possible.

features.



EPFL-LIMMS 2. Advanced stencil lithography

2.1 Summary

A new fabrication method for 3D metal nanostructures using -thiglughput nanostencil
lithography was developed. Aperture clogging, which occurs on the stencil membranes during
physical vapor deposition, is leveraged to create complex topographies oantbscale. The
precision of the 3D nanofabrication method is studied in terms of geometric parameters and
material types. The versatility of the technique is demonstrated by various symmetric and chiral
patterns made of Al and Au. This novel applicatiors@ncil lithography for the third dimension
control on the nanoscale has great potential to pave the way for applications in many fields, such as
photonics and bknspired materials.

2.2 Results and Discussion
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Figure 2.1 Stencil lithography cloggim effect. (a) ThiFigure 2.2 Width to height ratio characterization ¢
stencil mask is assembled on a substrate using Kapthe tapered line geometry. Top row describes
tape. Three representative phases. (b) Initial phase: tapered geometry: (a) L and W. (b) SEM tilted (2
occurs through the fully open aperture. (c) Intermedi mage of a tapered str
phase: aperture is partially clogged. (d) Final pha AFM image. Bottom row describes the anal
aperture is filly clogged and the final 3D nanostructure w performed on the AFM topography data to extract
a nontuniform height is formed. Insets show the SEM imi relationship between the aperture width and

of the apertures on the stencil membranes. maximum hight achieved: (d) and (e).

We presented a novel use of stencil lithography to extend its applications to the height profile
regulation that allows for the fabrication of 3D nanostructures with inhomogeneous thickness
profiles. SEM and AFM acquired visual and topographical data €l us characterize the
lithographic capabilities of our method. First, we quantified the clogging rate on various tapered
line patterns by relating their AFM measured maximum height profiles to aperture widths and
extracted the HtoW ratios as 1.69 for AwdeD.73 for Al. Our analysis of the AFM data showed no
significant influence of the aperture dimension or geometry on the clogging rate; however, data
revealed a strong material dependence. Moreover, we presented various patterns both with straight
four-painted star and windm#and curveesnailgeometric elements at different dimension scales,
both with micron and submicron features, to illustrate the versatility and scalability of this approach,
while discussing the resolution limiting aspects such asribpy and grain size dependence.
Comparing individual windmill nanostructure profiles in an array, we were able to assess the
homogeneity. The average profile standard deviations of arrayed windmill structures were measured



as 32 nm and 16 nm for Al and Atespectively, which are affected by the average grain size of
each material. This novel application of stencil lithography for the third dimension control on the
nanoscale has great potential to pave the way for applications in many fields, such misphatb
bio-inspired materialin life sciences, particularly in the caléll and cell microenvironment
interaction, and cell heterogeneity research.

20 ) — 410nm  [FW/L=0.3 pm/2pm
EW/L=0.4 pm/2um
lW/L=0.5 pm/2um

-
n
T

£
ES
£
E
=
<

Height to Width Ratio

o
"]

A

Al

u
Materials Deposited

Figure 2.3: HtoW ratio collected statistically o Figure 2.4: Scalability of théneight control on a symmetr
tapered structures witthree different W/L ratio four-pointed star shape. Top and bottom rows show bott
and for two different materials (Al and A SEM images and the AFkpography of the foupointed stat
showing significant material effect on the Htishapes for Al and Au materials, respectively. The patte
ratio but not as significangeometry dependenc presented in two dimension scales: the smalktern on the
Error bars represent the standard error ové2 | ef t wi th 800 nm and the b
samples for each tapered geometry. total width. The average grain size of Al and Au can
compared orthe SEM micrographs

EPFL-LIMMS 3. Highly efficient and gentle trapping of single cells in large
microfluidic arrays

1. Summary

The isolation of single biological cells and their further cultivation in dedicated arrayed chambers
are key to the collection of statistically reliable temporal data iRbeeleéd biological experiments.

In this work, we present a hydrodynamic single tr@pping and culturing platform that facilitates

cell observation and experimentation using standardabioequipment. The proposed design
leverages the stochastic position of the cells as they flow into the structured microfluidic channels,
where hundrés of single cells are then arrayed in nanoliter chambers for simultaneous cell specific
data collection. Numerical simulation tools are used to devise and implement a hydrodynamic cell
trapping mechanism that is minimally detrimental to the cell cycleretaths high overall trapping
efficiency (~70%) with the capability of reaching high fill factors (>90%) in short loading tinies (1

4 min) in a 40&rap device. A Monte Carlo model is developed using the design parameters to
estimate the system trappindietncies, which show strong agreement with the experimentally
acquired data. As proof of concept, arrayed mammalian tissue cells (MIABata cultured in

the microfluidic chambers for two days without viability problems.



Figure 3.1: (a) Photogrph of various microfluidic Figure 3.2: (a) FEM simulation. (b) An increase in the 1
cell-trapping devices. (b) Typical 2D layout of the . into the trap from 7% to 13%, which corresponds to
channel device and a representative single tap capturing efficiency. (c) Trap position pattern
trap/chamber. (c) @ rendered model of ttthe channel. Top: all traps aligned at the center. Bottom:
hydrodynamic  singleell isolating  structurec positions are optimized to target a wider (44%) range
microchannel where the cells are sequehti streamlines. (d) and (e) A comparison of the proposed
trapped. (d) Fluorescent microscope image of trapping method withhie reported serpentinike.

Calcein acetoxymethyl ester stained MIA P&l

cells right after being arrayed.

2. Results and Discussion

In response to the growing need for manipulating single cells in microfluidic platforms, we
designed, fabricated, and verified hydrodynamic single cell trapping and culturing devices. Our
main goalswere simplicity, high trapping efficiency, low mechanical intervention, short cell
loading time, longterm microscopic observation compatible with stege incubators, and
biological experimentation compatibility to facilitate the use of the method wéhdsrd bieab

tools. We achieved ~70% trapping efficiency leveraging the stochastic nature of the cell @rrivals
a microfluidic channel. Our average cell loading times were in minute sédlen(ih). We cultured
~400 isolated single cells per devicadanonitored them using a staty incubatomicroscope.

We did not observe any viability issue during the-degle (~2 days) staticell culture periods.
Moreover, we measured the time dependent proliferation rate of 73 individual MIAZPa€lks
(doubing frequency=0.8 da)), which was comparable with theontrol bulk cell culture
proliferation rate (doubling frequency=1.1ddy We are convincedthat our single cell
microarraying method will stimulate and open the way to the studi@suoy biologicaljuestions

EPFL-LIMMS 4. High-performance triboelectric generator based on natural
materials

1. Silk-fibroin -based triboelectric generator

In this work, a silk fibroin film material was introduced and used to construct a TEG. The silk
material occupies a tepvel positive position in the triboelectric series and possesses a strong
ability to lose electrons during triboelectrification. An gey plasma treatment process was
employed to strengthen the interface force via chemical modification and increasing surface
roughness at the nanoscale level, and thereby improve the adhesion of the silk fibroin film to the
PET substrate. Following a systatic study of its electrical property, this sblased TEG was



