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1. Introduction

As Micro-Electro-Mechanical Systems (MEMS) are growing in
complexity, they find new applications boosting the development faster than
ever. Depending on the application, new requirements put constraints on
materials involved in the systems and on the manufacturing methods. Using
MEMS to build small satellites means that these systems have to sustain a
harsh space environment, for instance ultrahigh vacuum conditions, space
radiation, temperature cycling, and some times corrosive substances under
high-pressure.
Based on established technology for manufacturing of electronic
integrated circuits, single crystalline silicon wafers became a traditional and
predominant material for micromechanical systems, even though other
materials are gaining popularity. A heavily integrated MEMS consists
therefore often of a number of silicon wafers, and some times even glass or
other material, bonded together to form a wafer stack. Such a flat unit is
rigid, stiff, but brittle, and sensitive to mechanical shock. Silicon exhibits a
number of excellent material properties, such as good thermal conductivity
low thermal expansion, inertness toward many corrosive fluids, very high
tensile strength, etc., making it suitable for load-carrying elements.
Obviously, any combination with different materials, and with the
traditional spacecraft structure requires special solutions to bridge the large
differences in properties of the materials involved. Interfacing traditional
materials within a MEMS device is a common challenge that designers have
to overcome, but the interface of MEMS to a macroscopic system, which
ultimately enables practical use of the MEMS, has often not been
sufficiently developed. These interfaces, in form of bulky connectors, tend to
have a mass several order of magnitudes over the actual MEMS device.
This thesis is devoted to interface issues, interfaces between
microsystems and macrosystems in general, and some particular interfaces.
A number of cases studied involve the development of the nanosatellite
NanoSpace-1. Paper I treats mechanical interfaces between stiff and brittle
single crystalline wafers like a MEMS-module and its aluminium mounting
frame. Together, these form a standard structural component for the satellite.
Paper II, as a step further progressed from the previous paper, deals with a
method that provides designers in small groups and companies a reasonable
tool for modeling in their iterative design work. The method enables
time-saving structural simulation in a normal Computer Aided Design
9

(CAD) environment. Paper III investigates the sealing mechanism of a
MEMS-to-macropart fluidic connector for corrosive propellant under high
pressure and working at widely fluctuating temperatures. An incentive result
from the experiments in this work led to the development of a valve for
regulation of minute flows, which uses thermal expansion of metallic
materials for actuation. Calculations of activation and actuation temperature,
characterization tests, as well as sensibility analysis are summarized in
paper IV. In paper V, an innovative method for the sealing of small
openings in connection to microcavities is presented. The paper describes the
design and tests of the samples, and shows results from the investigation on
if and how the solder plugs can seal the openings contaminated with paraffin
wax. Papers VI presents the design and testing of a three-dimensional
MEMS filter as interface between a macroscopic gas line and a
micromechanical fluidic system, as well as a useful interface within the
subsystems in a more integrated micromechanical system. Paper VII is a
detailed theoretic study and validation of the numeric model for predicting
the performance of this filter.
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2. Space technology
and spacecraft development

The dream of going to space might have started long before the fiction and
science fiction stories such as those written by Jules Verne (1828-1905) and
others. Konstantin Tsjolkovski (1857-1935) was a great engineer and
scientist in a field that in his time was not yet recognized as a science. To
most people this was only a speculative activity that only a handful of odd
men could devote their life to. Already at that time he envisioned space
exploration journeys and proposed different designs of spaceships and
equipments for Extravehicular Activity (EVA) that later, in our space age,
proved to be surprisingly well thought out.
In the late phase of World War II development of missiles set the real
starting point for the space race that in some respect was a continuation of
the war after the fire had ceased. After the first Russian satellite Sputnik
followed the American Explorer-1, both in Low Earth Orbits (LEO) in
October 4th and December 6th, 1957, respectively. Space technology has
progressed fast ever since. The cosmonaut dog Lajka, launched in November
1957 by Russia, died in space because it was technologically impossible to
bring her back to Earth. Today, cosmonauts, astronauts, and taikonauts,
going to space and back do not make a great sensation. Certainly not every
one of us is aware of the huge International Space Station (ISS), Figure 1,
which passes every 90 minutes above our head. Cosmonauts and astronauts
from different countries, which are continuously manning the ISS and
performing high-technological experiments and research in space, know that
they are going back to their families and friends on Earth when their mission
end.
The mass of spacecrafts, and thereof the cost of space missions has been
increased dramatically. Launch cost has been estimated to between 9,000
and 35,000 US dollars per kg to place it onto a LEO by an expendable
launch vehicle [1]. To accomplish the ISS with a mass of 419,000 kg, 26
heavy launch vehicles of Ariane 5 class (total mass: 777,000 kg, payload
16,000 kg) will be needed. This enormous cost, together with very high cost
of ground service, is a reason to why the major number of space mission in
the world is still financed by governments.
While a number spacecraft are continuing their journey into deep space,
activities for manned missions to Mars are going on, especially in the USA.
11

More resources, larger launch vehicles and spaceships, more advanced
technologies, and deeper knowledge of space are needed, but will probably
never be able to quench mankind’s thirst to explore unknown places.

Figure 1. The International Space Station will have a mass 419,000 kg when the
assembly is accomplished. Courtesy of ESA.

Relevant questions are raised: Are there other means than sending people
for the dangerous missions into the unknown? Can the launch vehicle and
spacecraft be smaller, cheaper, and less harmful to the environment or life?
Which nations have sufficient resources to access space?
A lot of unmanned spacecraft with robotic equipment over the years have
performed technological and scientific missions, collecting important data
for us, building the knowledge of our solar system. Up to date, these
activities and, thus, knowledge and access to space, belong to just a few
nations, such as USA, Russia, and member states of The European Space
Agency (ESA), and recently also China. Development of small satellites (a
class of spacecraft with wet mass – i.e. with propellant onboard for mission –
of below about 500 kg) over the last decade has enabled access to space for
other nations such as India, Turkey, Malaysia, Brazil, etc., which now have
their own operating satellites in orbit.
Meanwhile, a new and yet smaller spacecraft, called the nanosatellite,
emerges. This is a class of spacecraft with wet mass of 1 to 10 kg by
definition, which has been claimed for even “faster, better, cheaper”
missions, and thus creating opportunities for new adventures. Nanosatellites,
however, are not in any case a substitute for spacecraft in “traditional”
missions, but a complement to them. One scenario is where a much larger
and more expensive mothercraft can take a number of nanosatellites onboard
as a task force for risky missions. Another is spacecraft swarms in order to
ensure mission return, since loss of one spacecraft would not jeopardize the
entire mission.
12

The prefix “nano” has its original meaning of “dwarf”, and does not
allude to nanotechnology; rather, microtechnology – often called MEMS –
being an enabling technology for nanosatellites.
MEMS in general are devices of small size that can perform very precise
tasks. An advanced electronic chip, such as a processor in a modern
computer, may be placed on a fingertip, yet the working part of it is only a
number of layers of a couple of micrometers in thickness on a silicon
substrate. A mechanical microsystem may have channels, openings,
suspension springs and more just a few micrometers in cross-section, but
still being able to detect small changes of velocity, frequency, fluid content,
and other physical variables. The microsystems tend to be a combination of
electronic, mechanical, and fluidic systems in one piece in order to gain high
sensitivity and stability of function, and avoid otherwise bulky connections
in between system parts.
The predominant substrate for making MEMS is still single crystalline
silicon in the form of wafers. These are the foundation for growing structure
and functional layers through deposition of material, and the ground for
excavation of fluidic channels, suspended masses, thermally isolating gaps,
etc., through micromachining. Stacking wafers on top of each other by
fusion bonding, thin-film soldering or thin-film gluing, a rigid flat unit
embracing a complex MEMS can be obtained. Effort has been put into the
R&D of such units with for instance a complete microsystem comprising a
S-band antenna and thermal management [2], a fluidic handling system for a
micro rocket engine [3], an Analog-to-Digital (AD) converter, a miniature
solid microrocket array [4], and so on. These modules are designed partly to
build a real MEMS-based satellite, the NanoSpace-1, Figure 2, at The
Ångström Space Technology Centre (ÅSTC), Department of Engineering
Sciences at Uppsala University in Sweden.

Figure 2. Structural model of the satellite NanoSpace-1 in scale 1:1.
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3. The satellite NanoSpace-1

The ideal miniaturized satellite would only be one piece of material,
which consists of all the microelectronic and micromechanical systems that
are needed for its function. The spacecraft structure should be
self-supported. No harnesses, no frames, no supports, no screws, and no
connectors should be needed. It should just be like a piece of sponge, or a
little termitare, with its functional cavities [Paper II]. A spacecraft like that
may be built in the future by using emerging technologies for deposition and
milling material at the sub-micron scale. With up-to-date MEMS technology,
a fully operational nanosatellite can only be realized by putting together
discrete microsystems in the form of flat silicon wafer stacks. Therefore
mechanical structures and connectors are still needed.
Uppsala University, through ÅSTC, has developed the nanosatellite
NanoSpace-1 (NS1) based on heavily integrated MEMS using the in-house
clean room facility. The main mission objective is technology demonstration
focusing on MEMS. High performance systems will be demonstrated, such
as Cold Gas Thrusters, High-Pressure Gas Distribution System,
Multifunctional Transceiver Module, Miniature Solid Microrocket Array,
etc. [5-10]. Due to the original ambition, the NS1 will be able to perform
formation flight with the carrier as a mothercraft in orbit.
The NS1 design is presented briefly with some details below, and shows
both the design philosophy in general, and the structural concept down to the
system unit level in particular. The interface issues will also be addressed.

3.1 NS-1 structural concept and design philosophy
The structural concept of NS-1 took form from iterative work by sketching,
discussion, rough estimation, constrained by the mission objectives, and
requirement on all levels. The structural concept and design philosophy are
constrained by the standard size of silicon wafers and their material
properties, as well as the standard equipment used for processing the wafers.
This forms important guiding lines in the development phase in order to
produce the intended design of the spacecraft for best performance at the
lowest cost [11]. In this section some major features in the concept will be
discussed

14

3.1.1

Overview

A low mass budget was the catalyst in the development of a new
structural system concept. NS1 is not based on traditional mechanical
systems, which normally divide into primary and secondary structures [1,
12]. Rather, the NS1 uses a self-supported structure. Every system unit
assembled into the satellite will make it mechanically stronger. The modular
concept enables multifunctional system design, and at the same time, it does
not forgo the possibility of a mission specific design. These design
philosophies are not contradictory, since the modular concept puts design
constraints on the mission specific design, as a consequence of the extensive
use of MEMS in this case.
The CAD picture sequence in Figure 3(a-c) shows the body of NS1 in
different assembling states. In pictures (d) and (e), each individual solar
panel has its own thruster pod for precision attitude control and three
micropyros-rocket panels for coarse altitude control. The square in the
middle of the topside (also on the backside of the satellite) is the
monopropellant microrocket for small orbit maneuvers.

a.

d.

b.

c.

e.

Figure 3. The upper CAD picture sequence shows the NS1 body being assembled on
its docking cradle, (a), the core elements, propellant tanks, the rest of the inner
frames (skeleton), and batteries assembled outwards, (b), and frames of the outer
shell in their places, (c). Picture (d) shows a frame of a solar panel and (e) the
backside of the NSI with all four panels.
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3.1.2

Self-supporting structure

In general, the mechanical design of NS1 reflects a holistic philosophy, i.e.
the parts assembled together constitute a single rigid structure. None of them
is just an appended unit constituting a burden load to another. The skeletonlike structure made of a space-qualified aluminium alloy, Figure 3 and 4, is
the internal mechanical and thermal load path, constituting a base for
fixation of modules and components. It gains full strength first after all
components and systems have been put in place.

Figure 4. Aluminium frame as the inner skeleton of NS1.

3.1.3

Symmetrical structure

Symmetry in structural design have been used to create a balanced
distribution of the components, and to make the centre of mass coincide with
the geometrical centre of the spacecraft. Manufacture and testing of
components and the algorithm of the control software, therefore, can be
reduced and simplified. Figure 5(a) shows the bottom plate, which is the
most complicated in design at the first glance, because it is full of details for
joining to the other structural pieces, but it is nothing more than mirrored
copies of 1/8 part of it, Figure 5(b). The consistency in using geometrical
symmetry for the rest of the satellite can be seen also in the previous figures.

a.

b.

Figure 5. The complicated bottom plate (a) becomes simple by using symmetrical
design. Figure (b) shows the magnified 1/8-part of it.
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3.1.4. Functional shell concept
The very limited mass budget implies that the aluminium structure has to be
very slender. Consequently, shielding from cosmic radiation becomes an
urgent issue. The solution selected is that the less radiation sensitive modules
are used to protect the more sensitive ones. This results in a structural
concept with core elements and functional shells, which provides a very
compact structure with high functional density.
The external shell is the hull of the NS-1 body, Figure 6, and is used to
effectively accommodate the modules, that have to face space directly, such
as GPS antennas with thermal control surfaces, position sensors for docking,
sun sensors, and scientific instruments.
The intermediate shell is constituted by modules and components, which
are not very sensitive to radiation and do not need to be in touch with outer
space. Examples of such components are propellant tanks, battery packages,
some scientific instruments and MEMS modules (described below). The
denser they are the better shielding they offer. Four printed circuit boards are
joined together making an enclosure around the inner skeleton of the
spacecraft. They contribute additional shielding and mechanical stiffness to
the structure. see also Figure 3(b) and 4.
The core elements are the system units, such as the central computer and
other modules containing vital electronic systems. These need to be located
in the centre of the spacecraft. The core elements have their own aluminium
protection housings, which are fixed in a compartment (or shell) made of
four aluminium walls. Together with the intermediate and external shells,
these housings provide the core elements with the best protection against
space radiation within the vehicle.

Figure 6. Cross section of NS-1 external shell (a), intermediate shell (b), and the
core elements. Note that not all modules and elements are assembled in the shells.

17

3.1.5

MEMS modules as building blocks

According to the mass budget for NS-1 the silicon used for MEMS units will
have a total mass of 1.7 kg, whereas the aluminium frame is 1.0 kg of the
total dry mass of 7.6 kg [13]. This is allowed since the flat silicon stacks
embracing MEMS are used as load-carrying elements [Paper I, II]. These
mounted, in standardized aluminium frames, are called MEMS modules,
Figure 7. NS1 is built of 30 MEMS modules in the outer shell and a few
more are housed on the inside.

a.

b.

Figure 7. MEMS module, (a), as a building block. NS-1 with some modules
removed to show the interior of the satellite, (b).

3.1.6

Multifunctionality and reconfigurability

All MEMS modules are multifunctional systems, and all have a load
carrying function. The modules at the external shell have additional
functions dealing with space probing, navigation and thermal control [14].
Active surface control can change their emissivity and absorptivity
depending on the thermal condition of the satellite in orbit [15,16]. Some
modules are equipped with quick connectors for electric contacts, or
dismountable fluidic interfaces [Paper III], allowing the hardware to be
reconfigurable and exchanged [13, Paper III].

3.2 Other proposed concept of nanosatellites
With the detailed design for modular systems, the NS1 has been developed
to a generic concept. Other missions, both for technology demonstration and
scientific ones, and combinations thereof have been proposed. The results
from the on-going R&D are used extensively in those proposals. Figure 8
shows a collage of the spacecraft concepts and prospects of the missions.
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Figure 8. Top-left: Cut view of the Earth Intelligence Surveillance (EIS) [17] in the
fairing of an air-launch vehicle. Top-middle: The deployed EIS in orbit. Top-right:
Cluster of Space Weather NanoSatellites (SWNS). Bottom: LOVECraft [18] on
Venus.

As stated in the beginning of this section, a certain traditional macroscopic
mechanical structure is still needed for the satellite. Microsystems such as
the microrocket and the cold/hot gas thrusters still have to be connected to
their propellant tanks in macroscale. Materials with different mechanical,
chemical and thermal properties have to work together in the harsh and
fluctuating space environment. The interface issue has therefore been
investigated and tackled. In the following section, a number of studied cases
stemming from the development of the satellite are summarized. The results
are reported in detail in the papers included in the thesis.
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4. Interface issues and studied cases

4.1 The mechanical interface (Paper I)
Feasibility of the building element of a nanosatellite is investigated in this
work. The MEMS module has to undergo a number tests in order to confirm
that it can fulfill the load-carrying function.
To utilize its maximum strength, the silicon stack is mounted in its
aluminium frame using an in-situ curing silicone rubber. This approach is
similar to a casting technique, and minimizes stress concentration in
assembling. Figure 9 shows the equipment and procedure for curing.

Figure 9. Aluminium frame and silicon stack fixed in one half of the Teflon curing
fixture (left). Silicone rubber is injected into the cavity between the aluminium
frame, the silicon stack and the fixture (middle). Exploded view of an assembled
module (right).

A silicon stack consisting of two fusion bonded wafers was used as a
dummy for the MEMS module. Strain gauges of a nickel-chrome alloy in
delta rosette configuration were vapour deposited on the stack. The design of
the sensors, including the delta rosettes and temperature sensors, is shown in
Figure 10.
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Figure 10. Test module before assembling into its frame (left), and close-up of a
delta rosette with strain gauges and a temperature sensor (right).

Mechanical loads were applied to the module in three modes: bending,
warping (Figure 11) and shearing. All in all, 16 bending, 7 warping, and 29
shearing tests, and 11 temperature cycling test between ±100°C (not
presented in this paper) were conducted on the module. At the end, the
rubber was investigated confirming that it had survived all tests.

Figure 11. Warping measurement of stress in silicon stack (left), with large
deformation (right). (Note that measurement of bending and shearing can be done in
the same fixture by changing the position of the load cell.)

The results showed that the module withstands surprisingly high loads
and large deformations, Figure 11(right). Destructive tests on modules
without sensors gave ultimate loads of 246, 239, and 865 N for bending,
warping and shearing, which are, respectively.
Finite Element Analysis (FEA) was used for a sensitivity analysis of the
module when the thickness of the rubber was varied.
All tests proved the mounting concept to be adequate. A regular MEMS
module for NS1 consists of up to 8 wafers. Although such a stack generally
has cavities, these combined constitute just a small fraction of the stack. In
addition, the two outmost wafers are usually solid. Thus the actual module is
expected to be stiffer and stronger.
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4.2 The thin-walled structure (Paper II)
Following on the previous work, the entire mechanical structure of the
satellite, with the MEMS-modules used as building elements, should be
addressed. By its nature, the design work on a spacecraft is iterative in its
early phases. The FEA done on one such element had been very timeconsuming, so that a structure with a number of those incorporated in its
model would not allow for numerical simulation, unless the model is
simplified and a super-computer is employed.
The structural design of the NS1 was made in a personal computer (PC)
environment with quite high performance at that time. It was equipped with
the software ProEngineer for 3D interactive design with ProMechanica for
FEA embedded. This is the advanced software used by Boeing and other
aerospace industries for design of aircrafts and spacecrafts, and the major
car-producers in the world for cars and trucks, although it is quite affordable
even for smaller organizations. FEA in the same computer and software
environment is desirable since the model does neither need to be exported to
another file format, nor changed and simplified to adapt to another software
environment, yet it is possible to do so. The engineer should be able to run
simulations on his computer and capture early information about his design.
This need is particularly pronounced at small companies and academic
groups typically involved in nanosatellite development, as these have a
limited budget and sparse access to super computer facilities. Based on this,
an idea of using a scalable generic model in the form of a monolithic cube to
predict stress and displacement in the original multipart (meaning
assembled) model took form. Such a generic cube can of course only serve
its purpose if the overall structural design has a cubic cell structure.
Since interfaces of different materials involved in the cubic cell cause
unacceptable long run time, and even cause a well-equipped PC to fail to
proceed simulation due to the excessively large Geometric Element
Modeling (GEM), the cubic cell can be modeled as either an equivalent
(meaning with identical geometry) monolithic or a simplified monolithic
model. The run time can be cut from several days on the multipart model to
some hour on the equivalent monolithic model, and to a few minutes on the
simplified monolithic model. The discrepancy in the stress and displacement
increases somewhat with the degree of simplification of the models, but yet
remains on an acceptable level. Selection of the models therefore should be
driven by the need of simulation accuracy and time available in the actual
design phase at the cost of fidelity of the outcomes.
Four load cases for the cubic models were selected as the generic cases
applicable to the satellite in different attachment configuration for launch,
Figure 12. Each model was simulated with different thicknesses of the
silicon stack, which change from 2 to 4, 6, and 8 wafers, corresponding to
the change of the thickness of the faces in the monolithic models with
22

increment of 1.050 mm. The launch acceleration was set to -10 g, as
compared with -7.5 and ±5.5 g for flight limit of longitudinal static and
dynamic loads, respectively, specified for dimensioning and qualification of
micro auxiliary payloads for the launcher Ariane 5 [19] (The minus
accelerations denote compressive load on the payloads.)

Figure 12. Four load cases with respect to the studied face (dark grey). The
schematics apply to modelling of both multipart and monolithic structures.

Results from simulations on the two monolithic models showed an
acceptable deviation from that of the original multipart model. The stress in
a location on silicon stack and the corresponding location on the monolithic
model differ, in general, less than 30%, Figure 13, with lower value from the
original multipart model used for reference. For faces thicker than 4 silicon
wafers, the differences approach a stable level. This is the case also for the
displacement. The difference in both stress and displacement in load case B,
where the cube is mounted on a vertical support, differs from the other cases
due to the rubber gasket in the multipart model causing en initial
displacement and thus stress concentration in the silicon stack.
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Figure 13. Normalized stress in the monolithic identical, (left), and the monolithic
simplified model (right) with respect to that of the original multipart model.

4.3 The fluidic interface (Paper III)
The need of a dismountable fluidic connector as an interface between two
microsystems, or a microsystem and a macrosystem, stemmed from the
development of the monopropellant microrocket for orbit control of the NS1,
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Figure 2 and 13(left). This microrocket uses hydrogen peroxide as
propellant, which put various constraints on the connector, such as
fluctuation in pressure and temperature, and subjects it to an aggressive
environment. Hence, the material properties of the parts involved have to be
considered carefully. Permanent fluidic couplings are in general leak-tight,
slender, with small dead volume and therefore suitable for MEMS.
Temperature change, as a consequence of fuel burning and orbiting, requires
thermal expansions of the materials involved to be matched to each other.
The requirement on high-pressure and oxidizing propellant makes the choice
of the already limited number of the selectable materials even more difficult.
Replacement of faulty components or subsystem was the requirement that
made existing technology of permanent couplings impossible to use.

Figure 14. Concept of monopropellant microrocket for altitude control, (left), and its
dismountable macro-to-micro fluidic connector, (right). The cross section and
magnified part show the deflected membrane of the assembled connector.

Dismountable fluidic connectors have many advantages in comparison
with permanent couplings, although there are also some disadvantages. The
most concerning issue is the leak rate, which in a microsystem context is a
demanding task to keep under control. The development on a feasible
solution started with connectors using micro o-rings of different materials,
such as Viton, Kalrez, Vespel, but ended with a gasket-free.
Instead an integrated circular ridge on top of a circular silicon membrane
was designed as an integrated feature on the MEMS part. The macropart,
being the counterpart to the MEMS, is made of stainless steel, which resists
the oxidizing propellant. When the two parts are assembled, by pressing
them together, the ridge on the micropart makes the membrane deflected
fully, Figure 14(right). The membrane acts as a flexible part providing
pressing force on the ridge, and compensates for imperfect alignment of the
two parts, and also for small movements due to thermal expansion. The main
purpose of the membrane is, however, to maintain an axial force on the
ridge.
Experiments with temperature cycling, Figure 15, and the investigations
of the sealing mechanism of this type of connector showed that the ridge
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does not cause significant damage on the nipple, and thus can be
reassembled, provided that the sample has an appropriate membrane
thickness and span. Too weak membranes resulting in insufficient pressing
force on the ridge cause leakage of pressurized gas, and too stiff membranes
cause the ridge to make an imprint in the nipple, making the connector
leak-tight, but the nipple non-reusable. The experiments also showed that the
silicon-based microparts are very strong in comparison with the stainless
steel counterpart, so that they remain intact and can be reused.

Figure 15. Equipment for testing of the connection at low temperature after cooling
with liquid nitrogen. Note that ice from condensed water is still present on the fins
of the test jig.

The connector worked well within the experimental limits, i.e. ±100°C
and with a helium pressure up to 9.7 bar.

4.4 A valve for regulation of small gas flow (Paper IV)
The function and performance of a gas valve, using a ridge-equipped silicon
chip as the valve lid and a stainless steel nipple as the valve seat, is
investigated in this paper. The parts are clamped together in an aluminium
cylinder and subjected to a controlled temperature change. The difference in
coefficient of thermal expansion of these components makes the valve open
on increasing the temperature. Equipment from previous work was reused in
the experiments with some modification of the supporting nipple, grinding
procedure for the valve seat and alignment of the valve lid. The valve lid
design was adapted for the flow regulation purpose.
Since the aluminium cylinder and other parts in the clamping assembly
are subjected to elastic (and plastic) deformation, the stress in these parts has
to be relieved before the valve lid can disengage from the valve seat. The
temperature where this occurs is defined as the activation temperature, and
can be derived from the material properties, based on the illustration in
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Figure 16. By means of a helium leak detector, a minute gas flow was
regulated and measured. A typical flow rate increase from 1x10-8 to 1x10-4
scc/s was observed on heating the valve from 12 to typically 90ºC. The latter
value, which limits the measurement range, is determined by the equipment.
Thus, the valve is expected to be operational also for higher flows although
this design was tailored for the operational range allowed here.

Figure 16. Scheme for calculation of activation temperature of the valve.

Measurements with helium for pressures of 2 to 10 bar were performed,
and a shift in the flow rate versus temperature curve towards a lower
temperature was observed.
Scaning electron microscopy (SEM) confirmed that particles of up to a
few micrometers in diameter can be tolerated, as the ridge with its width of
40 Pm seem to embed them in the stainless steel valve seat. SEM also
revealed larger particles to be a possibly failure cause, Figure 17.
White light interferometry showed that the valve seat was plastically
deformed to a depth of 0.2-1.2 µm by the 2.6 µm high ridge. The rest of the
ridge caused only elastic deformation on assembling.

Figure 17. Rod-shaped silicon fragment partly embedded in the stainless steel valve
seat causing failure.
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The demonstrated flow rate showed that the valve is primarily feasible for
macrosystem applications. In order to integrate this in a microsystem, the
actuator, i.e. the clamping parts of metals and the heater, has to be
miniaturized, possibly integrating a fine-machined screw mechanism [20].

4.5 Sealing an opening contaminated by paraffin wax
(Paper V)
Development of paraffin as a phase change material for actuators has
progressed intensively in the last 5 years [21-24]. A particularly challenging
issue for this type of actuator is the sealing of the openings contaminated
with paraffin wax. An innovative sealing method for this case was found
using solder seal technology.
A metallized area that surrounds an opening here defined as the solder
pad, was created on a silicon sample by vapour deposition, Figure 18.
Around the pad, a resistive heater of the same material was deposited in the
same process using the same shadow mask as for the pad. The solder paste
was melted through application of 6.5 to 10 V to the 5 ȍ resistive heater for
a few seconds. It was found that the melted solder was able to drive an
intermediate layer of paraffin away and seal the opening completely, as far
as observation through a light microscope and leak test of the sealed sample
could tell.

Figure 18. Design of sample with dimensions in millimeters, (left), and magnified
picture of a sample with screen-printed solder paste on the solder pad leaving a
passage to the opening beneath (right).

A number of samples, sealed with different voltages and holding times,
were diced along the length closely to their sealed openings, and cast in
epoxy blocks with a diameter of 25 mm and a height of about 20.
Cross-sections of the sealed openings were made by precision grinding and
polishing, and examined by SEM. Large magnification did not show any
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trace of the paraffin wax between the solder and the silicon at the sealed
openings, Figure 19(right).

Figure 19. Cross-section of a solder sealed opening in silicon wafer, (left), and
close-up picture of the interface between solder and silicon (right).

The leak test of the seal for continuous operation for 8 hours at 85°C and
with nitrogen gas under a pressure of 8 bar, together with the examination
using SEM, verified that the sealing method is feasible for openings and vias
in microsystems even though they are contaminated with paraffin wax. To
enable integration of the seal in a microsystem, the amount of screen-printed
solder paste may need to be optimized so that the seal fits into the in-plane
funnel at the opening in connection to the via beneath, Figure 19(left).

4.6 MEMS filter as a fluidic line interface (Paper VI)
For particle filters in microsystems the stopping of detrimental particles is
the primary issue. The reason is that although gases and fluids used in
microsystems can in principle be almost particle free themselves, particles
are generated in the tanks, connectors, macrovalves, etc. Thus, interfacing a
microsystem to its supply system, that almost always is macroscopic, is a
critical step. Particles generated in this procedure are often larger than what
downstream microsystems can tolerate. Design of microfluidic systems for
NS-1 often incorporates so-called one-shot-valves, which are hermetically
closed passages to some part or the whole system. These will be blast or
melted open in orbit when the systems are triggered for their continuous
operation. Large debris have to be screened by the filter before they destroy
the rest of the fluidic systems. Furthermore, with filters incorporated within
the MEMS module, handling and assembly will be significantly simplified.
A standalone filter needs additional housing and leak-tight connections,
which both require extensive testing and verification. The additional cost for
this is omitted when the filter stack is integrated directly in the MEMS
module.
Filters made of parallel bars or the like are called one dimensional,
because they cannot stop thin flakes (two-dimensions) or rods. By analogy,
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filters made of grids with square mesh or perforated membrane are called
two-dimensional, and those of porous or rug-like material three-dimensional.
Micromachining technology can produce a well-defined pattern of vias,
grooves, mesas, etc. on or in a substrate of single crystalline silicon. Here, a
special design of a particle silicon filter was made to enable integration of it
in silicon-based microsystems. The filter presented in this work basically
uses crossing, thin, fully etched v-grooves formed in the interface between
two bonded wafers, Figure 20. This constitutes a three-dimensional filter as
these channels change their paths in going from one wafer to the other and
back.
The geometrical accuracy of the narrow v-grooves strongly affects the
fluidic performance of the filter. This has been thoroughly investigated using
a pressure-drop-of-a-control-volume method. The mass flow as a function of
inlet pressure was determined for crossed v-grooves with nominal widths of
1.5 and 2.0 µm, and also for sets of straight v-grooves with nominal widths
of 1.5, 2.0, 3.0, and 4.5 µm, for reference.

Figure 20. Principle of v-groove filter, (left), and SEM picture of a structured silicon
wafer being one half of the filter, (right).

Poor fidelity of the mask generator, crystallographic misalignment, and
undercut effect of the wet etching caused a dimensional deviation. This
effect implied a broadening of about 0.5 Pm, which of course became most
pronounced for the line width of 1.5 Pm, which is the specified minimum
line width of the mask generator used. This discrepancy was compensated
for in the evaluation of the filter and a characteristic constant C for v-groove
filter, allowing for scaling, has been introduced according to

LS 2
,
A3 N
where S is the boundary length of the cross section of the v-groove, A
the cross sectional area, L the length, N the number of parallel vgrooves, pin and pout the required pressures at the inlet and outlet of the
filter, and m the mass flow. For this equation to be valid, the
temperature must be constant (at 300 K), and the flow assumed to be
laminar.
2
p In2  pOut

Cm
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4.7 Simulation and verification of the MEMS filter
(Paper VII)
The seminal review by Gravesen et al. [25] is the first to incorporate relevant
fluid mechanics, and also points to the increasing use of numerical
modelling, and highlights the frequent breakdown in microscale of
conventional assumptions. The relevance of microfluidics analysis and
modelling was not truly recognized before microstructures became readily
available. Fundamental work was done e.g. by Harley and co-authors
[26,27]. A recent generalized approach to numerical modelling in
microfluidics is presented by Chatterjee [28], which naturally includes the
finite element method based on the Navier-Stokes formulas.
From a design point of view, the v-groove filter presented in this and the
previous paper differs from those that can be found in the literature by the
size of the groove. Although the design of the crossed v-groove filter was
characterized in paper VI, it had not been thoroughly modeled.
This paper presents the work on modeling of the filter, in order to
describe the effects of e.g. flow rarefaction (Knudsen corrections), slip flow
conditions, velocity-field perturbations, and Poiseuille number derivations.
The modeling is validated using experimental data from the previous paper.
This allows for derivation of a model that can accurately predict the flow
performance of any crossed v-groove filter, without the need of
prior-experimental result from similar devices.
The modeling work was done in a number of steps, desribed in the
following:
1. Derivation of Poiseuille number for the actual v-grove.
2. Modeling of the pressure drop through a straight v-groove.
3. Modeling of the pressure drop over a single crossing, Figure 21. The
crossing causes an offset of the model due to the smaller pressure
drop over its length than the pressure drop over a straight part with
the same length. Thus, a correction factor can be introduced.
4. Modeling of the pressure drop through a straight v-groove with four
crossings, introducing a correction factor for the semi-crossings (only
two ways to go) at the start and the end. (The two in the middle act as
the normal single crossings.)
5. Modeling of the pressure drop through a channel of the actual filter
with correction for all full-crossings and the two semi-crossings, and
the two straight parts at the inlet and outlet of the channel.
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Figure 21. Simulated pressure drop, (left), in a full-crossing, (right).

The modeling was done with the assumptions that the flow through the
filter is laminar and isothermal (i.e. constant temperature), compressible
effects is ignored (i.e. the density of the gas may vary, but temperature
changes due to expansion/compression are ignored), and effects of rarefied
gas are taken into account in modeling of the flow in the straight channels
but omitted in the crossings.
Comparison of the experimental result obtained in the paper VI to the
result from this modeling, Figure 22, showed that the standard deviation is
larger for the narrower v-grooves and smaller for the broader as a
consequence of the estimation of the v-groove dimensions, that differ from
the designed as described in the previous paper. For the nominal dimensions
of the v-groove, discrepancies between experiments and theory is within
about ±35%.
2

Ratio Theory/Experimental

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
1:Filter
(2x35.1)

2:Straight 3:Filter
(2x7.0) (2x62.6)

6:Filter 7:Straight 8:Filter
5:Filter
4:Filter
(1.5x28.4) (1.5x54.6) (1.5x79.4) (2x80.0) (2x90.5)

9:Straight 10:Straight
(3x40.0) (4.5x40.0)

Figure 22. Comparison of the 'p2-value from the experimentals with that from the
modeling. Information given on the X-axis is the sample number, type, v-groove
width and v-groove length. “Filter” denotes the sample embracing actual crossing
v-groove filter, “Straight” the sample embracing straight v-groove channels.

The theoretical approach, including FEM simulations of single and
multiple v-groove crossings, presented here enables the prediction of the
behavior of a crossed v-groove filter. The model shows a good consistency
with the experimental values.
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Summary and outlook

In addition to the NS1 satellite, mission for exploration of Venus with the
so-called LOVECraft, space weather registration with a nanosatellite swarm
(SWNS), and technology demonstration of the satellite Earth Intelligence
Surveillance (EIS) have been proposed by ÅSTC. All research and
development here were concentrated on MEMS technology for space
applications. The studied cases included in this thesis were therefore a part
of the activities that benefits the nanosatellite technology in general, and the
proposed missions in particular. Indeed, all the cases here fall under the
Micro/Nano Satellite Technologies project financed by the European Space
Agency.
The eagerness and challenge of using MEMS to build nanosatellites have
attracted many academic groups and industrial companies. For the time
being, they are small and with limited budgets, however. This new space
frontier is challenging. Every new microsystem concept brings forth a
number of problems that have to be mastered. Innovative thinking without
constraints from the traditional techniques is important. The researchers have
to think differently, since in the microscale, the effects of the surface energy
are pronounced, and the material strength is also much higher than that in the
macroscale, for instance.
The work presented here are no exceptions from the problems mentioned.
They were challenging but instructive. The way to the result and discussion
were not always straightforward although the papers tend to make that
impression. The number of trials always exceeded those presented, in order
to obtaining the relevant results.
The idea of using silicon wafers in the form of MEMS panels as building
element for nanosatellites is basically a great one. Nevertheless, the MEMS
modules have to undergo more testing, with thermal load, vibration test,
radiation exposure, etc., before they can be qualified for space. Thermal
simulation has been performed for the satellite on a sun-synchronous LEO,
but not all devices and systems have been tested. The valve for minute flows
works well in combination with the macro actuator. It still needs more
miniaturization in order to be used in MEMS, though.
However, MEMS technology will develop faster with the incentive of
applications in space, and that certainly generates spin-off applications for
education, health care, and other needs on Earth.
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Swedish summary

En konstruktör – och i synnerhet i vår värld av tilltagande teknisk specialisering och modularisering – har ofta goda skäl att dra en gräns för sitt alster.
Inte sällan finns överenskommelser – så kallade standarder – som gör det
möjligt att ansluta komponenter och delsystem med vitt skilda ursprung till
varandra på ett ändamålsenligt, bekvämt och tillförlitligt sätt. Ibland är
emellertid användningsområdet för snävt, tekniken för ny eller tillämpningen
för krävande, och tydliga riktlinjer saknas. Av den anledningen kan teknisk
verksamhet på systemnivå medföra några av de största ingenjörsmässiga
utmaningarna.
Vänder man sig sedan mot den minatyriseringsteknik som sprungit ur
halvledartekniken, och nu berör samtliga tekniska och vetenskapliga
discipliner och inriktningar som en ”möjliggörande teknik” (eng. enabling
technology), och därvid i många avseenden kan betraktas som ett sorts
gränssnitt mellan informationsteknologin och den reella världen, kan man
konstatera att utmaningen är lika återkommande som angelägen. Ingenjörer
som ägnar sig åt millimeterstora komponenter med toleranser och detaljer
blott en tusendels millimeter stora, har nämligen vant sig vid att dels göra
allt mer eller mindre ur samma arbetsstycke, och med ett minimum av
fogning och beröring, dels vid att i stor utsträckning verka med något sorts
självändamål för ögonen. Det förra är en teknikens inneboende nödvändighet, det senare ett utslag av att tekniken fortfarande är under utveckling.
En ännu större utmaning erbjuds man således i uppgiften att ansluta så
kallade mikrosystem eller mikrokomponenter till konventionella, makroskopiska system. Den här avhandlingen handlar om det.
Nanosatellitprogrammet, Nanospace-1 (NS-1), vid Uppsala universitet
har fungerat som en sammanhållande uppdragsgivare och avnämare för det
bakomliggande forskningsarbetet. En nanosatellit väger mindre än 10 kg och
är stor som kabinväska. De betydligt vanligare mikrosatelliterna väger
vanligen minst tio gånger så mycket, medan satelliter för spaning och
kommunikation väger ton och utan problem fyller ett ordinärt bostadsrum.
Till skillnad från en del andra ansatser i branschen, har man vid utvecklandet
av NS-1 beslutat sig för att inte tumma särskilt mycket på funktionalitet. En
förutsättning har därför varit att ersätta nästan alla konventionella och väl
beprövade tekniska lösningar med mikrosystem. Utöver att dessa
mikrosystem ofta ska kunna samverka med varandra, ska de ibland anslutas
till konventionella komponenter, och till och med fullgöra sekundär33

uppgifter. Vore det inte för de två sistnämnda önskemålen skulle man kunna
luta sig mot mikrosystemingenjörens universallösning integration, och låta
tillverka allt på samma bricka av halvledarmaterialet kisel genom sedvanlig
fotografisk mönstring, kemisk gravyr och deponering av tunna skikt av andra
material – i alla fall om man bortser från svårigheten att få allt att fungera
utan efterjustering.
Man kan välja många infallsvinklar för att förstå behovet av kopplingar
och interface (eng.) i den här tillämpningen. En är att utgå från farkostens
framdrivning. Ett effektivt sätt är reaktionsdrift där diminutiva mängder gas
släpps ut för att ändra riktning eller orsaka förflyttning med hög precision.
Gas förvaras i små men konventionella tuber. Dessa kräver en stadig kaross.
För att hushålla med material och massa kan man låta de vanligtvis
plattformade mikrosystemen bidra till styvheten och hållfastheten hos denna.
För att skapa ett skal för gastuberna och annat inkråm monteras de i NS-1 i
ett fackverk av aluminium och med en viktig kraftöverförande och
kraftutjämnande gummipackning (avhandlingens uppsats I och II). Sedan
måste den mer konventionella röranslutningen kopplas till de system som
innehåller mikroskopiska raketmotorer. En sådan koppling (flödesinterface)
ska klara korrosiva gaser, höga tryck och varierande temperaturer, och helst
vara demonterbar (avhandlingens uppsats III och IV). Gasflödet behöver
sannolikt regleras. En framgångsrik metod är termiskt reglerade ställdon
baserade på expansionen hos paraffin. Normalt är denna substans svår att
innesluta, men en lovande teknik undersöks i avhandlingens uppsats V.
Någonstans på vägen – och med säkerhet före de känsliga reglerstrukturerna
– bör gasen filtreras (avhandlingens uppsats VI och VII).
Det här var bara ett sätt att illustrera den mångfald kopplings- och
gränsskiktsproblematiken uppvisar i den här tillämpningen. Avhandlingen
gör inte anspråk på att ha funnit lösningar till alla problem. Det är inte heller
dess syfte. Däremot har ett brett och metodiskt angreppssätt upprepade
gånger visat hur viktigt hänsynstagande till mikroskopiska företeelser är för
såväl mikroskopiska som makroskopiska effekter.
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