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Abstract—This paper includes a discussion of the novel
packaging techniques that are needed to place MEMS based
thermal control devices on the skin of various satellites,
eliminating the concern associated with potential
particulates from integration and test or the launch
environment.  Protection of this MEMS based thermal
device is achieved using a novel polymer that is both IR
transmissive and electrically conductive. This polymer was
originally developed and qualified for space flight
application by NASA at the Langley Research Center. The
polymer material, commercially known as CP1, is coated
with a thin layer of ITO and sandwiched between two
window-like frames. The packaging of the MEMS based
radiator assembly offers the benefits of micro-scale devices
in a chip on board fashion, with the level of protection
generally found in packaged parts.
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1. INTRODUCTION

NASA’s New Millennium Program (NMP) endeavors to
test new spacecraft technologies for future space missions
whose primary objective will be to make multiple
simultaneous measurements of the harsh space environment
near the boundary of Earth's protective magnetic field
known as the magnetosphere. Current satellites weigh
hundreds to thousands of grams and use hundreds of watts
of heater power. Future missions could involve
constellations of 20+ miniature satellites weighing 5 to 10
kg each, using a fraction of the power associated with larger
spacecraft. The goal of NMP is to validate new
technologies that will enable the reduction of weight, size,
and cost for future missions. Thermal management of these
smaller satellites is currently under development through the
Vari-E program [1]. This paper discusses the novel manner
in which these smaller satellites could provide an alternate
means of thermal control, utilizing a novel packaging
technique for the MEMS based technology.

ST-5 Mission

Space Technology 5 (ST-5), the fourth deep space mission
in the NMP, will validate four “enabling” technologies,
which are listed in Table 1. Each of the technologies were
selected by NMP and fall into two categories, spacecraft
miniaturization and constellation technologies. In addition
to the four official technologies, ST-5 will fly a miniature
digital sun sensor and science grade magnetometer. All of
these components will be packaged into a spacecraft
weighing 25 kg or less. ST-5, which is scheduled to launch
in May 2005, will fly as a secondary payload on a single
expendable launch vehicle (Table 2). The three satellites
will be deployed successively into a highly elliptical orbit
with a final perigee altitude of at least 200 km and an
apogee altitude of no higher than 38,000 km. Given the
goal of NMP, ST-5s main objectives are to:
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(1) Demonstrate the ability to achieve accurate research
measurements  using

@

quality  scientific

smaller

(3) Design, develop, integrate, test and operate a full-
service 20-kg class spacecraft through the use of

spacecraft multiple new technologies
Design, develop, and operate multiple spacecraft to act
as a single constellation rather than as individual
elements
Table 1. NMP Technologies.
Technology Type Provider
Variable Emittance Thermal Suite Spacecraft Miniaturization GSFC
Micro-thrusters Spacecraft Miniaturization Marotta Scientific Controls
Ultra Low Power (1/4 V Logic)  Spacecraft Miniaturization GSFC
Miniature Communications
Components Spacecraft Miniaturization AeroAstro
Table 2. Mission Characteristics.

Number of Satellites 3
Mission Orbit

Perigee 240 km (minimum)

Apogee 37,000 km (maximum)

Inclination 15 to 28.5°

Period 10.5 hrs

Eclipse Duration 1 hour (maximum)

Mission Lifetime

Spin Rate

Launch System

Orbit Adjust

Mass

Size

Power (Available to load)
Data

3 months minimum, 6 months goal
20 rpm (fully deployed)
Secondary Payload on EELV

Cold Gas System

<25kg

50.8 cm Diameter x 28.3 cm High
~18.823 watts EOL

Max of 100 kbps

Attitude Control Spin Stabilized, with spin axis perpendicular to the sun
Control: +5° (spin axis pointing control, 3c)
Knowledge: +1° (spin axis pointing knowledge, 3c)
Communications
Routine X-Band
Command X-Band
Telemetry
Clock Accuracy: Knowledge to 5 msec
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2. THE VARI-E PROGRAM

Variable Fmittance (Vari-E) coatings have proved
applicable to a wide range of space applications, particularly
in the area of radiators [3]. Studies reveal that Vari-E
coatings offer substantial savings in mass and/or power over
traditional approaches (i.e., large heaters, variable
conductance heat pipes, and mechanical
louvers) [1). There are two (2) different technologies
associated with the ST-5 mission. The two technologies are
electrophoretic and Micro ElectroMechanical Systems
(MEMS). This paper discusses the use of a Vari-E infrared
radiator coating with MEMS shutters that can be opened or
closed to vary the emissivity of the radiator surface, thereby
providing a thermal path from the external environment to
the spacecraft. Utilization of these characteristics on small
spacecraft allows us to maintain the same benefits
associated with traditional techniques, but on a much
smaller scale. Success in this area could lead to great
advancements in emerging technologies that require small,
low power, and more cost efficient instruments.

The Johns Hopkins University Applied Physics Laboratory
(APL) MEMS Variable Emittance Coating (VEC)
Instrument consists of two components, namely, the MEMS
Shutter Array (MSA) radiator and the Electronic Control
Unit (ECU). The MSA radiator is physically located on the
top deck of the spin-stabilized ST-5 spacecraft whereas the
ECU will be located within the spacecraft. The MSA
radiator can be operated in both manual and autonomous
mode, to evaluate both high and low emittance states.

The MSA radiator is a variable emittance device, consisting
of two sections, each containing 18 MEMS Shutter Die

controlled by the ECU. The shutters are in a closed position
when no power is supplied, and open upon the application
of a 60-volt DC signal. The shutters can be independently
controlled by the ECU. In manual mode, all shutters can be
commanded to be either all open or all closed. In automatic
mode, the ECU has the ability to independently control the
shutter position of the different sections of the MSA and
determine the resulting change in radiator substrate
temperature.  The temperature results are significant
because they provide a quantitative record of how well the

- instrument performs as a thermal device (i.e., functional
radiator). The ECU transmits the readings of four
temperature sensors, the shutter arrangement, and the shutter
status to C&DH in both automatic and manual mode.

A block diagram depicting the major functional
components of the ECU is illustrated in Figure 1.

The overall operation is a follows: The Electrical Power
System (EPS) supplies 5.23 + 0.1 volts to the ECU. The
5.23 volts powers the ICs and is then stepped up to 60 volts
to properly power the MEMS comb drives as illustrated in
Figure 1. Once powered, the MEMS instrument can now be
properly controlled. At such time, the microcomputer sends
its status information out to C&DH, and awaits command.
C&DH sends two different bi-level commands to the ECU,
which are examined and executed via the ECU. The bi-
level commands are Automatic/Manual and Hi-E/Lo-E.
These two bi-level commands tell the ECU whether its
processing unit will be in full control of the MEMS device,
or if C&DH will command the state of the shutters.
Provided C&DH sends the Automatic command to the
ECU, the ECU is in total control of the MEMS device. In
Automatic mode, the microcomputer is capable of

(MSD). The sections are divided into three subsections  controlling each section of the
each (6 MSD/subsection), which are independently .
-~
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Figure 1. Functional Block Diagram
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Figure 2. MEMS Shutter Building Block (w/ 6 comb
drive units).

MEMS device independently. The MSA radiator assembly
consists of 36 MEMS Shutter Die (MSD), with 18 MSD per
section, as depicted in Figure 3. Each MSD is 12.8 mm x
13.1 mm, consisting of 72 MEMS Shutter Building Block
(MSBB). The MSBB is the smallest shutter unit, 1.77 mm
% .88 mm, driven simultaneously by 6 comb drive units. An
enlarged view of a MSBB is provided in Figure 2.

Unique Packaging Drivers of ihe MSA Radiaior Assembly
For the ST-5 Program, the MSA radiator is confined to a
9cm (L) x 10cm (W) x 3cm (H) enclosure. To ensure
protection of the MSD when exposed to the environment, a
protective cover was investigated. Studies have found that
space based optical instruments are susceptible to
accumulation due to out-gassing of organic materials. For
this reason, designers take great pains to select materials
from the NASA approved list. In addition to these kinds of
contaminants is random particulate matter (dust) which can
accumulate. For the MSA radiator application, this dust can
lodge within the hinges of the MEMS shutters and prohibit
movement. Placing a protective window over the MSA is
the obvious solution, but even the protective window must
meet the GSFC material requirements. In this application
the external surface of the window must be electrically
conductive, and if made of an organic material, must be
resistant to attack by elemental oxygen.

Figure 3. MSA Radiator Assembly

3. CP1 MATERIAL

LaRC™-CP1 polyimide is a revolutionary high
performance material with a wide variety of uses in space
structures, thermal insulation, electrical insulators, industrial
tapes and advanced composites. It provides superior
physical and electrical properties over a wide temperature
range and in a number of harsh environments. This
fluorinated polyimide may be dissolved readily in a number
of solvents for use in various applications such as castings
and coatings. CPl is superior for long-duration, space-
based applications where transparency is needed for
functionality and is rated for a 10 year life in
Geosynchronous Earth Orbit (GEO). For applications
requiring transparency, CP1 is colorless and offers better
space UV-radiation resistance than most known polymer
materials (including other polyimides, polyesters, Teflon,
Teflon-based materials, and others). Other polyimides tend
to be costly, absorb too much solar energy, have lower UV
resistance and are not as transparent as CP1. Materials that
do have similar transparency to CP1 degrade more rapidly
in the harsh environment of space.

At present, CP1 is available in powder and film form. The
knowledge gained through the research and development of
inflatable structures has led to the development of
techniques which are being used for the production of these
films in rolled form. Through the sponsorship of NASA
LaRC, SRS has developed a pilot-scale machine capable of
producing CP1 polyimides in continuous roll form. Rolled
films have been manufactured measuring 0.61 m (2 ft) in
width, with thickness ranging from 0.0025 mm (0.1 mil) to
0.0254 mm (1.0 mil). Commercial manufacture of CP1 is
scaling up to increase production to widths exceeding 1.2 m
(4 ft). For the ST-5 mission, CP1 proved to be the material
of choice to serve as a protective film for the MSA radiator
assembly. Table 3 lists the properties of this material.

4. RADIATOR DESIGN

The MSA radiator assembly consists of a chassis, where
MSBBs are attached to the top of the chassis via an ALN
carrier. Each MSBB is activated by one of 22 discrete
control wires from the ECU. Bonded and fastened to the
underside is a printed wiring board (PWB) to assist in
communication between the ECU and MSA radiator
assembly. The control wires gather along the center rib of
the PWB assisting in the signal path from the hamess to the
MEMS shutters. For ground testing, a Ground Support
Equipment (GSE) cover protects the MSA radiator assembly
prior to launch. Throughout the life of the mission, an IR
transmissive window assembly protects the MSD from the
impact of random particulate matter in space. In the Vari-E
experiment for ST-5, the MSA radiator is thermally isolated
from the spacecraft, as the Var-E technologies on this
mission are for validation and as such are not mission
critical. The thermal results associated with opening and
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closing the shutters is measured by thermistors that are
located on the underside of the MSA radiator chassis. The
thermistor data is collected and telemetered to a monitoring

ground station An exploded view of the MSA radiator
assembly is shown in Figure 4.

Table 3. CP1 Properties.

Properties LaRC™ CP1
Film Color (%T @ 500 nm / 1 mil Film) Pale Yellow to Colorless
Film Density 1.434 g/cc
Solubility at Room Temperature DMAC, DMF, NMP, MIBK
Glass Transition Temperature 263°C
Polymer Decomposition Temperature 530°C
Dielectric Constant (@ 10 GHz) 24-25
Refractive Index 1.58
Inherent Viscosity of Polyamic Acid @ 35°C 1.2-1.6dl/g
UV Cut Off (0.2 mil Film) 320 nm
Imide IR Bands 1780, 1725, and 745 cm™
Specific Heat. Cp (@ 25°C) 1.094 1/g°C
Tensile Strength 14.5 ksi
Tensile Modules 315 ksi
CTE 51.2 ppm/°C
Solar Absorptance. Full Spectrum (Uncoated Film) 0.072 (0.25 mil)
Solar Absorptance. Full Spectrum (Coated Film. Aluminum) 0.106 (0.25 mil)
IR Emittance. Hemispherical, 300K (Uncoated Film) 0.194 (0.25 mil)
IR Emittance. Hemispherical, 300K (Coated Film. Aluminum) 0.03

The MEMS die are fabricated in wafer format, very similar
to an integrated circuit. The wafers go through a standard
backside grind process and then are released, diced, tested,
gold coated, and functionally tested again, in preparation for
final attach. The individual die are bonded to aluminum
nitride (AIN) carriers that are subsequently bonded to the
MSA chassis. This design allows for optimum
rework/replacement of each MSD as necessary.

Of most significance is the window assembly. As stated
previously, the MEMS based comb drives are sensitive to
contamination, which is abundant in space. For this reason
the MEMS must be protected by an IR transparent window
that is also electrically conductive. The polyimide material,
developed by Langley Research Center located in Newport
News, Virginia, was selected. A film, less than 4 mils thick,
is sandwiched in tension between two window frames and
bonded in place, as shown in figure 3. CP1 in its relaxed
state is flaccid and must be stretched to provide the
mechanical protection from debris impact. To ensure a taut
connection, the CP1 is procured in a taut configuration, and
then epoxied to one side of the window and then cured.
Sandwiching the CP1 attach between the two windows,
reinforces the connection. With the window assembly in

place, the CP1 film is suspended several millimeters above
the shutters, thus providing a barrier layer between the
actual die and the environment.

Electrical conductivity of the film is achieved through
application of a thin coating of indium tin oxide,
known in the industry as ITO. Although the ITO has a
milky opaque appearance, in sufficiently thin coatings it
does not change the IR performance of the window. ITO
serves to protect the CP1 from degradation in the presence
of atomic oxygen. All the structural members of the MSA
radiator assembly are made of aluminum 6061 and finished
with a clear anodize treatment, followed by a yellow irridite.

5. ENVIRONMENTAL TEST REQUIREMENTS

Several environmental tests must be conducted on the final
flight design. Table 4 provides a summarized list of the
various performance tests that will be conducted to verify
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Figure 4. Exploded View of the MSA Radiator Assembly.

survival. In addition to the test listed, life cycling tests,
performance measurements (both effective IR emissivity
and solar absorptivity), cycling in vacuum (over 1000
times), and exposure to a simulated space environment in
GSFC’s Solar Wind and UV facilities will be conducted.

6. CONCLUSION

This paper has presented an overview of the ST-5 mission
with emphasis on the Variable Emissivity (Vari-E) MEMS
technology. The purpose of ST-5 is to evaluate an array of
new technologies for  future  spacecraft and
constellation technology missions. In particular, the Vari-E
experiment explores the feasibility of using MEMS shutters
to control the emissivity of a radiant heat exchanger which
would ultimately control the heat loss and absorption for
miniature spacecraft. In addition to the innovative MEMS
based approach, this paper also discusses unique challenges
of the space environment, as well as ways to protect the
MEMS shutters from contamination within such a harsh
environment. The solution employs a LaRC-developed
polyimide film that is IR transmissive, and coated with ITO
to aid in protection against atomic oxygen.

Table 4. Required Environmental Tests for the ECU and
MSA Radiator Assembly.

Test Conditions

Flight (Limit) Level + 3 dB, Flight
Duration/axis; 3 axes

Random Vibration

Sinusoidal Vibration | 1.25 x Flight (Limit) Level, Flight

Duration/axis; 3 axes 4 oct/min

Flight (Limit) Level + 3 dB, Flight
Duration

Acoustics

Structural Loads Test: 1.25 x Flight (Limit) Loads,
Analysis:

1.4 x Flight (Limit) Loads

Mechanical Shock Analysis: 1.4 x Flight (Limit) Level

Thermal —60 to +60°C, 4 cycles (min), 1 x 107
Cycle/Vacuum torr
Bum In 100% (125°C, 160 hours min)
NOMENCLATURE
ST-5  Space Technology - 5

ECU  Electronic Control Unit

C&DH Command and Data Handling

MEMS MicroElectroMechanical Systems

MSA  MEMS Shutter Array (9 cm x 10 cm x 3 cm, 36
MSA on radiator)

MSBB MEMS Shutter Building Block: The smallest
shutter unit, 1.77 mm ~ .88 mm, driven
simultaneously by 6 comb drive units

MSD  MEMS Shutter Die (12.8 mm x 13.1 mm, 72

MSBB)
EPS Electrical Power System

VEC  Variable Emittance Coating
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