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PREFACE

The Aerospace Mechanisms Symposium (AMS) provides a unique forum for

those active in the design, production and use of aerospace mechanisms. A

major focus is the reporting of problems and solutions associated with the

development and flight certification of new mechanisms. The National

Aeronautics and Space Administration and Lockheed Martin Missiles & Space

share responsibility for organizing the AMS. Now in its 31st year, the AMS

continues to be well attended, attracting participants from both the US and
abroad.

The 31st AMS, hosted by the NASA Marshall Space Flight Center, was held in

Huntsville, AL on May 14, 15, and 16, 1997. During these three days, 27

papers were presented. Topics included robotics, deployment mechanisms,

bearings, actuators, scanners, boom and antenna release, and test equipment.

Hardware displays during the vendor fair gave attendees an opportunity to meet

with developers of current and future mechanism components.

The high quality of this symposium is due to the efforts of many people and their

efforts are gratefully acknowledged. This extends to the voluntary members of

the symposium organizing committee representing the 8 NASA field centers,

LMMS, and members from the European Space Agency. Also to be thanked

are the session chairs, the authors, and particularly the personnel at NASA

MSFC responsible for the symposium arrangements and the publication of

these proceedings. Thank you also goes to the symposium executive

committee at LMMS who are responsible for the year-to-year management of

the AMS, including paper processing and preparation of the program.

The use of trade names of manufacturers in this publication does not constitute

an official endorsement of such products or manufacturers, either expressed or
implied, by the National Aeronautics and Space Administration.
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The FUSE Mirror Mechanism _ j __ J,_

Paul Nikulla c;_ _" -_5_.._

Abstract /O, /(7/'

A two-tiered mirror mount system and sub-micron actuator assembly with an integral
coarse alignment mechanism has been developed by Swales Aerospace Inc. for the

Far Ultraviolet Spectroscopic Explorer (FUSE) instrument. The FUSE instrument is a

grating spectrometer that will observe interstellar energy in the ultraviolet spectrum.

Observing energy in this spectrum placed extremely stringent requirements on the

associated mechanical systems which resulted in many novel and innovative designs.

Novel designs to be presented are a two-tiered mirror mount system, a ball screw used

for sub-micron position actuation, a self-reacting over-travel hard stop, a convoluted

diaphragm for anti-rotational restraint of the ball screw shaft, and a Coarse Alignment

Mechanism. Top-level system requirements, the identification of critical component

parameters, and design descriptions with functional and vibration testing results are
also reviewed herein.

Introduction

The FUSE instrument has four co-aligned normal incidence off-axis parabolic mirrors.

Each mirror has a focal length of 2245 mm and observes energy in the 910- to1180-A

spectrum. To maximize the optical throughput of the instrument, the mirrors cannot

accept more than 0.05 mm (0.002 in) of mount distortion resulting from assembly error
and from forced induced displacement contributed by both differential actuation and

thermal growth. Additionally, the mirror mounting system had to provide adequate

strength to support the mass of each mirror for a 15g single-axis launch environment

and a 45g random vibration environment. After many iterations of mirror flexure and
mount design, a solution was found that satisfied both the launch and on-orbit mirror

mount requirements. A two-stage flexure design with a rigid intermediate plate

(Figure 1) was found to both minimize mirror distortions and provide a medium to off-
load the high lateral launch loads that were unacceptable to the actuator ball screw.

The FUSE instrument structure is a graphite-composite tubular construction which will

exhibit dimensional changes in orbit due to both the initial lg release and moisture

desorption. To compensate for these dimensional changes and their effects on the
instrument optical prescription, the FUSE primary mirrors will each have a linear

actuator assembly to provide sub-micron resolution for z-axis focus and sub-arcsec tip-

tilt pointing adjustments. Additionally, the actuator assemblies will provide each mirror

with a coarse adjustment mechanism used for integration alignment. This mechanism
is also required to be able to maintain alignment during launch.

An actuator proof-of-concept demonstration unit and an Engineering Test Unit have

been designed, fabricated, and tested. These designs resulted in many noteworthy

Swales Aerospace Inc., Beltsville, MD



mechanism features and substantial lessons learned, which will be shared in this

review.

Intermediate Lateral
Plate Flexure

Bracket

(3 places)

Axial
Flexure
(3 places)

....._ Mirror
Flexure

(3 places)

Lateral
Flexure
(3 places)

Actuator Actuator

Tie -Frame Housing
Assy

Figure 1 Components of a Mirror Sub-System Assembly

COARSE

ACJUSTMENT /

SCREW

Figure 2 Mirror Sub-System Assembly Detailed Layout
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Top-Level Requirements

Design loads for the mirror assembly were derived by evaluating the worst-case

environment expected from test and launch. By using Miles' approximation for random

vibration response, it was determined that the random vibration test would develop the
highest load in the system. With a 75-Hz system, a Q of 25, a PSD of 0.08 G/Hz, and a

factor of 3 applied to the Miles' result to account for 3G events, we arrived at a random-

based load of 45g for the mirror and mirror flexures. The predicted dynamic behavior

indicated that the first mode had significant participation of the mirror and its flexure

system with highest strain energy associated with the intermediate plate bending. The

45g single-axis random vibration acceleration loads were conservatively used as the

design load throughout the system, even though attenuation was expected in the

lower Mirror Subsystem Assembly (MSA). The MSA design loads and overall
requirements are listed in Table 1.

Table 1 Design loads and Overall System Requirements

PARAMETER REQUIREMENT

Component Acceleration 45 g

Mirror and mirror flexures single axis
Random Vibration 10.6 Grms

Sine Vibration 8 g from 18 to 50 Hz

Sine Burst 18.75 g

Stowed Resonant Frequency > 75 Hz

Factors of Safety 1.25 on Yield /
1.4 on UIt

Total Mass per MSA < 75 Kg

Operational 17-27°C
Temperature Ranges

Survival Temperature Range -10-40°C

QUALIFICATION ANALYTICAL
TESTING PREDICTIONS

Comply by Testing Comply

Comply by Testing

Comply by Testing

Comply by Testing

120 Hz; Q=25

N/A

Measured 89.6 kg

Life Testing in
Thermal Vac

Life Testing in
Thermal Vac

Comply

Comply

Comply

Comply

N/A

83.2 kg

Comply

Comply

The actuators are required to operate for three years and to provide 500 motions on

orbit and 500 motions for ground testing. Each actuator is required to have a minimum

bi-directional stroke of 1 mm and encounters an electronic soft stop at the end of a

maximum travel of +2 mm. In the event of a soft stop malfunction, a hard stop will
provide a force to stall the actuator motor and prevent actuator damage. The actuator
kinematic requirements are listed in Table 2.
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Table 2 Actuator Kinematics Requirements

MOTION

Range of Motion (z-axis)

Resolution (z-axis)

Tip Range (Rx)

Tip Resolution (Rx)

Tilt Range (Ry)

Tilt Resolution (Ry)

REQUIRED PREDICTED TESTED

> +1 mm > +_2mm +_2.1 mm

< 1 micron < 0.351 micron 0.350 micron

+10 arc-min +30.8 arc-min +32.34 arc-min

< 1 arc-sec 0.165 arc-sec 0.160 arc-sec

+_10 arc-min +_30.8 arc-min +_32.34 arc-rain

< 1 arc-sec 0.165 arc-sec 0.160 arc-sec

Design Description

The FUSE lower instrument section includes four MSA's, with each assembly

containing a Zerodur mirror with mounting flexures, Actuator Flexure System (AFS),

Actuator Tie-Frame Assembly (ATFA), and a Coarse Adjustment Mechanism (CAM)

(Figures 1 and 2). The MSA's are structurally attached in a three-point mount
configuration to the instrument graphite-composite honeycomb optical bench. Each

mirror is enclosed by an intermediate plate, four composite side walls, and a

removable top cover. This containment system provides the mirror with a controlled

purge volume before launch and a supporting structure for the mirror aperture stop.

passive launch lock to hold the aligned position of each mirror is provided by the

detent torque of each actuator motor.

A

Mirror Description
The four FUSE mirrors are fabricated from Zerodur, selected for its low expansion

property, and are 70% lightweighted with a triangular isogrid rib pattern (Figure 3). For
a three-point mirror mount, the triangular isogrid rib structure was found to provide the

optimum stiffness-to-weight ratio. The mirror flexure mounts (Figure 4a) are located on
the back of each mirror and are positioned radially with an angular spacing of 120 ° on

a common diameter. Three Invar fittings are bonded with Hysol EA 9396 adhesive to
three thickened mirror rib sections, which are notched inward to allow the mount bond

line to be closer to the mirror neutral axis. Invar was selected as the bond-fitting
material because of its low coefficient of thermal expansion (CTE), a critical concern

due to its fixed contact area with the Zerodur mirror. The mirror flexure blades, which

are fastened to the Invar bond fittings, are constructed of 6AL-4V titanium. The blade

geometry was optimized to allow for near kinematic mount behavior and to provide for

slight distortion error on the soft axis, lateral movement, when assembled to the AFS.
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Aluminum
ETU Mirror

Mirrcr Flexure (3 places)

Light
Weighting
Pockets

Figure 3 Zerodur Mirror with Flexures

Actuator Flexure System

The mirror and actuators are connected by the actuator flexure system which consists

of an intermediate plate, three lateral and three axial post flexures. Each mirror flexure

is attached to the intermediate plate by two angle brackets, one on each side of the

flexure blade (Figure 4a). The mirror is extremely sensitive to distortion from bending

along the strong axis and more compliant along its weak axis. The use of side angle
brackets for mounting to the intermediate plate considerably reduced the risk of

locking in assembly distortions to the mirror. The ATFA is attached to the intermediate

plate by six single-degree-of-freedom posts, three lateral and three axial (Figures 4b
and 4c). Each flexure post is fabricated from 6AL-4V titanium alloy and is reduced in

diameter at each end to minimize tangential moment stiffness while maximizing
buckling stiffness.

The combination of the mirror and the actuator flexures, along with the intermediate

plate, has resulted in a multi-functional two-tiered mirror mount design. The two-tiered

flexure configuration evolved after many iterations of design and analysis. The design

and analysis revealed the complex interdependencies that existed for a mounting

system which would satisfy both the mirror and actuator performance requirements.

The actuator flexure system had to provide a support system that would isolate the

mirror from distortions resulting from forced displacements induced by different

positions of the three actuators. Adding a rigid plate between the mirror flexures and

the actuator flexures provided a platform that would serve to attenuate these
distortions to acceptable levels and react against the lateral launch loads from the

actuator ball screws. Providing a lateral load path was accomplished by attaching one
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end of each lateral flexure to the actuator housing and the other end to the

intermediate plate.

__ ACTUATOR

_IAL FLE ,i FL [_)ESICN
FI!,: _F!E-4b

'1t1!''l@li@'l TTNrrr!rr!

LATF P-'L P[ _ , I_-:f I:'F' r:

FI,- !'E 4,

LAT[FAL
p C]l,

FLE _l_P'E

Figure 4 Two-Tiered Flexure Components

Actuator Tie-Frame Assembly

The Actuator Tie Frame Assembly (ATFA) is comprised of three actuators, each

radially positioned on a common diameter with an angular spacing of 120 ° and are

joined together by an interconnecting structure (Figure 5). The MSA is required to be

co-aligned to the instrument optical axis during integration and then subsequently be
structurally attached to the optical bench without losing the aligned position. This

requirement dictated that the actuators be structurally connected in a manner that

would allow the MSA to be moved as a single system and provide a rigid frame

structure to accommodate a three-point attachment to the optical bench. This was

accomplished by constructing a rigid actuator frame assembly. A frame structure is

produced by locating each actuator housing at the apex of a triangle and joining the

housings with three graphite/epoxy composite channels. The triangular section is

further stiffened by the use of a composite top closeout plate. The composite
components and titanium housings are aligned on a tooling plate and then attached

together with high-strength shear fasteners and bonded with Hysol EA 9396 adhesive.

This built-up approach was chosen over a one-piece machined titanium frame

alternative for its higher stiffness, lower weight, and better CTE match to the optical
bench.
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