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Source: ESA

Radar for Icy Moons Exploration (RIME)

Source: ESA/ATG medialab

• 17 April 2023 (three days after the launch): deployment begins

• 12 May 2023: RIME antenna breaks free



The “V-Model” of Systems Engineering
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Stakeholder 
Analysis

System Engineering 
Overview

Lifecycle 
Management

Requirements 
Definition

System Architecture 
Concept Generation

Tradespace Exploration 
Concept Selection

Design Definition 
Multidisciplinary Optimization

Prototyping 
Manufacturing

Model-based Systems 
Engineering (MBSE)

Commissioning 
Operations

Verification and 
Validation

System Integration 
Interface Management

“V-Model”

SRR

PDR CDR

FRR

ELR

SRR: System Requirements Review
PDR: Preliminary Design Review
CDR: Critical Design Review
FRR: Flight Readiness Review
ELR: End-of-Life Review

Based on Olivier de Weck, “Fundamentals 
of Systems Engineering”, EPFL ENG-421

Note: reviews acc. to ECSS-M-ST-10C Rev. 1



Source: Lucile Siegfried

[4.2.3] Mechanical Interfaces 
Attach the payload (boom and antenna) to the S/C

[4.1.1.1] Deployment function
The mechanism shall deploy an antenna (cf. Figure 1) from its stowed launch 
configuration to its deployed configuration

[4.1.1.2] The mechanism shall have one degree of freedom only.
[4.2.4.1] Angular Range of the Deployment

The angular range of the deployment performed by the
mechanism shall be [0°;180°] (angle 𝛂 on Figure 1)

§ Other functions
[4.1.1.3] Position measurement function
[4.1.1.4] Position holding function

Main Functions
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Other possible architecture (not compliant to req.)
EE

-5
80

 - 
20

25
 - 

M
in

i P
ro

je
ct

5

Source: N. Grumman, AstroMast Data-Sheets DS307 and DS407, 2010

Source: NASA/DLR
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§ [4.2.3.7] Allowed Volume
§ [4.2.3.11] Mass
§ [4.2.4.5] Angular Position Holding (not powered)
§ [4.2.4.7] Telemetry
§ [4.2.7.1] Reliability
§ [4.2.9.3] Passive Holding redundancy

Ambiguous/Missing
• [4.2.4.1], [4.2.4.5] Deployment angle: any angular position or fixed angle?
• Missing: accuracy of deployment angle (𝛼). Only telemetry is specified.
• [4.1.2.3] Reversibility: in-orbit?
• Cable harness to antenna: missing

Critical Requirements (acc. to G. Feusier)
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-5
80

 - 
20

25
 - 

M
in

i P
ro

je
ct

6



Severe, but quite standard:

§ [4.3.1.6] Shocks (… 100g/1300Hz, 700g/2000Hz, …)
§ [4.3.1.4] Random vibrations (23.4grms)
§ [4.3.2.11] Space thermal environment (qualification: +90 to -30°C) 

Other requirements are considered to be standard, including radiation 
and cleanliness requirements, …

Environmental Requirements
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§ I/F
• Fixed to S/C structure
• Boom with antenna fixed to the mechanism
• Electrical harness to antenna: TBD

§ Environment
• Withstand launch loads
• …

§ Operations
• Non-operational: Stowed (secured) position during storage, launch…
• Operational: deployment within defined constrains (speed, acceleration, 

range) => rotation
• Passive: maintain the defined (pos. TBD) position during antenna operations

§ Telemetry
• Angular position

Main Functions
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§ Rotation = 180°

§ Position holding (passive, redundant)

§ Telemetry

§ Structure

Selection of Components
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§ Rotation = 180°
Ø Ball-bearing

§ Rotation
Ø Actuator: TBD(*)

§ Position holding
Ø Latch and end stops?
Ø Brake?
Ø Nothing else?

§ Telemetry
Ø Angular encoder
Ø Micro-switches (TBC (*)): status monitoring

§ Structure
(*) TBD: To Be Defined, TBC: To Be confirmed

Selection of Components
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Selected concept 
depends on deployment 
angle and reversibility



§ Range: [0;180]° [4.2.4.1]
§ Maximum rate: 6°/s [4.2.4.2]
§ Maximum acceleration: 1 rad/s2 [4.2.4.4]
§ Maximum duration: 40s [4.2.4.3]

Deployment performances
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𝛼 𝑡 = 𝛼! + 𝜔𝑡 +
1
2 𝑥𝜔̇𝑡

"

• Acceleration phase: 𝜔̇!"!#	> 0
• Constant speed phase (if any): 𝜔̇ = 0, 𝜔 = 𝜔$%"&#'"#
• …
• Deceleration phase: 𝜔̇(!"< 0

§ Required torque ?

𝑇 = 𝐼𝜔̇ with I = 3.8kg·m2 [4.2.3.5]



Deployment performances (an example)
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Source: Arnaud Muller, Antoine Clout

With:
𝜔$%"&#'"# = 80% x 𝜔)'*

T = 0.2 Nm

Duration ≤ 40s 



§ Torque margin
• ECSS-E-ST-33-01C Rev.2 - Mechanisms

Deployment performances
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𝑇!"# = 2 $ 1.1 $ 𝐼 + 1.2 $ 𝑆 + 1.5 $ 𝐻$ + 3 $ 𝐹% + 3 $ 𝐻& + 3 $ 𝐻' + 3 $ 𝐻( + 1.25 $ 𝑇( + 𝑇)

ECSS-E-ST-33-01C Rev.2 
1 March 2019 

36 

ECSS-E-ST-33-01_0820395 

Table 4-2: Minimum uncertainty factors for actuation function 

Resistive torque or 
force contributors 

Symbol 
Theoretical 

Factor 
Measured 

Factor 

Inertia  I 1,1 1,1 

Spring S 1,2 1,1 

Magnetic effects HM 1,5 1,1 

Friction FR  3 1,5 

Hysteresis HY 3 1,5 

Others (e.g. Harness) HA 3 1,5 

Adhesion HD 3 3 

 

ECSS-E-ST-33-01_0820460 

c. The theoretical uncertainty factors in Table 4-2 may be reduced to the 
measured factors, provided that the worst-case resistive contributors are 
based on measurements, according to a test procedure approved by the 
customer.  

ECSS-E-ST-33-01_0820121 

d. The minimum actuation torque (Tmin) shall be derived by the equation: 

LDDAYRM TTHHHFHSIT ++++++++×= 25,1)33335,12,11,1(2min

 

where: 

− I is the resistive inertial torque applied to a mechanism subjected to 
acceleration in an inertial frame of reference (e.g. spinning 
spacecraft, payload or other). 

− TD is the inertial resistance torque caused by the worst-case 
acceleration function specified by the customer at the mechanism 
level. 

− TL is the deliverable output torque, when specified by the customer. 

ECSS-E-ST-33-01_0820122 

e. The minimum actuation force (Fmin) shall be derived by the equation: 

LDDAYRM FFHHHFHSIF ++++++++×= 25,1)33335,12,11,1(2min
 

where: 

− I is the resistive inertial force applied to a mechanism subjected to 
acceleration in an inertial frame of reference (e.g. spinning 
spacecraft, payload or other). 

§ Example
• Inertia (e.g.): TD = 0.2 Nm => 1.25 x 0.2 = 0.25 Nm
• Friction: 0.02 Nm per duplex bearing => 2 x 3 x (2 x 0.02) = 0.24 Nm
• Total: 0.49 Nm (no harness, no spring, only bearing friction …)

TD : inertial resistance torque
TL : deliverable output torque

(if specified by customer)



http://tiny.cc/EE580Q04

EE580 Space Mechanisms – Quiz 4
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§ Brushless DC motor
§ Stepper motor
§ Sealed brushed motor
v Gear box
v Complex control electronic (brushless motor, stepper motor)

§ Spring (passive)
• Helical torsion spring
• Constant torque spring
• …

Ø Hold-down device (e.g. pin-puller, shall be resettable)
Ø Damper (deployment rate control)
Ø Resettable: on ground, not in-orbit

Actuator
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Figure 8  D

eploym
ent M

echanism
 D

eployed.

6.  T
E

ST
S

A
s the deploym

ent regulator w
as the only device in the

deploym
ent m

echanism
 w

ith novel technology, a set of
functional tests w

ith very different conditions (180º)
w

ere perform
ed. The test set-up is show

n in Figure 9.

Figure 9  D
eploym

ent R
egulator T

est Set-up

The param
eters used to characterised the deploym

ent
regulator design w

ere the follow
ing ones:

• Electric pow
er: 10 W

, 15 W
, 20 W

.
• Tem

perature: -40ºC
, -25ºC

, +20ºC
, +65ºC

.
• Environm

ent: in air, in vacuum
.

• A
ctuating torque: 2 N

m
, 5 N

m
, …

A
 chart show

ing the angle versus tim
e is recorded in

each functional test. This chart show
s a curve sim

ilar in
all cases to the one included in Figure 4. A

lso the
tem

perature in the heating elem
ent has been recorded.

From
 each chart four m

ain values are derived:
• The total tim

e (TF)
• The tim

e to start the deploym
ent (TI)

• The deploym
ent tim

e (D
T= TF-TI)

• The angular velocity at 180º deploym
ent (A

V
F)

Figure 10 show
s a typical chart obtained in an operation

of the deploym
ent regulator. It show

s the progression of
the deploym

ent angle w
ith tim

e (potentiom
eter), the

torque 
applied 

(torquem
eter), 

and 
the 

tem
perature

achieved in the cooper shim
 (therm

ocouple).

Figure 10  T
ypical C

hart of D
eploym

ent R
egulator

Functional T
est (E

.g. 15 W
, 65 ºC

 in air)

D
R

: 2 N
m

, 15W
, +65ºC
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The follow
ing Table 2 show

s the results obtained in air
at different conditions of pow

er and tem
perature.

T
able 2  D

eploym
ent R

egulator Perform
ance

Pow
er

[W
]

Tª
[ºC

]
TF[s]

TI
[s]

D
T[s]

AVF
[º/s]

-25
1781

1309
472

0.5
+20

567
276

291
1.1

10
+65

148
18

130
1.8

-25
780

545
235

0.9
+20

329
150

179
1.5

15
+65

123
17

106
2.2

-25
487

286
201

1.4
+20

192
66

126
2.2

20
+65

92
15

77
3.0

[Deg]
[N·m]

Source: J.I. Bueno et al., Proceedings of the 9th 
European Space Mechanisms and 
Tribology Symposium, 19-21 
September 2001

Inner Spring 
Laminations 

Buckling 

Large OD 
Roller 

w/Braycote 

Figure 10. Actuator Spring Buckling 

Reconstructing the system used to fill the Dampers was again another big task. Filling was done under 
vacuum, with a gas-actuated “syringe”. The fluid was first outgassed, then drained into the piston of the 
syringe and injected into the Damper. Everything was heated to expedite the process, since the fluid was 
extremely viscous. Learning the idiosyncrasies of the system took practice, and some redesign was 
required to get it working properly. One unexpected difficulty was simply finding a location for the bell jar. 
Intentionally heating and outgassing silicone oil was not something folks wanted anywhere near their 
clean rooms. Instead, a clean tent had to be built. The first usage was filling heritage actuators to 
characterize how fluid viscosity affected deployment rate. As the viscosity was increased, the damper 
began having erratic behavior, similar to that reported by Stewart, Powers, and Lyons [7]. It was 
suspected that the fluid was cavitating, or the damper was not filled completely. Having not anticipated 
such a problem, the fill volume had never been precisely characterized, nor the empty damper weighed 
for comparison. Disassembly might destroy the evidence. The damper was x-rayed, but the energy 
required to penetrate the thick aluminum housing left the fluid nearly transparent. However, by standing 
the damper on end for a while, and then flipping it on its side and taking a series of x-ray images, a very 
faint line was seen to slowly move (Fig. 11). Since no free movement was possible in a full damper, the 
line was assumed to be the surface boundary of the fluid where the meniscus was tangent to the view. 
This discovery led to the realization that the heritage filling pressure was far too low, and that the fluid 
heating was inadequate. These issues were remedied, and there were no further filling anomalies. 

Figure 11. Sequential X-ray Images of a Partially-filled Damper Showing Fluid Movement 

245

Source: J.A. Johnson, Proceedings of the 39th Aerospace Mechanisms 
Symposium, NASA Marshall Space Flight Center, May 7-9, 2008.
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ABSTRACT 

The aim of the project is to develop an engineering 
model of an actuator foreseen for the deployment of 
high power solar arrays. 
The requirement of not using ITAR parts is essential for 
the commercialization of the product as the number of 
potential customers increases significantly. Although 
similar products exist, most of them underlie export 
restrictions and no sound tribological evaluation or 
other data is available. 
The finished product consists of a redundant sealed 
brushed DC motor with a four-stage planetary gear head 
attached. The subassemblies and the whole unit were 
tested to show the compliance with the requirements. 
Based on the outcome of the tests it was decided to go 
on with the project and to build, based on the EM, 
further models intended for flight on telecommunication 
satellites. 
This paper reports the development process and the 
design of the actuator, and will focus on the different 
lubrication methods and test data obtained. 

1. DESIGN 

The actuator consists of a sealed electric motor with a 
planetary gear head attached. The gear motor is used to 
regulate the deployment speed, hence it must be 
designed for actuating and breaking. The load 
transmission from motor to gear head and vice versa is 
achieved with a magnetic coupler. 
 

 
Figure 1. Gear motor 

1.1 Motor 

The advantage of a Sealed Brush DC Motor for space 
applications is: 

- Direct power supply with simplified controller 
- Motor sealed in a tight, air filled housing to solve 

the problem of reliability of the brushes behaviour 
under space vacuum (dust, arcing, high rate brush 
attrition) 

 
The motor is derived from a previous development for a 
sealed motor. Its main features are: 

- Redundant induced coils 
- Designed torque constant : 0.151 Nm/A 
- Housing leak rate < 10-7 mbar*l/s 

 
Its characteristic curves are given here below. 
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Figure 2. Motor characteristic 

 
The torque transmission is performed by a magnetic 
coupler consisting of an inner rotor with magnets on the 
motor axis and an external hysteresis iron stack on gear 
axis. The torque is transmitted without slippage up to 
the coupler torque limit. Above the coupler limit value 
slippage occurs and the transmitted torque is constant. 
 

__________________________________________________________________________________________ 

Proc. ‘13th European Space Mechanisms and Tribology Symposium – ESMATS 2009’, Vienna, Austria 
23–25 September 2009 (ESA SP-670, July 2009) 

Source: C. Boesch et al., Proceedings of the 13th European Space 
Mechanisms and Tribology Symposium, 23-25 September 2009



§ Damper:
• Eddy current damper
• Viscous damper

Spring Actuator: acceleration/speed control
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Source: P. Lytal et al., Proceedings of the 44th Aerospace Mechanisms Symposium, NASA Glenn Research Center, May 16-18, 2018

Viscous: Flight heritage, but for much larger torque. Not a commercial 
product. Depends also on full mechanism characteristics. Depends on 
temperature (thermal control required).

Very critical
Early stage analysis. BBM testing?
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ABSTRACT 

This paper presents an adjustable large range rotary 
deployment damper. Viscous rotary dampers are for 
limiting deployment rates of spring driven mechanism. 
Two major activities of this project are to increase the 
deployment range up to 270 degrees and to enhance the 
adjustability of the stiffness characteristic, using an 
easily handable adjustment device.  
However, this type of damper necessitates application of 
highly viscous silicone oil as working fluid. To avoid 
contamination of the adjacent equipments leak tightness 
is an important point. 
The device as presented is designed for temperature 
ranges for operation of -30 to +50 °C and for survival of 
-150 to +150 °C. 
 
 
 
1. INTRODUCTION 

The new Adjustable Large Range rotary Deployment 
(ALRD) Damper (Figure 1) is a further development of 
the Viscous Rotary Damper (RD1), which has 
considerable flight heritage. This viscous passive 
damper, which was developed under an ESA contract, is 
designed for a deployment angle up to 90 degree. 
 
Directly driven viscous rotary dampers for limiting 
deployment rates of spring driven mechanisms provide 
sufficient resistive torque without mass and reliability 
penalties associated with high ratio gears as required for 
equivalent devices such as centrifugal brakes or eddy 
current dampers.  
 
The function of the Rotary Viscous Damper is a passive 
damping system, in order to limit the shock at the end-
stop via controlling the angular rate of the appendage 
during deployment.  
 
Two major activities of this project are: 

- Increasing the deployment range up to 270 
degrees 

- Adjustment unit to modify the damping rate 
easily 

 

The Rotary Viscous Damper essentially consists of 
housing and shaft with vane (rotor). Rotation of the 
shaft relative to the housing causes displacement of 
working fluid by the vane ahead of the working 
chamber in the direction of rotation and an equal 
amount of increase of volume behind the vane. Since 
the fluid can be considered incompressible, it is forced 
through the gaps between rotor and housing, and 
through the bypass, corresponding to the changes of the 
volumes ahead of and behind the vanes associated with 
its movements. The resistive torque generated mainly 
results from the pressure difference across the vane (in 
the direction of rotation), which is a consequence of the 
fluid flow, and the seal resistive torque. The resistive 
torque is nearly proportional to the rotor speed and the 
fluid viscosity. 
 
 

 
Figure 1 – ALRD damper 

 
 
 
2. DESIGN DESCRIPTION 

The objective of the new damper was to develop and 
qualify a viscous rotary damper which is easily 

__________________________________________________________________________________________ 

Proc. ‘13th European Space Mechanisms and Tribology Symposium – ESMATS 2009’, Vienna, Austria 
23–25 September 2009 (ESA SP-670, July 2009) 

Source: W. Mitter et al., Proceedings of the 13th European 
Space Mechanisms and Tribology Symposium, 23-
25 September 2009
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Source: CDA InterCorp, USA

Eddy current: commercial products available Performances to be assessed. 
Includes gear box?



§ Mechanical brake
• Shall operate under vacuum and under air

§ Change of tribological characteristics, non-linear
§ Running-in when changing environment?

• Requires an actuator (contact pressure, braking torque force, power)
• Behavior under vibrations?
• Size
• Monitoring the status?
• No (limited) commercial product

available

§ Other option: reluctance brake
• Passive or Active

Brake?
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Source: F.C. Baker et al., Proceedings of the 

8th ESMATS, 29 Sept.-1 Oct. 1999

Figure 1 shows one of the eleven flight model ERA MJS
Motor Units with its integrated brake subassembly
(including membrane, brake discs and position pins), while
Figure 2 illustrates the same model from the gearbox
interface to the ERA Mechanical Unit.

Figure 1
Flight Model ERA MJS Motor Unit & Brake Subassembly

Low power consumption and mass, superb brake hold and
release characteristics, reliable and low-wear friction
coefficient material, long lifetime and high reliability are
inherent to the brake’s design across its duty cycle of 4,380
hours and more than 10,700 various brake operations.

Figure 2
Flight Model ERA MJS Motor Unit
(Gearbox Interface With Motor Rotor)

2.4.1 Friction Coating & Development Process

Literature surveys (1, 2, 3) and expert advice from the
INSA, Laboratoire de Mécanique des Contacts in
Villeurbanne (Lyon-France) enabled us to narrow the search
for a suitable contact friction material for the intended in-
vacuo conditions for the ERA.

This search was focused primarily on several aspects:  stable
friction coefficient under continuous vacuum conditions (for

both performance and safety); low wear rate (for its
extensive duty cycle); and thermal stability (for its overall
reliability).

The ceramic material selected for the brake is a plasma
spray-deposited chromium oxide (Cr2O3) coating upon a
metal substrate.  The deposition process was handled by the
Union Carbide company, Praxair, while the metal substrate
in the ERA MJS MoU design is an X46Cr13, AISI 420-type
stainless steel.

Essentially, for the friction coating to effectively execute its
'mission', several characteristics must be present:

1. a proper and controlled in-vacuo 'running-in' process
must be realized on the planar, parallel, mirror-polished
contact surfaces, rendering them matte overall and
microscopically rough;

2. sufficient quantities of 'third-body' particles of the
chromium oxide coating must have been generated; and

3. the operating conditions for which it has been designed,
namely in-vacuo, must be respected.

The breadboard development campaign was focused on a
lower-force, large median diameter contact surface brake,
enabling us to validate the concept.  The breadboard brake
disc median diameter was approximately 85mm.  The results
of this campaign were promising, yet a redesign effort was
subsequently undertaken to conform to updated
specifications for the ERA (lower mass, reduced geometry,
lower power).

The subsequent redesign campaign effectively highlighted
several different potential contact friction geometries which
were then thoroughly tested.  The internal geometry of the
brake subassembly drove us to reduce the mean diameter of
the brake contact friction surface to between a maximum of
46.5mm to a minimum of 33.4mm, with corresponding
contact surface areas of between 2444mm2 and 300mm2.

With such large variable geometries and with the tight
torque and power specifications, extensive efforts were
undertaken over an 18-month period to effectively determine
the design best suited for the Engineering Qualification
Model, and subsequent Flight Model, development.

2.4.1.1 EQM/FM Development & Test Campaign

Once the correct geometry was found, a variety of iterative
steps were undertaken to generate a repetitive and reliable
manner of ensuring that the Motor Unit brake would
perform as expected, given the power, operational scenarii
and physical constraints imposed by the ERA design
 (limited output angular displacement capacity).

This stage of the development campaign was quite a
challenge and a number of 'bugs' required ironing out in the
shortest possible time and with limited resources.

Source: T. Hopper et al., Proceedings of the 
43rd AMS, 4-6 May 2016, NASA/CP-
2016-219090



Pin-puller
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Source: Glenair, Inc

Reset requires the 
replacement of the 
initiator

NOK 
(reversibility?)

20.04.21 12'52TiNi™ Pin Puller - Ensign-Bickford Aerospace & Defense

Page 1 sur 3https://www.ebad.com/tini-pin-puller/

TiNi™ Pin Puller

Fast Acting for Many Aerospace Applications

The EBAD TiNi™ Pin Puller is fast acting and suitable for
a variety of Aerospace applications. Pin retraction is
achieved by coupling the recovery characteristics of
Shape Memory Alloys with a patented trigger mechanism.
Pin Puller pull force ranges from 5 to 1000 lbf with five
standard sizes offered as COTS (Commercial Off the
Shelf) items.

Pin Puller Options
(Please use the tabs below to see different product options)

The P5 size Pin Puller  retracts the output pin with 5 lb
(22N) of force, in a matter of milli-seconds.  It is capable
of supporting applied side loads up to 100 lbf (444.8 N)
during peak loading condition such as launch shock and
vibration. As with all EBAD TiNi™ products, key attributes

Pin Puller Accessories

Reset Tools

Description Advantages

P5 P10 P25 P50 P100

   

Space Missile Warfighter Products Company Suppliers

Careers

20.04.21 12'52TiNi™ Pin Puller - Ensign-Bickford Aerospace & Defense

Page 2 sur 3https://www.ebad.com/tini-pin-puller/

include:

Features:

Non

Pyrotechnic and Field Reset-able
Redundant Firing Circuit
Front and rear resettable
Maximum Reliability Thru

Design Simplicity
Pedigree, and
Testability

* Reset Tool Provided by EBAD

Function Time at Various Temperatures

Nominal values for reference only.

P5 Details

Specification subject to revision. Contact EBAD for
detailed ICD (Interface Control Drawing).

All EBAD TiNi™ standard Pin Pullers are rated for a life of a
minimum 100 actuation and reset cycles. For continued testing,
EBAD provides reset tools of various shapes and designs – A
few of which are shown in the photo to the right.

Standard Pin Puller reset tools come in two basic designs – A
manual “push-pull” type that can be used to reset Pin Pullers up
to 10 lbf. (ie P10), and a jack screw type that is used to reset up
to 1000 lbf. All are simple to use and can be readily customized
to suit application constraints.

Reset Tool Details for TiNi™ Pin Puller Options

Note: Contact EBAD for detailed ICD (Interface Control
Drawing).

For more information:

Contact Us

*Commercial Item per FAR 2.101

Source: Ensign-Bickford Aerospace & Defense 
Company

Can be reset
However Top range 
not OK

Check if Top
can be 
increased

Size (max): D31.75 x 41.275 mm
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S
tandard

P
otentiom

eters 

S
eries P

2500

S
pecial features

•
unm

atched com
bination of

size, perform
ance and price

•
very long life - 100 x 10 6

m
ovem

ents
•

very good linearity - 
standard ±

0.2 %
•

very high resolution - better
than 0.01°
•

high adm
issible operating

speed - 10 000 m
in -1

•
unrestricted continuous

rotation

P
recision potentiom

eter for
m

easuring, control and instru-
m

entation applications. 

The distinguishing features of
the P

 2500 include an all
m

etal case, ball-bearings, a
conductive resistance elem

ent
and elastom

er-dam
ped

w
ipers. 

B
ecause of its reliability, long

life, good linearity,high r esolu-
tion, high operational speed
and corrosion resistance, this
com

ponent opens applica-
tions hitherto closed to con -
ventional potentiom

eters.
S

pecial versions w
ith different

electrical travels and shaft
dim

ensions are available.

D
escription

S
ize 

servo size 11

C
ase 

tw
o-part; flange anodized alum

inium
; cover high-grade, 

tem
perautre-resistant plastic

S
haft 

stainless steel

B
earings 

stainless steel ball bearings

R
esistance elem

ent 
conductive plastic

W
iper assem

bly 
precious m

etal m
ulti-finger w

iper

Electrical connections 
gold-plated brass term

inals

Pour tout complément d’information, veuillez contacter notre service commercial :

Codeur Optique Absolu monotour

FPCOA12-01
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Taille 12

19, 20, 21�OU 22 BITS

Résolution
19 BITS� 20 BITS� 21 BITS 22 BITS�

�2,5’’� 1,2’’� 0,6’’� 0,3’’

Précision ± 15’’

Sortie Sortie série (spécifiée au verso)

Interface RS422

Alimentation / Consommation 0V ; + 5V ± 5% (220 mA)

Température de fonctionnement Standard : - 40°C à + 85°C

Optionnelle : - 54°C à + 115°C

Température de stockage - 55°C à + 125°C 

Vitesse de rotation en  fonctionnement 300 tr/mn

Couple de démarrage 10 x 10 –4 N.m 

Boîtier Acier inoxydable

23190 Champagnat – France
Tel : 33(0)5 55 67 70 00 – Fax : 33(0)5 55 67 68 59
contact@codechamp.fr www.codechamp.fr

Resolution: better than 0.01°
(even better than 0.007°)
=> 0.17 mrad

Resolution: 15bits: ~0.011°
(can reach 23bits, i.e. 0.07·10-3 mrad)
=> 0.19 mrad

Potentiometer Optical encoder

Source: Betatronix

Source: Codechamp

Micro-switch

Source: Novotechnik

Source: Honeywell

Requirement [4.2.4.7]: < 0.2 mrad

Reed switch

Source: Standex Electronics, Inc.
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Concept 1 Concept 2 Concept 3 Concept 4

Criteria 1 Mass +

D
at
um

- +

Criteria 2 Size - + -

Criteria 3 Control S + -

Criteria 4 Power S + S

… …

Σ+ 1 3 1

Σ- 1 1 2

ΣS 2 0 1

Σ+ - Σ- 0 2 -1
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Potentiometer

Pin-puller
Helical 

torsion spring
Latch and 
end-stop Micro-switch

Damper

Boom 
attachment
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A-A

A
70

80

As low force is required, latch maybe simplified

A



§ Latch concept (example)
From Joel A. Johnson “Development of the Aquarius Antenna Deployment 

Mechanisms and Spring/Damper Actuator”, Proceedings of the 39th 
Aerospace Mechanisms Symposium, NASA Marshall Space Flight 
Center, May 7-9, 2008.
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Latch
The Latch proposed at PDR was a hasp design like that used on Magellan, NSCAT, and MER. As the 
Hinge was being designed, this type of latch was abandoned in favor of a wedging pawl latch (Fig. 4), 
based on ability to create preload, stiffness, capture range, and form factor. The Pawl began engaging 
one degree before the Axle reached the Hardstop, eliminating the potential for rebounding and helping to 
“drive it home”. The Latch Depressor was implemented so that the work of “cocking” the Latch was done 
in the stowing process, and wouldn’t impede deployment. This also simplified analyses and reduced test 
cases. The Pawl was actuated by a redundant pair of nested helical compression springs, through a 
simple linkage. The linkage was near its knuckle point in the stowed position, to minimize force and drag 
on the Latch Depressor, with a snubber to prevent linkage over-center. By the same linkage, the torque 
applied to the Pawl increased to a maximum at the nominal latched position. A very detailed analysis was 
performed to calculate the preload force between the Axle and Hardstop generated by the Latch (Fig. 5), 
which was needed for maximum stiffness. The design resulted in only a 13% preload variability over a 
large (0.5 mm) range of capture. The Hardstop and Latch Strikeplates could be shimmed for adjustment 
of the Axle’s deployed position, and to center the Latch in the middle of its capture range. The design also 
had to account for disengaging the Latch after a test, requiring tooling to be developed at the same time. 

Figure 4. Latch 
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Components Model # wires Max Ir [A] AWG Length [m] Total mass [g]
Pin puller EBAD P5 4 1.5 AWG26 0.2 1.6
End-switch Honeywell HM 6 <0.001 AWG28 0.2 1.6
Potentiometer Novotechnik P2500 3 <1·10-6 AWG28 0.2 0.8

Total Nnom = 13 4

Cable derating: ECSS-Q-ST-30-11C Rev 1 Derating - EEE components

Maximum current for single wire
AWG26 2.5 A
AWG28 1.5 A

Bundle factor K for N wires (derated allowable current: Iderated = K·Ir):
N	= ⎡0.5	x	Nnom⎤ for cold redundancy wires or not in the same bundle ⟹ N	= 7
3	<	N ≤	7 K =	1.01	- (0,07	×N) ⟹ K =	0.52

Derated Current:
AWG26 1.3 A ⟹ pin puller current shall be limited: OK (I > 0.4 A, function time)
AWG28 0.78 A

Single wires acc. to ESCC 3901 001
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Components Model Quantity Unit mass [g] Total mass [g]
Duplex bearing ADR WAD420 2 15 30
Damper 1 150 90
Pin puller EBAD P5 1 30 30
End-switch Honeywell HM 2 10 20
Spring 1 50 50
Potentiometer 1 20 20
Screws M3x8 50 0.3 15
D-SUB 25 2 12 24
Cables 4

Total 283
Contingency 10% 28.3

Total 311.3

Available for structure and parts (incl. coupling, latch …): 700 g – 311.3 g = 388.7 g

Not much. Structure shall be optimized!
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MDD Components 
Figure 8 show the five main 
structural components in the 
Mast Deployment Drive. The 
Inner Housing is bolted to the 
Rover Equipment Deck and 
remains fixed. The inner ring 
of the bearing is clamped to 
the Inner Housing with the 
Inner Clamp. The outer ring 
of the bearing is clamped to 
the outer housing with the 
outer clamp. The Outer 
Housing and Clamp are thus 
free to rotate on the bearing. 
The inside of the fixed inner 
clamp features a large 
diameter internal tooth ring 
gear. The gear-motor is 
attached to the Outer 
Housing by means of an adapter. The Pinion Shaft coming off the Gear-motor engages the ring gear to 
drive the outer housing. Note that the gear-motor rotates with the outer housing. This was done so that 
the gear-motors for the MDD and the Azimuth Drive (see next section) could share the same wire path. 
The Outer Clamp features a protrusion that engages a hard stop at full deployment. 
 
Design Trade 
One of the first design trades to be made with this mechanism was whether or not to have a separate 
latch to hold the mast in place in the deployed position. The detent in the motor through the gear train 
was enough to hold the mast in place under most conditions. The benefit of not having a latch is that the 
mast can be remotely deployed and retracted as often as needed. The benefit of having a latch is that the 

gear-motor is not in the load path so the gear 
teeth and bearings do not need to be as 
strong. The disadvantage of having a latch is 
that once the latch falls into place, it must be 
manually unlatched in order to stow the mast. 
The mass for the stronger bearings and 
gears was about the same as for the latch 
components. It was finally decided that the 
ability to remotely stow the mast was not as 
important as the guarantee that the mast 
would not creep out of alignment so the latch 
was added to the mechanism. 
 
The hard stop was made adjustable in order 
to adjust the final deployed position of the 
mast. Materials were chosen so as not to 
have similar metals in contact with each 
other. The outer flange and tang are made of 
hardened Titanium. The latch and hard stop 
are made of hardened Nitronic 60. Published 
data shows that Titanium against Nitronic has 
very good resistance to galling. 

Gear-Motor

Adapter
Outer Housing

Inner Clamp & Ring Gear

X-Bearing

Outer Clamp

Inner Housing

Seal

Pinion Shaft

 
Figure 8:  Exploded view of the Mast Deployment Drive 

 

Outer flange
with tang & 

pinion rotate

Fixed Ring Gear 

Latch
Hard Stop 

 
Figure 9.  Latch Detail 
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Source: R.M. Warden et al., Proceedings of the 37th Aerospace Mechanisms Symposium, Johnson Space Center, May 19-21, 2004.

adjustable mirror at the top of the mast allows the Mini-TES to look up and down independently of the 
other camera. 
 

PMA Mechanism Overview (Figure 2) 

• Launch Restraint holds the mast to the RED 
and releases on command. Allows for Rover 
flexibility and thermal expansion. 

• Mast Deployment Drive moves mast from the 
horizontal position to the vertical position. 
Latches into place when deployed. Contains 
seals for light and dust.  

• Azimuth Drive provides 360 degrees of 
rotation. Rotates Pancams, Navcams, and 
Mini-TES mirrors in azimuth. 

• Camera-bar Elevation Drive rotates Pancams 
and Navcams up and down. Hard stop at one 
end of travel is used to provide pointing 
reference position.   

• Mini-TES Elevation Drive rotates the Mini-
TES mirror up and down independently of the 
camera bar. Also rotates the mirror to point at 
the internal calibration target. Calibration 
position closes the aperture to provide dust 
and stray light protection during calibration. 
Hard stops provide pointing reference 
position.  

 

 Figure 2.  PMA in the Deployed Configuration 

Azimuth 
Drive 

Mast 
Deployment 
Drive 

Camera 
Bar Drive

Mini-TES 
Elevation 
Drive 

Surogate 
Camera 
Bar 

Composite
Mast 

 
Stowed Configuration 
In the stowed configuration, the PMA lays against the equipment deck under the parachute canister as 
shown in Figure 3. The deck is covered with solar cells except for specific areas reserved for 
attachments. The Mast Deployment Drive supports the mast at the base but the “head” of the mast 
needed additional support to withstand the launch and landing loads. The launch restraint mechanism 
secures the mast-head in two places and when combined with the MDD, results in a three point mount. In 

addition, the solar panels 
fold up against the 
parachute canister to form 
a pyramid. Three-
dimensional CAD modeling 
was essential for packaging 
the PMA in the required 
envelope. Note that the 
camera bar assembly is 
tilted toward the center to 
avoid contact with the solar 
panel. This volume is also 
shared with the High Gain 
Antenna and Low Gain 
Antenna. Clearance was 
required to prevent damage 
to the fragile solar cells 
mounted on the inside of 
the deployable panels 
during launch and landing.   

 

Parachute 
Canister 

Low Gain Antenna 

High Gain Antenna 

PMA Launch Restraint

Figure 3 -PMA Stowed    
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Additional advantages of the CFRP tube are the 
strength, stiffness and low mass density. 

The tubes are manufactured by filament winding with 
wet impregnation. The fibres and the resin system as 
well as the lay up were initially selected to take 
advantage of the existing heritage (in design, 
manufacturing and testing) from other programs (in 
particular from CLUSTER Booms). That was also the 
case of the materials and design of the bonded joint, on 
which a lot of experience was obtained through an 
extensive testing campaign. Final analysis and tests for 
the ROSETTA Booms demonstrated the suitability of 
this option. 

The most critical item for the strength verification were 
the bonded joints. The worst load case identified for the 
bonded joints occurred in stowed configuration due to 
the thermal expansion of the aluminium honeycomb 
panel of the spacecraft and at cold temperature. Bonded 
joint test samples were manufactured and tested. 

The test consisted in 10 thermal cycles between -196°C 
and +125°C followed by a tensile test up to rupture load 
at -165°C. The results are shown in the next table. 

 
Sample 

Tensile 
strength 

[kN] 

 
Mean 

Standard 
deviation 

1 43.6 
2 44.6 
3 46.5 

 
44.9 

 
1.5 

  Table 1, Bonded joint test samples 

The requirement of magnetic cleanliness was also born 
in mind to select the appropriate materials.  

2.2  Deployment mechanism 

The deployment mechanism is integrated by the 
following items: 

• actuator 
• hinge 
• flexible coupling  
• latching system 
• position switches 

Actuator 

The deployment mechanism is actuated by means of the 
Motor Gear Unit (MGU). The selection of this system 
was the outcome of a trade-off among several options 
typically used for deployment mechanisms. The main 
advantages of this solution are:  

• Controlled and very low deployment speed, leading 
to a smooth deployment and almost negligible end 
of deployment shock load. 

• No control electronics are required. Direct 
compatibility with the S/C DC voltage power 
supply. 

• Provides high output rated torque, which is needed 
to demonstrate the required motorization margin on 
top of the factorized hinge resistive torques. 

• Reduced mass. 

 
Figure 4, Deployment mechanism 

The Motor Gear Unit (MGU) was developed and 
qualified by MBB in the early nineties for operation as a 
deployment unit for deployable solar arrays or antennas. 
The MGU assembly comprises the following main 
elements: 

• two redundant brush motors. 

• the output shaft of each motor is connected to one 
planetary gearhead composed by three stages. 

• the output shafts of the two gearheads are 
connected to one differential system based on 
planetary gears.  

• the output of the differential gear is connected to a 
worm reduction gear. 

• the wheel provides twin shaft exits through spline 
fittings. 

The differential system permits the MGU to be operated 
with the two motors simultaneously providing the rated 
torque and the rated speed. In case of only one motor 
powered (even if the other motor or gear has failed) the 
output torque is still as rated but the output speed is 
halved. 

Source: J.A. Andión et al., Proceedings of the 10th European Space Mechanisms and Tribology Symposium, 24-26 September 2003

 

A scheme of the principal elements is shown in the next 
figure. 

  Figure 5, Motor Gear Unit functional scheme 

 
Figure 6, Motor Gear Unit 

One of the concerns when using brushed DC motors for 
space is the behaviour of the contact between the 
brushes and the commutator. This motor gear unit has 
demonstrated a useful life of 1000 deployment cycles 
(one cycle being 90° in clockwise direction and 90° in 
counter clockwise) under ambient conditions and 50 
cycles under thermal vacuum conditions after a storage 
of 5 years. 

The MGU main performances, as defined in its design 
specification, are depicted in the following table. 

Parameter Value 
Supply voltage 19 ÷ 29 V 
Current at rated torque 0.16 A 
Mass 580 g 
Speed: One motor powered 
 Two motors powered 

0.03 ÷ 0.1 rpm 
0.06 ÷ 0.2 rpm 

Rated torque 22 Nm 
Static load capability without 
damage (motors unpowered)  

42 Nm 

Backlash (under a reversing 
load of 42 Nm) 

6° 

Operating and non-operating 
temperature range 

-50° C ÷ +70°C 

Figure 7, Motor Gear Unit performances 

Hinge 

The hinge is composed of two journal bearings rotating 
on two titanium alloy shafts. The self lubricated 
AMPEP lined bearings exhibit low friction coefficient, 
very high bearing strength to weight ratio and wide 
operational temperature range. 

Flexible coupling 

The MGU output shaft is connected to the boom hinge 
fitting by means of two flexible couplings. They act like 
torsion springs, allowing relative rotation between the 
motor output shaft and the boom during the deployment 
in case there is an external resistive torque. Additionally 
they decouple structurally the boom and the MGU 
output shaft in the remaining degrees of freedom. The 
loads generated during the launch environment will be 
transferred directly through the bearing system. 

The flexible coupling has been specially designed for 
this mechanism to provide a compact arrangement, 
compatible with the mechanical interfaces and with an 
easy assembly operation. The system combines the 
following elements:  

• two identical coils made of titanium alloy. In the 
assembled configuration, one is rotated 180 degrees 
with respect to the other. 

• both coils are bolted to same part, that on the other 
side fits to the spline fitting of the MGU output 
shaft. 

• another part, which is fastened  to the hinge fitting, 
provides two keyways that fit at each coil end. 

 

 
Figure 8, Flexible coupling 
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ABSTRACT 

The ROSETTA spacecraft incorporates two deployable 
booms whose function is to place five sensors of the 
Rosetta Plasma Consortium (RPC) far from the 
spacecraft to minimize the disturbance created by the 
spacecraft electromagnetic field. 

In spite of the different types of deployable booms 
already produced, the particularities of the ROSETTA 
mission and the more demanding system requirements 
present new challenges leading to the improvement of 
the deployable boom design. 

The paper tries to describe the evolution since the 
definition phase of the mechanisms through the system 
requirements, up to the final concept and later 
production and testing, outlining the major novelties of 
the solutions adopted. 

Keywords: deployable boom, deployment mechanism, 
hold down and release mechanism. 

1. INTRODUCTION 

The ROSETTA spacecraft incorporates two deployable 
booms, named Upper Payload Boom (UPB) and Lower 
Payload Boom (LPB), which are mounted on the –X 
panel of the platform. Their function is to place five 
sensors of the Rosetta Plasma Consortium (RPC) far 
from the spacecraft to minimize the disturbance created 
by the spacecraft electromagnetic field. 

The UPB carries the Mutual Impedance Probe (MIP) 
and one Langmuir Probe (LAP 1) whilst the LPB 
includes also one Langmuir Probe (LAP 2) and the two 
Fluxgate Magnetometers (MAG’s). 

Each boom remains in stowed configuration during the 
launch phase by the action of a Hold Down and Release 
Mechanism (HRM). Once in-orbit the booms shall be 
released and deployed at an early stage, during the 
Commissioning Phase. 

This paper tries to describe the design of the 
mechanisms and the structural elements required to 
accomplish the previous functions. 

The final design of any mechanism is always the result 
of a fine tuning around a preliminary concept. This 
refining process is driven by the system requirements 
that are applicable and extensible to the mechanism 
under design and development. 

That is the reason why in any mechanism description is 
unavoidable an overview of the main design 
requirements. The most relevant requirements will be 
depicted together with the description of the 
corresponding design area.  

 
 

 
Figure 1, Booms on the ROSETTA spacecraft 

2. DESIGN DESCRIPTION 

Each deployable boom is a single arm rigid boom 
composed by the following main assemblies: 

• boom structure 

two redundant sealed 
brush motors
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As distance between both hinges can be important, the
design of the active hinge has been made compatible
with potential thermoelastic distortions of the
appendage respect to the spacecraft. Therefore, the
structural philosophy of the hinge line is that the passive
hinge supports axial and radial loads, and the active
hinge only withstands radial loads.

The design of both hinges maintains the idea of:
• Easy assembly (simple configuration).
• High degree on modularity as to be easily adaptable to

any other requirement.
• Flexibility as to include options such as additional end

stops, additional monitoring (potentiometer), more
springs, etc.

Table 1 shows the achieved characteristics. Deployment
mechanism main characteristics are the ones indicated
in the design description of the deployment regulator
adding the following ones.
• Low mass: < 1.5 kg (including deployment regulator,

interface bolts and redundant electrical connectors).
Active hinge < 1.12 kg. Passive hinge < 0.38 kg.

• Compact size. Active hinge: ∅ 75 x 160 mm. Passive
hinge: ∅ 65 x 55 mm. (excluding interfaces).

• High deployment angle and adaptability: up to 180º .
• Positioning accuracy better than +/- 1º (+/- 0.01º is

achievable).
• Mechanism output torque > 5.4 Nm (180º). If 90º

deployment and two springs, torque > 11.7 Nm.
• Panel like appendage: 20 kg, 30 kg·m2, 2 m x 4 m (but

not limited to that).
• Collaborates in launch configuration appendage

stiffness. Adaptable to different stiffness requirements.
• End deployment shock minimum (deployment

regulator): < 10 N·m (depends on appendage eigen-
frequency).

• Operational Tª range: –40ºC/+65ºC (qualification).
• Non operational Tª range: -50ºC/+85ºC (qualification).

Table 1  Deployment Mechanism Characteristics

Requirement Achievement
Deployment angle 135º - 180º 0º - 180º
Deployment positioning ± 1º ± 0.1º
Deployment time (15W) 0.33–25 min 1.3–18 min
End deployment shock < 4 º/s ≤ 3 º/s
Output torque ≥ 5.4 Nm ≥ 5.4 Nm
Mass ≤ 2.0 kg ≤ 1.5 kg
Power consumption ≤ 40 W 10 W – 20 W
Pre-Operational Tª –50ºC/+75ºC –50ºC/+75ºC
Operational Tª –40ºC/+65ºC –40ºC/+65ºC
Post-Operational Tª –50ºC/+85ºC –50ºC/+85ºC

Figure 5 shows a global view of the deployment
mechanism with a deployable panel (2m x 4m). Figure 6
and Figure 7 shows the active hinge and the passive
hinge, respectively in stowed configuration. Figure 8

shows a picture of complete deployment mechanism in
deployed configuration.

Figure 5  Panel with Deployment Mechanism

Figure 6  Active Hinge in Stowed Configuration

Figure 7  Passive Hinge in Stowed ConfigurationDeployment 
Regulator
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Assembling the Hinges and Latches went relatively smoothly, once all the known dimensional 
discrepancies had been corrected. Special tools were made for pressing in the Bearings and Stub Axles, 
so that no load was applied across the balls. Fortunately, disassembly had also been considered in the 
design phase. This came in very handy when one of the Stub Axles was installed improperly and needed 
to be removed. Simple design features allowed what could have been a real catastrophe to be only a 
minor inconvenience. Lesson reinforced: always consider disassembly, especially for items with press fits.

Figure 12. Assembled LDM 

Boom
To meet alignment requirements, the Boom was bonded using the flight LDM and UDM as fixturing. After 
functionally verifying the Mechanisms, they were mounted to a jig that represented the deployed Primary 
Structure and Reflector interfaces, and the Boom was assembled between. All piece-part fabrication 
tolerances were thereby taken up in the bondlines, and the end-to-end alignment was as good as the jig. 

Testing

Temp/Atm Deployment and Stiffness Testing
The start of mechanism testing turned out to be a real eye-opening experience. The objectives of the first 
Temp/Atm Deployment Test were to functionally demonstrate deployment and latching of the 
Mechanisms at temperature, and to satisfy thermal cycling requirements. Stiffness Testing was then 
designed to apply a moment to the Hinge, at temperature, and measure the resulting rotational deflection. 
The Clevis was mounted to a rotation stage having a horizontal axis, and a large weight was cantilevered 
off the Axle to apply the moment (Fig. 13). The resulting deflection was measured by linear variable 
displacement transformers (LVDT’s). Slowly rotating the stage through 360 degrees resulted in one 
complete load cycle and a mapping of the hinge stiffness. 

Regrettably, test preparations were neglected due to all the fabrication and assembly issues. In the panic 
to catch up, the test engineer took many shortcuts and wound up making many mistakes. In the end, far 
more time and resources were spent fixing the resulting problems than if testing had been delayed to 
allow for proper preparation. Without going into all the gory and embarrassing details, the following list 
highlights a number of lessons learned. The most important lesson of all was that test development 
requires the same level of attention, scrutiny, review, and verification as the hardware to be tested.

! Be sure all test requirements are well established and communicated to all supporting parties 
! Verify the complete test setup prior to testing. That means functionality, mechanical interfaces, 

electrical cabling, thermal control, and especially the data acquisition system are all thoroughly 
demonstrated under environmental conditions 

! When designing GSE to interface with flight hardware, simply duplicate the flight interface rather 
than try to re-engineer it from scratch 

! It’s better to have two simple test fixtures than one complicated one 
! Make accurate predictions of the expected test performance
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Torque Loss and Stress Relaxation in Constant Torque Springs 

Robert W. Postma  ̂

Abstract 

Constant torque springs are manufactured from spring steel strip that in some applications is stressed 
beyond the yield strength to achieve maximum torque-to-weight ratio. An adverse consequence of a high 
state of stress is torque loss resulting from stress relaxation, which typically occurs over a prolonged 
period of time, accelerated by thermal cycles or continuous elevated temperatures. This poster paper 
discusses a case of torque loss resulting from thermal cycling of a spacecraft hinge spring manufactured 
from Type 301 corrosion resistant steel strip, cold worked to the extra hard condition. 

The equations governing the design of the constant torque (Neg’ato?) spring are reviewed. Included is a 
discussion of ongoing work to better understand the design, manufacturing, and stress relieving of 
constant torque springs, particularly in regard to stress relaxation and delayed cracking from sustained 
high stress levels in aerospace environments. 

Introduction 

Constant torque springs are sometimes stressed beyond the yield strength, by design, in order to obtain 
maximum torque-to-weight ratio. The springs are initially fabricated as a tightly wound coil of steel strip, 
and may have multiple laminates. The material is stress relieved, possibly before and after forming into 
the coil, at temperatures up to 425°C. When installed on the hinge, the spring is reverse flexed from the 
take-up spool onto the spool driving the output shaft (Figures 1 and 2). 

Stow Direction 
(Shown in Deployed Position) 

carp. I 
Figure 1. 

Two Constant Torque Springs 
Installed in 90-degree Hinge 

The Aerospace Corporation, El Segundo, CA 

Figure 2. 
Constant Torque Spring 

Critical Dimensions 

Proceedings of the 3dh Aerospace Mechanisms Symposium, Langley Research Center, May 17- 19,2006 
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(sync) cable provides redundancy for the dampers and deployment springs, allowing for system 
deployment in the event of a spring or damper failure. The sync cable also helps maintain the ratio of the 
two hinge angles to approximately 2:1, as the elbow and shoulder hinges open 180 and 90 degrees 
respectively during deployment.  
 
HGAS contains five mechanisms:  three Launch Restraint Mechanisms (LRM’s), a Lower Boom Assembly 
(LBA), and the gimbal assembly. The upper boom connects the LBA to the gimbal assembly as shown in 
Figure 1. The entire HGAS assembly and associated mechanism are supported on an all-aluminum 
honeycomb plate. The LRMs and hinge line designs were developed from heritage Solar Dynamics 
Observatory hardware. 
 
Launch Restraint Mechanism 
The HGAS uses three LRMs 
(known as the A, B, and C 
devices) to restrain the upper 
boom and the gimbal assembly to 
the mounting plate prior to 
deployment. Each LRM is 
composed of a latch rod, securing 
the upper boom or gimbal 
assembly to two spring-loaded 
jaws. Each jaw is attached to a 
non-explosive actuator (NEA). 
After firing, the NEAs release the 
latch rods allowing the system to 
deploy. As designed, LRM C 
releases first, followed four 
seconds later by the LRMs A and 
B simultaneously. Deployment 
commences once all LRMs are 
released. Kick-off springs at LRM 
B and LRM C assist in separating the HGAS assembly from the LRMs.  
 
Lower Boom Assembly 
The LBA, shown in Figure 2, is made up of the two deployment hinges; the elbow hinge and shoulder 
hinge, connected via a 0.77-m (30-in) long lower boom. Each hinge incorporates a constant torque 
deployment spring, a viscous fluid damper, and a potentiometer (for hinge angle telemetry).  
 
Gimbal Assembly 
The two-axis gimbal assembly consists of two actuators using a stepper motor and harmonic drive gear 
reduction in each axis. Both axes can rotate ±90° in 0.0075° increments. The gimbal is commanded using 
pitch (local X) and yaw (local Y) axis design orientation made up of a lower actuator bracket that connects 
to the upper boom, a middle linkage bracket, and an antenna bracket mounted to the High Gain Antenna 
(HGA). The gimbal assembly provides the HGA with the capability to access multiple TDRSS satellite 
communication links continuously throughout the GPM mission.  
 

 
Figure 1.  HGAS Layout 

46 

 
Figure 2.  Lower Boom Assembly, Key Components 

 
Hinge Spring and Damper Development and Sizing 
Resistance torque testing of the hinge system was performed to determine the minimum torque required 
to deploy the system. A design deployment spring torque of 11.3 N-m (100 in-lbf) at both the elbow and 
shoulder hinges was selected, leaving adequate torque margin at each hinge. 
 
The HGAS elbow hinge uses the same size and type viscous fluid damper as was already selected for 
GPM’s solar array deployment system. Taking this known damping rate and design deployment spring 
torques as givens, along with the intent for the HGAS to deploy at a 2:1 ratio, the shoulder hinge’s 
required damping rate was calculated. Since the damping varies strongly with temperature, both damper 
temperatures are actively controlled with external heaters to 30.0°C ± 2.0°C (86°F ± 3.6°F) for flight. 
 
Synchronization System 
A synchronization cable system was added to provide redundancy and control of the deployment path to 
the mechanism. The elbow and shoulder hinges are connected via a stainless steel sync cable, which 
helps to maintain the 2:1 intended hinge angle ratio. The pulleys connected to the hinges are sized for 
this 2:1 ratio. The sync cable’s tension is maintained with a spring-loaded tensioning system that applies 
additional tension via two spring-loaded tensioner arms. This tensioning system was sized primarily for 
thermal gradient cases, as there can be a worst case 65°C (149°F) gradient along the lower boom. Since 
the ratio between elbow and shoulder hinges was designed as 2:1, a metric called the elbow delta angle 
(Δ) was defined as follows: 
 

Δ = elbow angle – 2x shoulder angle               (1) 
 
A positive Δ indicates the elbow is leading the shoulder during deployment. A negative Δ indicates the 
elbow is trailing the shoulder. The design intent, and thus the expected value of Δ, is zero or negligibly off 
zero throughout the deployment. 
 

Gravity Negation System 
 

The gravity negation (g-negation) system enables a vertical deployment of the HGAS in a 1-g 
environment. Such deployments are required to characterize and qualify the HGAS system prior to flight. 
The HGAS deployment system qualification included three spacecraft integrated deployments; 
immediately after initial integration to spacecraft, after thermal vacuum testing (T-Vac), and after vibration 
testing. Due to packaging constraints, accommodations for other deployable systems, and configuration 
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Figure 1. CAD model of a 3 meter long reflector boom stowed and deployed. 

ARTICULATED DEPLOYMENT SYSTEM FOR ANTENNA REFLECTORS 
 

M. Kroon, G. Borst, M. Grimminck, M. Robroek, F. Geuskens 
 

Airbus Defence and Space Netherlands B.V. 
PO Box 32070, 2303 DB  Leiden, the Netherlands 

e-mail: m.kroon@AirbusDS.nl, g.borst@AirbusDS.nl, m.grimminck@AirbusDS.nl, 
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ABSTRACT 

An articulated deployment system is developed for the 
deployment and pointing of antenna reflectors with a 
larger diameter and extended focal length. The 
articulated boom can be folded in several configurations 
to stow on the spacecraft sidewall. The boom, made of 
carbon fibre that is configured for a low CTE of better 
than ±0.3µm/m-K, deploys by means of spring-driven 
hinges interconnected via synchronisation cables and is 
controlled by an actuator. When fully deployed the 
hinges are latched, providing a stiff structure essential 
for disturbance-free pointing of the antenna. For 
pointing, the existing ADTM Mk2 gimbal by Airbus 
Defence and Space UK is used. The arm is mounted 
(repeatably) to the spacecraft with an adjustable range 
of ±7mm in all axes for coarse adjustment and mounted 
(repeatably) to the reflector with fine adjustment range 
of ±2mm and ±1.5°. 
 
The reflector boom has a modular design, which allows 
a wide range of mission configurations by tuning only a 
few design parameters such as limb length, deployment 
angles, and the number of articulations required to stow 
the boom. 
 
 
1. INTRODUCTION 
 
Airbus Defence and Space Netherlands (formerly Dutch 
Space) is developing a new product line of articulated 

deployment systems in response to market needs in 
satellite telecommunications. The product line of 
articulated deployment systems primarily comprises 
deployment booms for ion thruster modules and for 
antenna reflectors but may be also implemented for 
other applications. These two primary applications have 
very different requirements, however, in the design a lot 
of commonality can be achieved. 
 
This paper focusses on the deployable reflector boom, 
see Fig. 1. The applications and key requirements are 
discussed. Furthermore, a trade-off is presented between 
a boom based on single rotation hinges and a boom 
using rotary actuators. Finally, the design and 
performance are presented. 
 
Currently, the unit Engineering Model (EM) test phase 
has been completed and the construction of an EM of 
the complete reflector boom is in progress. 
 
 
2. APPLICATIONS 
 
The typical payload of telecommunication satellites 
comprises multiple uplink and downlink antennas. The 
most commonly used antennas are parabolic reflector 
antennas where the Radio Frequency (RF) signal is 
transmitted or received by a feedhorn fixed to the 
spacecraft structure. The feedhorn is located in the focal 
point of a parabolic reflector resulting in a uniform and 
focussed beam with a very high directivity and gain. 

_____________________________________ 
Proc. ‘16th European Space Mechanisms and Tribology Symposium 2015’,  
Bilbao, Spain, 23–25 September 2015 (ESA SP-737, September 2015) 

 
 

deployed reflector is negligible because the trajectory is 
dictated by a kinematic motion, which is analysed 
upfront with a kinematic modelling tool and verified in 
CAD. 
 
 
6. DESIGN 
 
Fig. 1 presents a CAD model of a reflector boom with 
three hinges. Other variants, such as the variants shown 
in Fig. 3, can be constructed from the same building 
blocks. This section describes the design of these 
building blocks in more detail. 
 
6.1. Single rotation hinges 
The single rotation hinges (see. Fig. 5) consist of a 
bearing unit, a drive unit, and two CFRP hinge brackets 
for minimal thermo-elastic distortion. In the bearing unit 
a superduplex angular contact bearing from ADR-Alcen 
has been used. The operational temperature range 
allows the use of Fomblin Z25 wet lubrication without 
the need for heaters. The duplex bearing has been 
designed for maximum angular stiffness 
(>200,000 Nm/rad) while the bearing friction is 
negligible. The bearing is axially clamped with a force 

             
a. b. 

Figure 4. Deployment trajectories of two reflector 
boom variants: a.) two-hinge variant; b.) three-hinge 
variant. 

 
Figure 3. Some examples of stowed configurations 
(gimbal shown in blue):  
a.) standard two-hinge variant;  
b.) two stacked reflectors with two-hinge variants; 
c.) three hinge variant;  
d.) three-hinge variant stowed behind another 
reflector. 

 

a. b. 

c. d. 

 
 

of more than 10 times the internal preload using 
dedicated clamping nuts. All parts in the bearing unit 
are made of stainless steel 440C in order to prevent any 
loss of preload due to temperature variations. 
 
The hinge is equipped with a hard end-stop. When the 
end-stop is reached, a lever arm is engaged to prevent 
back-driving and to increase the contact stiffness of the 
end stop. The pointing performance is maintained for 
spacecraft accelerations typical for station keeping. 
Higher loads of up to 50 Nm can be applied without 
back-driving but some depointing will occur. 
 
The hinge is motorised by a set of constant torque 
springs. Each spring delivers a torque of 0.65 Nm and 
the number of springs can be varied to tune the required 
torque. Three or four springs are needed to obtain a 
motorisation margin in accordance to ECSS-E-ST-33-
01C whereas up to eight springs could be 
accommodated in case a higher torque is needed. 
 
The hinge has an open shaft through which the cable 
harness for the gimbal is routed. 
 
6.2. CFRP tubes 
The limbs in between the hinges are filament wound 
CFRP tubes with an inner diameter of 100 mm (see 
Fig. 6). The fibre lay-up is designed for minimum 
thermal expansion coefficient (CTE) in the range of 
±0.3 µm/m-K. The actual CTE has been tested using 
Michelson interferometry. After stabilisation of the 
CFRP matrix, which occurs within 10 thermal cycles, 
the CTE varies with temperature between -0.2 and 
+0.2 µm/m-K in the operational temperature range. 
 
The stiffness is another important design parameter, 
however, with the current design the boom stiffness is 
dominated by the mechanisms (hinges and gimbal) 
rather than by the CFRP tubes for boom lengths of up to 

~4 m. If needed for a certain application, the tube 
stiffness can be increased by optimising the fibre lay-up 
for stiffness at the expense of a slightly increased CTE. 
 
Since the CFRP tubes and hinge brackets have 
approximately matching CTE values, they can be 
bonded with an adhesive with minimal thermal stress in 
the bond line. 
 
6.3. Gimbal 
The gimbal is an off-the-shelf Advanced Deployment & 
Trimming Mechanism Mark2 (ADTM-Mk2) by Airbus 
Defence and Space UK (see Fig. 7). Currently, more 
than 23 units are in orbit with an accumulated life of 
over 80 years. The ADTM Mk2 is described in [1]. 
 

 
Figure 7. ADTM-Mk2 Gimbal. 

(picture Airbus Defence and Space UK) 

 
Figure 6. CFRP Tube in four-point bending test set-up. 

 
Figure 5. Single rotation hinge mechanism (EM). 
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§ Indirect ways to monitor: e.g. use of an onboard accelerometer to monitor the 
deployment of a boom

• Bandwidth of the accelerometers
• Comparison between ground and in-orbit values maybe difficult

R. Le Letty et al., “Listening into the JUICE 
Deployments with the On-Board
High-Accuracy Accelerometer”, Proceedings 
of the 47th Aerospace Mechanisms 
Symposium, NASA Langley Research 
Center, May 15-17, 2024

3GM High Accuracy Accelerometer (HAA) 
RPWI Langmuir probe boom

Gravity & Geophysics
of Jupiter and Galilean Moons
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2.1. Wire connections 
The wire connections are made using a spool of flexible cables which can rotate about it’s own axis 
inside a drum. This is inspired by the NASA’s mars Perseverance rover Mastcam shown below. 

 

© Erik Uythoven
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Thomas Pfeiffer                   12.04.21 

EE-580 Introduction to the Design of Space Mechanisms 

Exercise 0.2 

 

Mechanism concept A 

For the design of the mechanism, the focus was mainly lied on the requirements with criticalities of 2 
or higher discussed in class, namely: Allowed volume [4.2.3.7], fixation points [4.2.3.8], mass 
[4.2.3.11], eigenfrequencies [4.2.3.12], mechanism operation requirements [4.2.4.1-4.2.4.7], 
reliability [4.2.7.1], redundancy [4.2.9.1-.4.2.9.3] and environment requirements [4.3.1.2-4.3.1.6]. 

The mechanism proposed is composed of three main elements: the electric motor, the transmission 
and the antenna arm. The motor is connected to the transmission via a worm gear, which acts on 
two 90° gears, finally actuating the antenna arm. 

The allowed volume is met, as well as the fixation points. Mechanism mass will depend on the motor 
and the gears chosen, and eigenfrequencies need to be tested and/or simulated. One advantage of 
the worm gear is capability of passive holding and high reduction ratio for precise angular range of 
deployment. For the measurement of the latter, absolute optical angular position sensors are 
installed on the axis of the arm (not depicted on figure below). 
 

 

 
© Thomas Pfeiffer

© Olivier Völlmin

Mechanism concept B 

A second concept makes use of a harmonic drive (HD) as transmission. It replaces the worm gear and 
90° gears of concept A above. Besides the high reduction ratios, harmonic drives have the 
advantages of having zero backslash, excellent position accuracy and repeatability and a compact 
design. Furthermore, they have an axial transmission, avoiding the need of 90° gears. 

 

© Lukas Stuber

© Thomas Jaouën
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Design sketches:

Figure 1: Design mockup of the mechanism without its protective casing

Figure 2: Basic anchor and indented wheel idea of the escapement mechanism used for position holding

2
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© Arthur Chevalley

© Clément Loyer

© Samuel Frachebourg and Tom Fähndrich

© Tania Rosset



§ Identify the critical and key requirements
§ List the functions
§ Map the functions to forms (architecture)

• List of potential components, incl. specifications
§ Make preliminary analysis

• What are the required performances?
• Pre-sizing of the components

§ Selection of concept and components
• E.g. Pugh matrix, …

§ Sketch your concept(s)
§ Make some preliminary budgets (size, mass, power, …)
§ Convince customer, management, … that you will be able to achieve 

the requirements, within time and budget

Mini Project Summary
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§ Theme 7 – Reliability

§ Fill the exam schedule on MOODLE (Exams June 27 & 30, July 1)
https://moodle.epfl.ch/mod/scheduler/view.php?id=1206907
To be filled until June 6th, 17:00.
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