
Introduction 
to the Design 
of Space 
Mechanisms

Theme 6 part 3:

Components

Actuators, …

Gilles FeusierEE-580 - 2025
© NASA



§ Actuator: component transforming energy into a driving force in order to 
generate a movement (energy ⇒ work).

• Rotary motors
§ Slow or rapid continuous rotation (antennae, solar arrays, …)
§ Positioning (detectors, telescopes, antennae, …)
§ Robotics (positioning, gripping, sampling …)

• Linear motors
§ Deployment (antennae …)
§ Robotics
§ Breaking, damping (solar array deployment, locking …)
§ Clamping devices (stiffening of mobile elements during launch phase, launch 

locks, …)
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§ Electromagnetic
• Stepper motor, torque motor, brushless motor

§ Often combined with a gear reducer
§ Complex control electronic
§ High reliability
§ Widely used in space mechanisms

• Brushed motors
§ Many issues in vacuum (contact wear) or in sealed, pressurized housing
§ Useful for ground support equipment (laboratory testing …)
§ Simple control electronic

• Reluctance actuators
§ For simple safety applications (brake, locking finger …)
§ Low cost, high speed applications
§ May cause reliability issues

• Brushless linear actuator
§ Limited use in space: high mass for high force, free in case of power failure, 

complex control electronic
§ Voice coil actuator widely used in space, however position control maybe complex 

(stability)

Motors and Actuators: Force generation (active components)
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§ Other principles
• Paraffin actuators
• Shape memory alloys (SMA) actuators
• Piezo-electric actuators
• Electrostatic actuators
• Pyro-actuators
• Thermal cutters and knifes
• Hydraulic actuators (limited us in space: leakage, high pressure)

Motors and Actuators: Force generation (active components)
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Source: ECSS-E-HB-20-21A - Guidelines for electrical design and interface requirements for actuators 

Pyro-valve Dassault pyro initiator Thermal knifeArquimea pin-puller
(reusable – manually resettable)

Source: A. Thurn et al., 41st Aerospace 
Mechanisms Symposium, 2012



Paraffin actuator 5

Source: Sierra Nevada Corporation

Source: Sierra Nevada Corporation

Source: Starsys/J. F. Cuttino et al. Journal of Engineering Design, 11:1, 31-53, DOI: 10.1080/095448200261171EE
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§ Springs: helical torsion spring, spiral torsion spring, leaf spring, torsion 
bar, membrane …

§ Osmotic actuators: very little use in space: requires seals and fluids. 
Can be used of micro-g applications (in space lab, biology, …)

§ Differential expansion: bimetals

§ Passive Shape Memory Alloy (SMA): Pseudoelasticity

Motors and Actuators: Force generation (passive components)
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Motors and Actuators: Force generation (passive components)
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Figure 3 : HRM Main parts 

loads on hinges) – see figure 2 – Tests have been made 
also with the same configuration. The final 
configuration is shown also in the figure 2. 

4. MECHANISMS DESIGN 
 
The mechanisms to hold-down, release and deploy the 
antenna can be divided in four main assemblies: 

• HRM system 
• Hinge system 
• Synchronisation system  
• Speed regulator 

HRM system : Derived from a qualified Hold-down 
and Release Mechanism for Helios I and Helios II 
baffle.HRM main parts are shown in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : Main parts 
 
Hinge System : Bracket stiffness at the root hinge is 
the driven parameter for arm deployed stiffness. Left 
and right hinges are identical except for the released 
axial d.o.f. in one of each pair. (See figure 4) 
Due to the low inertial on-orbit loads the initially 
foreseen positive latch has been suppressed. The 
remaining holding torque of the driving springs at the 
end of the deployment guarantee the deployed position. 
A leaf-spring latch is mounted to cover unexpected 
eventual perturbations. A non-contact microswitch 
detect the end of the deployment status and is linked to 
the latch action. An spiral spring of 3 Nm motor torque 
is placed on each hinge. Main parts of the hinge system 
are shown in figures 5 and 6.  

Spherical bearings have been selected in the shaft to 
increase load capability. Floating shafts are used for 
redundancy, wealth survey (even with antenna stowed) 
and easier on ground testing. 
Special attention was paid to the definition and 
allocation of the cables passing through segments. 
When feasible, single wires have been used instead of 
shielded twisted pairs to reduce spurious bending 
torque. A reel is used to avoid interference risk 
between neighbouring cables laying on a guided loop 
of 50 mm width, with 1.25 turns in the stowed position 
and 0.75 turns in the deployed position. 

HRM System

Source: Plaza et al. Proceedings of the 10th European Space 
Mechanisms and Tribology Symposium (ESMATS 2003),  

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 Configuration

Source: Bueno et al. Proceedings of the 9th European Space 
Mechanisms and Tribology Symposium (ESMATS 2001),  
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Source: NEA split spool. Ensign-Bickford Aerospace & Defense Company



§ Example: Ensign-Bickford Aerospace & Defense TiNi™ Frangibolt®

Active SMA Actuator
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dimensions 
in inches



§ Example: Pin puller, valve, cable cutter …

Active SMA Actuator
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Source: Ensign-Bickford Aerospace & Defense TiNi™



§ Working principle of electric machines:
• Based on

§ Faraday's law of induction

§ Lorentz force (magnetic force only) 
and Laplace force

Motors and Actuators
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Source of drawings: http://hyperphysics.phy-
astr.gsu.edu/hbase/magnetic/elemot.html

𝑒 = −
𝑑𝜙
𝑑𝑡

with e: electromotive force (EMF) [V]
𝜙: magnetic flux [Wb] (Weber = 1 V⋅s)

𝐹⃗ = 𝑞 * 𝑣⃗×𝐵 = 𝐼 * 𝑙×𝐵

with q: charge [C]
𝑣⃗: velocity of the particle [m/s]
𝐵: magnetic field [T]
𝐼: current [A]
l: conductor length [m]

𝐵

𝐹⃗
𝐼

𝐹⃗
𝐼
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http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/elemot.html
http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/elemot.html


Motors and Actuators
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Classification of Electrical Motors.

Source: Standard Handbook for Electrical Engineers - Surya Santoso and H. Wayne Beaty editors, 
McGraw-Hill Education (2018) ISBN 978-1-25-964259-3, p.920



§ Variable-reluctance (no permanent-magnet)
• Very low (no) detent torque
• Low torque
• Coarse step angle
• Low cost

§ Permanent-magnet
• High detent torque
• Better torque than variable-reluctance motor
• Limited rotation speed
• Medium cost

§ Hybrid
• Detent torque depending on design
• Best torque and speed performances
• High resolution (100-400 steps per rev.)
• High cost

ØRequires a complex electronic control

Stepper Motor
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[1] https://www.ibiblio.org/kuphaldt/electricCircuits/AC/AC_13.html
[2] http://solarbotics.net/library/pdflib/pdf/motorbas.pdf

1

A stepper motor is an electromechanical
device which converts electrical pulses into
discrete mechanical movements. The shaft
or spindle of a stepper motor rotates in
discrete step increments when electrical
command pulses are applied to it in the
proper sequence. The motors rotation has
several direct relationships to these applied
input pulses. The sequence of the applied
pulses is directly related to the direction of
motor shafts rotation. The speed of the
motor shafts rotation is directly related to
the frequency of the input pulses and the
length of rotation is directly related to the
number of input pulses applied.

Stepper Motor Advantages

and Disadvantages

Advantages

1. The rotation angle of the motor is
proportional to the input pulse.

2. The motor has full torque at stand-
still (if the windings are energized)

3. Precise positioning and repeat-
ability of movement since good
stepper motors have an accuracy of
3 – 5% of a step and this error is
non cumulative from one step to
the next.

4. Excellent response to starting/
stopping/reversing.

5. Very reliable since there are no con-
tact brushes in the motor.
Therefore the life of the motor is
simply dependant on the life of the
bearing.

6. The motors response to digital
input pulses provides open-loop
control, making the motor simpler
and less costly to control.

7. It is possible to achieve very low
speed synchronous rotation with a
load that is directly coupled to the
shaft.

8. A wide range of rotational speeds
can be realized as the speed is
proportional to the frequency of the
input pulses.

Disadvantages

1. Resonances can occur if not
properly controlled.

2. Not easy to operate at extremely
high speeds.

Open Loop Operation

One of the most significant advantages
of a stepper motor is its ability to be
accurately controlled in an open loop
system. Open loop control means no
feedback information about position is
needed. This type of control
eliminates the need for expensive
sensing and feedback devices such as
optical encoders. Your position is
known simply by keeping track of the
input step pulses.

Stepper Motor Types

There are three basic stepper motor
types. They are :

• Variable-reluctance

• Permanent-magnet

• Hybrid

Variable-reluctance (VR)
This type of stepper motor has been
around for a long time. It is probably
the easiest to understand from a
structural point of view. Figure 1
shows a cross section of a typical V.R.
stepper motor. This type of motor
consists of a soft iron multi-toothed
rotor and a wound stator. When the
stator windings are energized with DC
current the poles become magnetized.
Rotation occurs when the rotor teeth
are attracted to the energized stator
poles.

Permanent Magnet (PM)
Often referred to as a “tin can” or
“canstock” motor the permanent
magnet step motor is a low cost and
low resolution type motor with typical
step angles of 7.5° to 15°. (48 – 24
steps/revolution) PM motors as the

Figure 1. Cross-section of a variable-
reluctance (VR) motor.

Industrial Circuits Application Note

Stepper Motor Basics

Figure 2. Principle of a PM or tin-can
stepper motor.

Figure 3. Cross-section of a hybrid stepper
motor.

15°

A

B

C

D

A'

B'

C'

D'

1
6

5

4

3

2

N SSN NN

S N

S

N

NN

S

S

Source: [1] 

Source: [2] 

Source: [1] 

A

B

C
D

Windings commutation 
sequence: A, B, C & D 

2. Principle of high speed stepper motor  
 
Hybrid stepper motor : 
 
Hybrid stepper motors are brushless synchronous 
motors usually dedicated to open loop applications. 
They naturally generate controlled movements in 
position and speed. The usual applications are 
mainly for unfolding, orientation, accurate pointing 
or positioning mechanisms. These motors can either 
be used in direct drive mechanisms or associated 
with a gearbox. Their specific characteristics are 
required in numerous high performances space 
mechanisms : 
- High incremental resolution (i.e. 0.3° full step) 
enhanced by microsteps command possibilities. 
- Very high torque capability per power unit (motor 
constant in Nm/√W) and per mass unit 
(0.8 Nm/√W/kg), 
- High angular stiffness thanks to the natural high 
number of poles (up to 300), 
- Excellent positioning accuracy and stability on 
steps and microsteps, 
- Possibilities for open loop continuous rotation at 
very low speeds (down to 0.001 rpm) and with a 
good instantaneous stability. 
Two main divergent objectives are requested in 
most used motorization applications : 
- Motor with a high torque capability per mass unit 
(torque harmonic content without importance), 
- Motor with a good speed stability in synchronous 
mode (lower harmonic content). 
 
 

 
Figure 2 : Steppers motors Sagem 27PP 

 
 
Requirement for deployment mechanism : 
 
Maximum Rotate speed  : 1600°/s 
Maximum Acceleration  :  530°/s 
Holding torque   : 0,3 Nm 
Inertia    : 1,56.10-4 Kg.m2  
Maximum voltage  :  70 V 

High speed stepper motor : 
 
For a mechanical system with a stepper motor, it’s 
possible to improve dynamic behavior with 
modification of the motor, supply and mode of 
driving. 
 
Possibilities to improve dynamics behavior : 
- Current command supply improvement 
- Driving of the motor in synchronous mode 
- Definition of an acceleration / deceleration ramp 
- Development  of a laminated magnetic circuit in 
order to reduce the eddy current losses. 
- Reduction of winding inductance. 
 
Electrical equations : 
 
Classically we have on each phase : 
 

Uj = Rj Ij + 
dt

jdΨ  

 
with : 
 Uj  phase voltage (j), 
 Ij  phase current (j), 
 Rj  phase resistance (j), 
 Ψj flux in each phase (j) 
 
The first part is the voltage on the winding 
resistance. The second is the induced electromotive 
force who can be written with winding inductance 
and currents hereafter defined.  
 

Uj = Rj  Ij  + Lj . 
dt
dIj  - Kej θ sin (pθ + ϕj) 

 
with : 
 Lj the winding inductance. 
 Kej phase constant electromotive force. 

 
For a dynamic use and a synchronous command, 
the motor comportment can be approached by 
numeric simulation with : 
  
U α = RIα  +  LIα  - Kθ sin pθ 
Uβ = RIβ  +  LIβ  - Kθ cos pθ 
J θ = T -  Tmf - Tf 
I α = Io cos ωt 
I β = Io sin ωt 
T = KIo sin (pθ − ωt) 
 
with : 
 R,L    phase resistance and inductance, 
 U,I     phase voltage and current, 
 θ, θ    angular speed and acceleration, 
 J        total inertia, 
 Tmf   total motor friction torque, 
 Tlf     load friction torque. 

Source: SAGEM

w/o electric power
≠ holding torque
with electric power

https://www.ibiblio.org/kuphaldt/electricCircuits/AC/AC_13.html
http://solarbotics.net/library/pdflib/pdf/motorbas.pdf


§ Permanent magnet of the rotor side
§ Stator composed of two or more 

pole pairs, electronically 
commutated in order to generate a 
rotating field

§ If the stator does not contain any 
ferromagnetic component the detent 
torque is equal to zero

§ Specific windings permit to get very 
compact size motors
or large diameter
frameless torque
motors

Brushless DC motor
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Laminated steel stack
(magnetic return)

Ironless tubular winding (stator)

Permanent magnet (rotor)

Source: Maxon Motor AG
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Brushless DC motor
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§ Permanent magnet of the rotor side
§ Stator composed of two or more 

pole pairs, electronically 
commutated in order to generate a 
rotating field

Source of the picture: 
https://mae.ufl.edu/designlab/Class%20Projects/Background%20
Information/Electric%20DC%20motors.htm

https://mae.ufl.edu/designlab/Class%20Projects/Background%20Information/Electric%20DC%20motors.htm
https://mae.ufl.edu/designlab/Class%20Projects/Background%20Information/Electric%20DC%20motors.htm


§ Similar build as brushless motor, 
but mechanical commutation is 
performed through the use of 
brushes and commutator slip ring

§ Mechanical commutation:
• Windings
• Rupture of the circuit (Faraday’s 

law)

Brushed DC Motor
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Commutation pattern with
precious metal brushes

1

3

2

Commutation pattern with
graphite brushes

Commutation pattern
The commutation pattern shows the current 
pattern of a maxon DC motor over one motor 
revolution.
Please place a low-ohm series resistor in series 
with the motor (approx. 50 times smaller than 
the motor resistance). Observe the voltage drop 
over the resistor on the oscilloscope.

Legend
1	Ripple, actual peak-to-peak ripple
2 Modulation, attributable mainly to 

asymmetry in the magnetic field and 
in the winding.

3 Signal pattern within a revolution 
(number of peaks = twice the number of 
commutator segments)

Mechanical commutation

Graphite brushes
In combination with copper commutators for the 
most rigorous applications.
More than 10 million cycles were attained in 
different applications.

Graphite brushes are typically used:
– In larger motors
– With high current loads
– In start/stop operation
– In reverse operation
– While controlling at 

pulsed power stage (PWM)

The special properties of graphite brushes 
can cause so-called spikes. They are visible in 
the commutation pattern. Despite the high-
frequency interference caused by the spikes, 
these motors have become popular in applica-
tions with electronic controls. Please note, that 
the contact resistance of the graphite brushes 
changes dependent on load.

Precious metal brushes and commutator
Our precious metal combinations ensure a 
highly constant and low contact resistance, 
even after a prolonged standstill time. The 
motors work with very low starting voltages 
and electromagnetic interferences.

Precious metal brushes are typically used:
– In small motors
– In continuous operation
– With small current loads
– With battery operation
– In DC tachometers

The commutation pattern is uniform and free 
of spikes, as opposed to that of other motors. 
The combination of precious metal brushes 
and maxon rotor system results in minimum of 
high-frequency interference, which otherwise 
leads to major problems in electronical circuits. 
The motors need practically no interference 
suppression.

1
2

3

4

5

1
2

3
4

5

= 7 8

= 9 *

CLL concept
With precious metal commutation, the wear on 
commutators and brushes is caused mainly by 
sparks. The CLL concept suppresses spark 
generation to a large extent, thus greatly ex-
tending service life.
When driven with a pulsed power stage (PWM) 
higher no-load currents occur and an unwanted 
motor heating can result.

For further explanations, please see page 49 
or “The selection of high-precision microdrives” 
by Dr. Urs Kafader. 
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7
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• Sparking
• Electrical erosion
• Rapid wear
• Reliability problems

Source: Maxon Motor AG

Source: Soterem



§ Actuators
• Passive

§ Spring based …
• Active

§ Electromagnetic: brushless DC motors, stepper motors, brushed motors …
§ Others: paraffin actuators, SMA actuators …

• Electromagnetic actuators
§ Working principles
§ Classification

Theme 6 Part 3 Summary
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§ Theme 6 – Part 4: Components (continued)
• Actuators (continued)
• Gear boxes
• Angular encoders
• Sensors and gauges
• Cables

§ Mini-project part 3: deadline May 4th, 2025.

§ Readings:
[6.7] NASA/CR-2005-213424 Lubrication for Space Applications
[6.8] M. LoSchiavo et al. "Mars 2020 maxon Commercial Motor Development from 

Commercial-Off-the-Shelf to Flight-Qualified Motors, Gearboxes, and Detent 
Brakes", Proceedings of the 45th AMS, 2020

Next session (in two weeks)
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