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§ Actuators
• Passive

§ Spring based …
• Active

§ Electromagnetic:
• brushless DC motors,
• stepper motors (detent torque, holding torque),
• brushed motors (not adapted to vacuum),
• …

§ Others: paraffin actuators, SMA actuators, pyro-actuators, thermal cutters …
• Electromagnetic actuators

§ Working principles
§ Classification

Theme 6 Part 3 Summary
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§ Sizing of the motors
• Required functional parameters
• Torque (T)
• Angular speed (𝜔)
• Supplied current and voltage
• Available space

§ Calculation of motor power
• Useable mechanical power + friction losses +  Joule losses + iron losses + circuit 

losses
§ Useable mechanical power:

§ Friction losses:

§ Joule losses:

§ Iron losses (eddy currents, hysteresis, and anomalous):
• Mainly determined through tests
• Small at low speed and negligeable for ironless motors

Motors and Actuators
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𝑃! = 𝜔 $ 𝑇

𝑃" =&𝜔# $ 𝑇"#
𝑃$ = 𝐼% $ 𝑅
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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

§ 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

So
ur

ce
: A

vi
or

C
on

to
l

Te
ch

no
lo

gi
es

, I
nc

.

So
ur

ce
: S

ot
er

em



Motor Diagram
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§ Speed constant kn

§ Torque constant

§ No load speed n0 [rpm]

§ Stall torque TH [Nm]

𝑛 = 𝑘& $ 𝑈#&'

𝑘( =
𝑇
𝐼

[Nm/A]

Cf. also [6.9] Maxon Motor AG,
Product Range 2020/21, Selection Guide, 
section “Key information” pp. 58-65



Motor Diagram
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§ Speed constant kn

§ Torque constant

§ No load speed n0 [rpm]

§ Stall torque TH [Nm]

§ Speed / torque gradient

§ No load current I0 [A]

§ Friction torque

§ Starting current IA [A]

𝑛 = 𝑘& $ 𝑈#&'

𝑘( =
𝑇
𝐼

Δ𝑛
Δ𝑇

=
𝑛)
𝑇*

[Nm/A]

[rpm/Nm]

𝑛) ≈ 𝑘& $ 𝑈

𝑇$ = 𝑘( $ 𝐼)

𝑛!(𝑈)



Motor Diagram
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§ Efficiency curve

§ Maximum efficiency

𝜂 =
2𝜋
60

$
𝑛 $ 𝑇 − 𝑇$

𝑈 $ 𝐼

𝜂+,- = 1 −
𝐼)
𝐼.

%



Motor Diagram
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§ Mechanical power

§ Effect of temperature

• Change of winding 
resistance
Temp. ⬈ => Elec. Res. ⬈

• Magnetic characteristics

• Damage of the motor 
(windings)

§ Motor constant [N·m/ W]

𝑃! = 𝜔 $ 𝑇 =
2𝜋
60

$ 𝑛 $ 𝑇

𝑘+ =
𝑇

𝑃#& − 𝑃/01
=
𝑘(
𝑅

For motor constant km, cf. reading [6.10]



§ Rated operating point
• nominal voltage UN
• nominal current IN

Motor Diagram
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Nominal current
Ø Thermally maximum 

permissible continuous 
current

Ø I.e. max. winding 
temperature
(25°C ambient)

Overload (I>IN, T>TN)
Ø thermal time constant of the 

winding

Max. permissible speed
Ø Ball-bearings life

@ max res. imbalance
@ max bearing load

Source: Maxon Motor AG
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IN

MN

nN

U = UN

n0

IA

Drehzahl n

Drehmoment M

Strom I

n0

MH

November 2014 edition / subject to change Key information

The speed-torque gradient is one of the most informative pieces of data 
and allows direct comparison between different motors. The smaller the 
speed-torque gradient, the less sensitive the speed reacts to torque (load) 
changes and the stronger the motor. With the maxon motor, the speed-
torque gradient within the winding series of a motor type (i.e. on one 
catalog page) remains practically constant.

Current gradient
The equivalence of current to torque is shown by an axis parallel to the 
torque: more current fl owing through the motor produces more torque. The 
current scale is determined by the two points no load current I0 and starting 
current IA (lines 3 and 8 of motor data). 
The no load current is equivalent to the friction torque MR, that describes 
the internal friction in the bearings and commutation system.

MR = kM · I0

In the maxon EC motor, there are strong, speed dependent iron losses in 
the stator iron stack instead of friction losses in the commutation system. 

The motors develop the highest torque when starting. It is many times 
greater than the normal operating torque, so the current uptake is the 
greatest as well.
The following applies for the stall torque MH and starting current IA

MH = kM · IA

Efficiency curve
The effi ciency η describes the relationship of mechanical power delivered 
to electrical power consumed.

Ș =
�

30 000
n · (0�í�0R)

Umot · Imot
· 

One can see that at constant applied voltage U and due to the proportion-
ality of torque and current, the effi ciency increases with increasing speed 
(decreasing torque). At low torques, friction losses become increasingly 
signifi cant and effi ciency rapidly approaches zero. Maximum effi ciency (line 
9 of motor data) is calculated using the starting current and no load current 
and is dependent on voltage.

Șmax =  1�í
I0
IA

2

Maximum effi ciency and maximum output power do not occur at the same 
torque.

Rated operating point 
The rated operating point is an ideal operating point for the motor and 
derives from operation at nominal voltage UN (line 1 of motor data) and 
nominal current IN (line 6). The nominal torque MN produced (line 5) in this 
operating point follows from the equivalence of torque and current.

MN    kM · (IN – I0)

Nominal speed nN (line 4) is reached in line with the speed gradient. 
The choice of nominal voltage follows from considerations of where the 
maximum no load speed should be. The nominal current derives from the 
motor’s thermally maximum permissible continuous current.

Speed n

Torque M

Current I

U = UN

n0

IA

Drehzahl n

Drehmoment M

Strom I

Torque M

1404_Technology.indd   43 20.11.14   11:14

Maximum continuous torque

Max. permissible speed

TN T



Motor Selection
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 EC

226

TA =  25°C
TA = 100°C
TA = 150°C
TA = 200°C

M 1:1

25 100 150 200
48 48 48 48

13300 13600 13800 14100
63.9 53.4 54.9 56.5

11400 11700 12200 13200
57.9 44 32.4 14.9
1.72 1.35 1.03 0.515
460 346 295 256
13.4 10.3 8.98 7.93
87 86 85 84

3.59 4.64 5.35 6.05
0.626 0.626 0.626 0.626
34.4 33.5 32.9 32.3
278 285 290 296
29 39.5 47.2 55.4

2.31 3.16 3.77 4.43
7.63 7.63 7.63 7.63

 
 9.12 K/W
 0.92 K/W
 5.84 s
 462 s
 -55…+200°C
 +240°C

   < 5 N 0 mm
   > 5 N max. 0.14 mm
 8 N
 98 N
 250 N
 16 N

 1
 3
 210 g

25000

20000

15000

10000

5000

10 20 30 40 50 60

120 W

80 W

40 W
20 W

M [mNm]

0.5  I [A]1.0 1.5 2.0

426448
426449

Stock program
Standard program
Special program (on request)

Part Numbers

  maxon EC motor June 2020 edition / subject to change

EC 22  ∅22 mm, brushless, 80 Watt
Heavy Duty – for applications in air

Values at nominal voltage and ambient temperature °C
1 Nominal voltage V
2 No load speed rpm
3 No load current mA
4 Nominal speed1) rpm
5 Nominal torque (max. continuous torque)1) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Stall current A
9 Max. efficiency %

Characteristics
10 Terminal resistance phase to phase W
11 Terminal inductance phase to phase mH
12 Torque constant mNm/A
13 Speed constant rpm/V
14 Speed / torque gradient rpm/mNm
15 Mechanical time constant ms
16 Rotor inertia gcm2

1)  Values for operation in thermal equilibrium.

 Thermal data
17 Thermal resistance housing-ambient 
18 Thermal resistance winding-housing 
19 Thermal time constant winding 
20 Thermal time constant motor 
21 Ambient temperature 
22 Max. winding temperature 
 Mechanical data (preloaded ball bearings)
23 Max. speed 20 000 rpm
24 Axial play at axial load 
   
25 Radial play preloaded
26 Max. axial load (dynamic) 
27 Max. force for press fits (static) 
 (static, shaft supported) 
28 Max. radial load, 5 mm from flange 
 Other specifications
29 Number of pole pairs 
30 Number of phases 
31 Weight of motor 
 Connection A, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Connection A, sensors cable PTFE (AWG 24)
 green VHall 4.5…24 V
 blue GND
 red Hall sensor 1
 black Hall sensor 2
 white Hall sensor 3
 Connection B, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Wiring diagram for Hall sensors see p. 47

Motor Data (provisional)

A with Hall sensors
B sensorless

Operating Range Comments
n [rpm]  Continuous operation 

In observation of above listed thermal resistance 
(lines 17 and 18) the maximum permissible wind-
ing temperature will be reached during continu-
ous operation at 25°C ambient. 
= Thermal limit.

 Short term operation 
The motor may be briefly overloaded (recurring).

 Assigned power rating

Application Notice
General
– extreme temperature applications
–  vibration tested (according to MIL-STD810F/Jan2000  

Fig. 514.5C-10)
–  ultra-high vacuum applications (modifications necessary). 

low outgassing, can be baked out at 240°C
Aerospace
– gas turbine starter/generators for aircraft engines
– regulation of combustion engines
Oil & Gas Industry
– oil, gas and geothermal wells
Robotics
– robotic exploration vehicles
Industry
–  pumps and valves for liquid metal cooling systems/turbine 

fuel and steam control
– valve adjustment for gas and steam power plants

This motor contains leaded solder. It therefore 
does not fulfill the requirements for the permit-
ted maximum concentration of hazardous 
substances in accordance with the EC directive 
2011/65/EC (RoHS) for all applications. The mo-
tor may therefore only be used for devices that 
are not subject to this directive.

Specifications
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  maxon EC motor June 2020 edition / subject to change

EC 22  ∅22 mm, brushless, 80 Watt
Heavy Duty – for applications in air

Values at nominal voltage and ambient temperature °C
1 Nominal voltage V
2 No load speed rpm
3 No load current mA
4 Nominal speed1) rpm
5 Nominal torque (max. continuous torque)1) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Stall current A
9 Max. efficiency %

Characteristics
10 Terminal resistance phase to phase W
11 Terminal inductance phase to phase mH
12 Torque constant mNm/A
13 Speed constant rpm/V
14 Speed / torque gradient rpm/mNm
15 Mechanical time constant ms
16 Rotor inertia gcm2

1)  Values for operation in thermal equilibrium.

 Thermal data
17 Thermal resistance housing-ambient 
18 Thermal resistance winding-housing 
19 Thermal time constant winding 
20 Thermal time constant motor 
21 Ambient temperature 
22 Max. winding temperature 
 Mechanical data (preloaded ball bearings)
23 Max. speed 20 000 rpm
24 Axial play at axial load 
   
25 Radial play preloaded
26 Max. axial load (dynamic) 
27 Max. force for press fits (static) 
 (static, shaft supported) 
28 Max. radial load, 5 mm from flange 
 Other specifications
29 Number of pole pairs 
30 Number of phases 
31 Weight of motor 
 Connection A, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Connection A, sensors cable PTFE (AWG 24)
 green VHall 4.5…24 V
 blue GND
 red Hall sensor 1
 black Hall sensor 2
 white Hall sensor 3
 Connection B, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Wiring diagram for Hall sensors see p. 47

Motor Data (provisional)

A with Hall sensors
B sensorless

Operating Range Comments
n [rpm]  Continuous operation 

In observation of above listed thermal resistance 
(lines 17 and 18) the maximum permissible wind-
ing temperature will be reached during continu-
ous operation at 25°C ambient. 
= Thermal limit.

 Short term operation 
The motor may be briefly overloaded (recurring).

 Assigned power rating

Application Notice
General
– extreme temperature applications
–  vibration tested (according to MIL-STD810F/Jan2000  

Fig. 514.5C-10)
–  ultra-high vacuum applications (modifications necessary). 

low outgassing, can be baked out at 240°C
Aerospace
– gas turbine starter/generators for aircraft engines
– regulation of combustion engines
Oil & Gas Industry
– oil, gas and geothermal wells
Robotics
– robotic exploration vehicles
Industry
–  pumps and valves for liquid metal cooling systems/turbine 

fuel and steam control
– valve adjustment for gas and steam power plants

This motor contains leaded solder. It therefore 
does not fulfill the requirements for the permit-
ted maximum concentration of hazardous 
substances in accordance with the EC directive 
2011/65/EC (RoHS) for all applications. The mo-
tor may therefore only be used for devices that 
are not subject to this directive.

Specifications

Source: Maxon Motor AG, Product Range 2020/21, Selection Guide [6.9]
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  maxon EC motor June 2020 edition / subject to change

EC 22  ∅22 mm, brushless, 80 Watt
Heavy Duty – for applications in air

Values at nominal voltage and ambient temperature °C
1 Nominal voltage V
2 No load speed rpm
3 No load current mA
4 Nominal speed1) rpm
5 Nominal torque (max. continuous torque)1) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Stall current A
9 Max. efficiency %

Characteristics
10 Terminal resistance phase to phase W
11 Terminal inductance phase to phase mH
12 Torque constant mNm/A
13 Speed constant rpm/V
14 Speed / torque gradient rpm/mNm
15 Mechanical time constant ms
16 Rotor inertia gcm2

1)  Values for operation in thermal equilibrium.

 Thermal data
17 Thermal resistance housing-ambient 
18 Thermal resistance winding-housing 
19 Thermal time constant winding 
20 Thermal time constant motor 
21 Ambient temperature 
22 Max. winding temperature 
 Mechanical data (preloaded ball bearings)
23 Max. speed 20 000 rpm
24 Axial play at axial load 
   
25 Radial play preloaded
26 Max. axial load (dynamic) 
27 Max. force for press fits (static) 
 (static, shaft supported) 
28 Max. radial load, 5 mm from flange 
 Other specifications
29 Number of pole pairs 
30 Number of phases 
31 Weight of motor 
 Connection A, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Connection A, sensors cable PTFE (AWG 24)
 green VHall 4.5…24 V
 blue GND
 red Hall sensor 1
 black Hall sensor 2
 white Hall sensor 3
 Connection B, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Wiring diagram for Hall sensors see p. 47

Motor Data (provisional)

A with Hall sensors
B sensorless

Operating Range Comments
n [rpm]  Continuous operation 

In observation of above listed thermal resistance 
(lines 17 and 18) the maximum permissible wind-
ing temperature will be reached during continu-
ous operation at 25°C ambient. 
= Thermal limit.

 Short term operation 
The motor may be briefly overloaded (recurring).

 Assigned power rating

Application Notice
General
– extreme temperature applications
–  vibration tested (according to MIL-STD810F/Jan2000  

Fig. 514.5C-10)
–  ultra-high vacuum applications (modifications necessary). 

low outgassing, can be baked out at 240°C
Aerospace
– gas turbine starter/generators for aircraft engines
– regulation of combustion engines
Oil & Gas Industry
– oil, gas and geothermal wells
Robotics
– robotic exploration vehicles
Industry
–  pumps and valves for liquid metal cooling systems/turbine 

fuel and steam control
– valve adjustment for gas and steam power plants

This motor contains leaded solder. It therefore 
does not fulfill the requirements for the permit-
ted maximum concentration of hazardous 
substances in accordance with the EC directive 
2011/65/EC (RoHS) for all applications. The mo-
tor may therefore only be used for devices that 
are not subject to this directive.

Specifications

Maximum continuous torqueMax. permissible speed

𝜂"#$

Δ𝑛
Δ𝑇

𝑛!

𝑇%
𝑇&

𝑘'
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  maxon EC motor June 2020 edition / subject to change

EC 22  �22 mm, brushless, 80 Watt
Heavy Duty – for applications in air

Values at nominal voltage and ambient temperature °C
1 Nominal voltage V
2 No load speed rpm
3 No load current mA
4 Nominal speed1) rpm
5 Nominal torque (max. continuous torque)1) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Stall current A
9 Max. efficiency %

Characteristics
10 Terminal resistance phase to phase :
11 Terminal inductance phase to phase mH
12 Torque constant mNm/A
13 Speed constant rpm/V
14 Speed / torque gradient rpm/mNm
15 Mechanical time constant ms
16 Rotor inertia gcm2

1)  Values for operation in thermal equilibrium.

 Thermal data
17 Thermal resistance housing-ambient 
18 Thermal resistance winding-housing 
19 Thermal time constant winding 
20 Thermal time constant motor 
21 Ambient temperature 
22 Max. winding temperature 
 Mechanical data (preloaded ball bearings)
23 Max. speed 20 000 rpm
24 Axial play at axial load 
   
25 Radial play preloaded
26 Max. axial load (dynamic) 
27 Max. force for press fits (static) 
 (static, shaft supported) 
28 Max. radial load, 5 mm from flange 
 Other specifications
29 Number of pole pairs 
30 Number of phases 
31 Weight of motor 
 Connection A, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Connection A, sensors cable PTFE (AWG 24)
 green VHall 4.5…24 V
 blue GND
 red Hall sensor 1
 black Hall sensor 2
 white Hall sensor 3
 Connection B, motor cable PTFE (AWG 19)
 red Motor winding 1
 black Motor winding 2
 white Motor winding 3
 Wiring diagram for Hall sensors see p. 47

Motor Data (provisional)

A with Hall sensors
B sensorless

Operating Range Comments
n [rpm]  Continuous operation 

In observation of above listed thermal resistance 
(lines 17 and 18) the maximum permissible wind-
ing temperature will be reached during continu-
ous operation at 25°C ambient. 
= Thermal limit.

 Short term operation 
The motor may be briefly overloaded (recurring).

 Assigned power rating

Application Notice
General
– extreme temperature applications
–  vibration tested (according to MIL-STD810F/Jan2000  

Fig. 514.5C-10)
–  ultra-high vacuum applications (modifications necessary). 

low outgassing, can be baked out at 240°C
Aerospace
– gas turbine starter/generators for aircraft engines
– regulation of combustion engines
Oil & Gas Industry
– oil, gas and geothermal wells
Robotics
– robotic exploration vehicles
Industry
–  pumps and valves for liquid metal cooling systems/turbine 

fuel and steam control
– valve adjustment for gas and steam power plants

This motor contains leaded solder. It therefore 
does not fulfill the requirements for the permit-
ted maximum concentration of hazardous 
substances in accordance with the EC directive 
2011/65/EC (RoHS) for all applications. The mo-
tor may therefore only be used for devices that 
are not subject to this directive.

Specifications

𝑘(



§ Actuators shall be sized to provide throughout the operational lifetime and over 
the full range of travel actuation torques or forces

§ To derive the factored worst-case resistive torques or forces, each contributors, 
considering all mission phases worst-case conditions , shall be multiplied by the 
applicable minimum uncertainty factor:

Motor Selection: ECSS-E-ST-33-01C Rev.2 - Mechanisms
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𝑇+#& = 2 $ 1.1 $ 𝐼234 + 1.2 $ 𝑆 + 1.5 $ 𝐻5 + 3 $ 𝐹$ + 3 $ 𝐻6 + 3 $ 𝐻. + 3 $ 𝐻7 + 1.25 $ 𝑇7 + 𝑇8

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). 

Associated 
torque:
Ires
S
HM
FR
HY
HA
HD

TD: the inertial resistance torque caused by the worst-case acceleration function (at the mechanism level)
TL: is the deliverable output torque



§ Voice coil actuator

Motors and Actuators
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Source: BEI Kimko

This actuator shall operate 
against a spring

Coil

Permanent magnet

• Possible long stroke, high precision
• Small hysteresis (simple magnetic circuit)
• Small mass: high speed/acceleration
• Small inductance: fast response, high bandwidth
• Limited continuous operation: heat dissipation

𝐹⃗ = 𝐼 & 𝑙×𝐵
Lorentz force
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Corner Cube Mechanism (CCM) of the Infra-Red Sounder (IRS) for the 
Meteosat Third Generation (MTG): voice-coil actuator and flexural blades

Sources: Spanoudakis et al., Proc. 16. European Space Mechanisms and Tribology Symposium (2015) and Proc. 18. European Space 
Mechanisms and Tribology Symposium (2019)



Piezoelectric actuators and motors
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Sources: Cedrat Technologies

Cf. https://www.cedrat-technologies.com/en/technologies/actuators.html

269

 

Oral Contributions
A1 Piezoactuators I

Technical Papers No.  Page

© MESSE BREMEN ISBN 978-3-933339-30-0 

	

ACTUATOR 2018, MESSE BREMEN   3/4 
Fine Stepping Piezoelectric Actuator (FSPA) for IASI-NG 

 
Fig. 6: FSPA35XS fine mode  

Different levels of voltage were tested, and the 
corresponding displacement gain is calculated  

Table 2: fine stepping mode displacement gain vs voltage 

Voltage (V) Displacement 
gain (nm/V) 

150 3.6 
50 3.1 
30 2.3 
  

 
Although this fine stepping mode allows to reach a few 
nanometers resolution, the fact the actuators are in direct 
drive prevets the motor from functioning against an 
external force in this mode. Therefore, this resolution 
can only be considered into fine positioning of inertial 
loads (such as a mirror, a probe, a sample …). 
 
Performances summary and future work 

The overall performances of the FSPA35XS are 
summarized in the following table (Table 3): 

Table 3: Fine stepping mode displacement gain vs voltage 

 Units FSPA Motor 
Travel range mm 5 
Actuation Force (1) N >100 
Holding Force (2) N 200 
Typical min step size nm <100 
Fine mode resolution nm < 5 
Typical max speed µm/s 200 
Typical lifetime (3) cycles 100 
Total mass gr 160 
Volume mm3 Diam 40x54 
Operating temperature °C [0 : 50] 

(1) Blocked force, no more displacement 
(2) Unpowered 
(3) Back and forth 1mm, static load 

 
One of the main interest of this technology is the 
ability to hold its position while powered off, even 
under an external force multiple times the actuation 
force (twice for the FSPA35XS). 

Special FSPA version for IASI-NG 

A dedicated version of this actuator is currently 
being developed by Cedrat Technologies with 
Airbus Defence and Space (ADS) to be used in the 
Infrared Atmospheric Sounding Interferometer New 
Generation IASI-NG instrument program developed 
by CNES. The IASI-NG instrument is based on a 
Mertz Interferometer allowing compensation of the 
Self Apodization issue.  
 
The two Beam Steering Mechanism Actuators 
(BSMA) are used to perform the fine alignment of 
the beam splitter during AIT operations, maintain its 
alignment during launch and then perform in orbit 
fine corrections as needed during flight lifetime. 

 
Fig. 7: IASI-NG instrument (courtesy of AIRBUS DS) 

Based on the FSPA35XS, this special version has its 
core principle slightly changed to allow compliance 
with space requirements (specifically ECSS 
motorization margins).  
 
This fully redundant actuator is designed to achieve 
150µm stroke, 30 N force with a 25-50 nm step 
resolution. The actuator remains rather compact: two 
motors (for redundancy) are integrated inside the 85 
mm x 70mm x 70mm casing for a total mass below 
500g. All the design development is planned to 
deliver a fully ECSS compliant, spatial compatible 
and redundant product. 
 
This model also includes a PPA piezoelectric 
actuator for short stroke positioning and higher 
bandwidth actuation as well as an Eddy Current 
Sensor (ECS) to detect the steps with nanometer 
resolution (reachable under some conditions). 
 
BBM: Stepping resolution 

A Breadboard Model (BBM, see Fig. 8) has been 
built and tested to demonstrate the motor’s 
capability to operate in vacuum and perform very 
small steps. The motor capability to execute 50nm 
steps has been verified. The BBM was tested in 
vacuum where it even showed improved 
performances. 
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Fine Stepping Piezoelectric Actuator (FSPA) for IASI-NG 

 
Fig. 8: BBM overview  

Steeping resolution results achieved with the BBM 
are presented hereafter (Fig. 9): 

 
Fig. 9: Monitoring 20 steps forward / backward movements 
and step size 

As it can be noticed, the average step size is quite 
reproducible for each forward/backward direction, at 
around 40-50nm per step. The backward motion 
presents a greater dispersion for which no precise 
explanation could be provided. 
 
EM: Improvements and ongoing tests 

Based on the result and lessons learned from the 
BBM, the design was improved to build two 
Engineering Models (EM), see Fig. 10. A particular 
attention was given to improve internal stiffness.  
 
Additional improvements include the addition of a 
connector for easier integration and of a particle 
filter to comply with higher level cleanliness 
requirements. 

 
Fig. 10: BSMA Engineering model 1 (EM-1) 

EM tests were performed in ambient laboratory 
conditions. The motor is actuated on each direction 
for the full stroke (+/-75µm) for a total of 10 cycles. 
The results are compiled on the following graph (Fig. 
11) plotting the evolution of motor step versus its 
position along the actuation stroke. The 
displacement measurements are performed using the 
built-in CTEC ECS Eddy Current Sensor [4].  

 
Fig. 11: EM-1 step size vs stroke for both directions 
(averaged over 21 steps)  

The motor is able to generate steps with an average 
value of 40nm. The dispersion of the averaged step 
size over the 10 full stroke cycles is in the order of 
magnitude of 10 nm, which is not surprising, due to 
the dispersion of the mechanism and the noise which 
makes ECS output difficult to process and analyse. 
The local spikes are currently assumed as 
“acquisition noise” ( external electrical spikes for 
ex.) because they seem to occur randomly and are 
not repeated over the 10 cycles. 
 
Conclusion 

Two prototypes based on the FSPA technology are 
presented in the paper: the FSPA35XS which is to 
be CTEC main FSPA product and a special version 
for the IASI-NG satellite. Large forces (holding 
force without power and actuation force) are 
proposed using this technology, coupled to very high 
resolution (down to a few dozens of nanometres), 
demonstrated through test campaigns performed on 
the prototypes. 
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§ Gear boxes
• Gear trains (one stage typical reduction ratio: < 5:1)
• Planetary, epicyclic gear train (one stage typical reduction ratio: < 7:1)
• Worm drive (high reduction ratio, mostly non-reversible)
• Harmonic gearing (high reduction ratio, typically 160:1 for one stage)

§ Angular sensor
• Optical (resolution up to 25bits)
• Inductive
• Hall (mainly speed sensor, low resolution, typ. 10bits)
• Resistive (potentiometer: analog signal, wear)
• Others (MEMS, capacitive)

§ Brake (to block the rotation in case of power failure)
• Electromagnetic
• Centrifuge
• Friction

§ Clutch

Motors and Actuators: Accessories
EE

-5
80

 - 
20

25
 -T

he
m

e 
6 

pa
rt 

4

15



Gear Box
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𝑖 = #𝜔) 𝜔* = #𝑛* 𝑛) = #𝑑* 𝑑)

𝑀) = 𝑀+ −𝑀,= 𝑀+ ) 𝜌

𝑀* = 𝑀) ) 𝑖 = 𝑀+ ) 𝜌 ) 𝑖

M0 (motor)

M0 - Mf

M2

n2 ,	ω2

n1 ,	ω1

Gear ratio:

with 𝜌: efficiency
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§ European Robotic Arm (ERA): End effector actuation and sensing unit
• Example of gear train
• Example of worm gear

Source: Mecanex SA



§ Example of a planetary gearset

Motors and Actuators
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2

8
4

3

3
1

7
5

6

1 Output shaft
2 Mounting flange
3 Bearing of the output shaft 
4 Intermediate plate
5 Planetary gearwheel
6 Sun gearwheel
7 Planet carrier
8 Internal gear

Source: Maxon Motor AG/Maxon Group Ltd



§ Example of harmonic gearing (strain wave gearing)

Motors and Actuators
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§ Principle of harmonic gearing

Motors and Actuators
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Circular Spline

Flexspline

Wave Generator

𝑖 =
200 − 202

200
= −0.01 1:100𝑖 =

𝑛! − 𝑛"
𝑛!
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Harmonic gearing

§ Advantages
• no backlash,
• high compactness, high gear 

ratios,
• high torque capability,
• coaxial input and output shafts.

§ Drawback
• Lower stiffness at low torque

Motors and Actuators
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Motors and Actuators
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§ Different possible arrangements: different gear ratios



§ Working principle

Optical Encoders
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Source: Codéchamp, France
http://www.optical-encoders.eu/optical-encoder.html

Fixed

Rotating

Fixed

Absolute

Incremental

Source: Engineering Notes by Orientalmotor.com

http://www.optical-encoders.eu/optical-encoder.html


Several types of encoders
§ Incremental

• Sensitive to power loss: re-initialization of the 
position

• Sensitive to electrical parasites: bit counting errors
§ Absolute

• Position coded through data word (binary or other)

Optical Encoders
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In a casing, hollow shaft, 
large diameter, with bearing

PancakeIn a casing, with bearing

So
ur

ce
: C

od
éc

ha
m

p,
 F

ra
nc

e

Bits Cycles/rev. Resolution

8 256 1.41°

10 1’024 0.35°

…

24 16’777’216 0.08 arcsec

27 134’217’728 0.01 arcsec

Absolute
360°/rev
Cycles/rev



§ Potentiometer
• “Low-cost”
• Wear (contact friction)
• Resolution could be better than 0.007°

§ Magnetic, inductive: brushless resolver, RVDT, LVDT, Hall sensors
• Position coded through data word (binary or other)

§ Capacitive
§ …

Other Position Sensors
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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

Source: Betatronix Source: Novotechnik
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 Company RUAG (CH) Available products 
 
 

Hall effect Angular Position Sensor for space
Development, manufacturing and test of an Angular Position Sensor (APS)

Aim: propose an alternative to Potentiometers with:
� Contactless MEMS technology
� Low power, 0.1° – 1° accuracy, Small size, low weight
� Cost effective

This activity was launched by ESA through TRP. The development is made in collaboration with the 
EPFL [Patent number EP1679524 A1]

Hall effect Angular Position Sensor for space

Presently: TRL-5

Power supply 4 mA @ 5 V
Output refresh rate 5 or 30 Hz (externally programmable)
Output interfaces SPI 16 bits, PWM 16 bits, Analog (D/A 10 bits)
Sense direction CW or CCW (externally programmable)
Resolution 0.002 deg/√Hz (ultimate noise dependant )

Æ 0.0034° @ 5 Hz ≈ 16 bits
Æ 0.0085° @ 30 Hz ≈ 15 bits

Linearity < 0.4° (without calibration) on v.5.3.
< 0.1° (with calibration) on next version

Temperature range - 60°C  to + 90°C
Radiation hardness At least 100 krad (Rad-hard layout)
Package Ceramic 16 pins LCC

Amagnetic ceramic LCC package on next 
version
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 Company RUAG (CH) Available products 
 
 

Hall effect Angular Position Sensor for space
Development, manufacturing and test of an Angular Position Sensor (APS)

Aim: propose an alternative to Potentiometers with:
� Contactless MEMS technology
� Low power, 0.1° – 1° accuracy, Small size, low weight
� Cost effective

This activity was launched by ESA through TRP. The development is made in collaboration with the 
EPFL [Patent number EP1679524 A1]

Hall effect Angular Position Sensor for space

Presently: TRL-5

Power supply 4 mA @ 5 V
Output refresh rate 5 or 30 Hz (externally programmable)
Output interfaces SPI 16 bits, PWM 16 bits, Analog (D/A 10 bits)
Sense direction CW or CCW (externally programmable)
Resolution 0.002 deg/√Hz (ultimate noise dependant )

Æ 0.0034° @ 5 Hz ≈ 16 bits
Æ 0.0085° @ 30 Hz ≈ 15 bits

Linearity < 0.4° (without calibration) on v.5.3.
< 0.1° (with calibration) on next version

Temperature range - 60°C  to + 90°C
Radiation hardness At least 100 krad (Rad-hard layout)
Package Ceramic 16 pins LCC

Amagnetic ceramic LCC package on next 
version

Source: RUAG (CH)
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Company CARLO GAVAZZI SPACE (I) 
 
 
 

• CARLO GAVAZZI SPACE spa has developed, together with C-
Sigma srl 1) prototypes of an innovative contactless magnetic 
Angular Sensor based on a self-compensating configuration of 
Hall effect probes (ITI-CAS project).

• In the recent years CARLO GAVAZZI SPACE spa has 
designed and developed the control and drive electronics for  
for some instruments pointing mechanisms (e.g. Hexapod and 
Solar Control Unit, this second one is an external payload 
attached to the Columbus Module of ISS). The used position 
sensors were optical encoder.

1) C-Sigma is a small company designing and manufacturing custom controllers and sensors for industrial applications

Name of the item Tech.characteristics Maturity Status Applicability to missions
ITI-CAS See Following Table  Validation test campaign 

performed on a 
prototype 

SADM, APM, Rovers 

 
Requirement Value Remarks 

Accuracy +/- 5 deg for BASIC, +/-1 deg for 
General Purpose (GP)  and +/- 
.05 deg for HIGH PRECISION  
 

 

Repeatability  0.5 deg to 1 deg for BASIC; 
0.1 deg to 0.3 deg for GP; 
0.01 deg to 0.03 deg for HIGH 

 

Power Consumption < 100mW  
Mass < 70 gr  
Speed Up to 100 rad/sec  
Acceleration  > 10 rad/sec2  
Operative lifetime > 15 years  
Operative Temeperature - 50°C / + 85°C for Basic; 

- 50°C / + 85°C for GP; 
- 50°C / + 95°C for High. 

 

Survival Temperature - 100°C / + 125°C  
Total ionization dose 300 krad From Astrium-EADS answer to 

the questionnaire we have 
received a request of 60 kRad as 
TiD. 

 

So
ur

ce
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lo
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pa
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/O

H
B 

IT

Source: ESA



§ In general, use of micro-switches or reed switches
• Simple and safe electronics Reliability
• Accurate adjustment is difficult!

§ Other possible types of sensors: optical, capacitive, inductive, …
• Use of more complex electronics
• Higher cost (to be justified)

State Sensor/Status Indicator
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Source: Honeywell International Inc

Typical size: 22.4 x 17.7 x 8.6 mm

Source: Standex Electronics, Inc.

Source: M. Robroek et al., ESMATS 2023 Warsaw



Wires and Cables
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© 2004, AXON’ CABLE - RELEASED APRIL 2017/F 
CABLES & HARNESSES FOR SPACE APPLICATIONS - www.axon-cable.com

ESA
WIRES & CABLES

Shielded jacketed twisted 6-core cables

Construction
1 - PTFE filler,
2 - Stranded silver plated copper or copper alloy conductor,
3 - Expanded PTFE tape (CELLOFLON®),
4 - Polyimide tape,
5 - Polyimide tape,
6 - Silver plated copper helicoidal shield,
7 - Polyimide tape,
8 - Polyimide tape.
Colour: Amber (except other specification)

Main characteristics
Excellent physical, chemical and electrical properties: 
 › excellent penetration resistance under pressure,
 › excellent radiation resistance,
 › resist large overloads with no fire risk,
 › non-flammable,
 › good flexibility,
 › resistant to most chemicals,
 › suited for thermal, mechanical or laser stripping.

ESCC 3901 019
CELLOFLON® / Polyimide tape

Operating temperature: -200°C up to +200°C

Voltage rating: 600 VAC max.

AXON’
REFERENCE

CONDUCTOR
SHIELD

STRAND
Ø mm

SINGLE 
WIRE 
MAX.
Ø mm

OVERALL
MAX.
Ø mm

MAX.
WEIGHT

g/mAWG STRANDING
Nb x Ø mm

MAX.
Ø mm

NOM. 
CROSS

SECTION 
mm2

MAX. DC 
RESISTANCE 

AT 20°C
Ω / km

ESCC 3901 019 85 28 7X0.127 SPCA 0.47 0.09 261 0.079 0.87 3.00 14.80

ESCC 3901 019 86 26 19X0.10 SPCA 0.57 0.15 172 0.079 0.96 3.20 18.80

ESCC 3901 019 87 24 19X0.12 SPCA 0.58 0.25 124 0.079 1.13 3.80 24.30

ESCC 3901 019 88 22 19X0.15 SPC 0.76 0.40 65 0.079 1.25 4.10 34.00

ESCC 3901 019 89 20 19X0.20 SPC 0.99 0.60 38 0.079 1.48 4.80 58.20

SPC: silver plated copper - SPCA: silver plated copper alloy

3 4 5 6 71 2 8

A-64 ESA
WIRES & CABLES A-9

© 2004, AXON’ CABLE - RELEASED APRIL 2017/F 
CABLES & HARNESSES FOR SPACE APPLICATIONS - www.axon-cable.com

Shielded jacketed twisted pairs

Construction
1 - Stranded silver plated copper or copper alloy conductor,
2 - Polyimide tape,
3 - Polyimide tape,
4 - Polyimide coating,
5 - Silver plated copper helicoidal shield,
6 - Polyimide tape,
7 - PTFE tape with stripes.

Main characteristics
Excellent physical, chemical and electrical properties: 
 › excellent penetration resistance under pressure,
 › excellent radiation resistance,
 › resist large overloads with no fire risk,
 › non-flammable,
 › resistant to most chemicals,
 › suited for thermal, mechanical or laser stripping.

ESCC 3901 001
Polyimide insulation

Operating temperature: -100°C up to +200°C

Voltage rating: 600 VAC max.

AXON’
REFERENCE

CONDUCTOR
SHIELD

STRAND
Ø mm

SINGLE 
WIRE 

MAX. Ø 
mm

SINGLE 
WIRE 

COLOUR

OVERALL
MAX.
Ø mm

JACKET 
& STRIPE 
COLOUR

MAX.
WEIGHT

g/mAWG
STRANDING
Nb x Ø mm

MAX.
Ø mm

NOM. 
CROSS

SECTION 
mm2

MAX. DC 
RESISTANCE 

AT 20°C
Ω / km

ESCC 3901 001 41 16 19X0.30 SPC 1.53 1.30 15.00 0.15 1.85 Brown 4.26 White & Brown 41.8

ESCC 3901 001 42 14 27X0.30 SPC 1.87 1.90 10.60 0.15 2.19 Khaki-beige 5.07 Light blue & White 55.6

ESCC 3901 001 43 12 45X0.30 SPC 2.40 3.20 6.33 0.20 2.80 Khaki-beige 6.30 Light blue & White 90.5

Stripe width: 0.6mm ± 30%
Space between two stripes: 1.0mm ± 30%

SPC: silver plated copper 

1 2 3 4 65 7

ESA
WIRES & CABLES A-5

© 2004, AXON’ CABLE - RELEASED APRIL 2017/F 
CABLES & HARNESSES FOR SPACE APPLICATIONS - www.axon-cable.com

Single wires

Construction
1 - Stranded silver plated copper or copper alloy conductor,
2 - Polyimide tape,
3 - Polyimide tape,
4 - Polyimide coating.

Main characteristics
Excellent physical, chemical and electrical properties: 
 › excellent penetration resistance under pressure,
 › excellent radiation resistance,
 › resist large overloads with no fire risk,
 › non-flammable,
 › resistant to most chemicals,
 › suited for thermal, mechanical or laser stripping.

ESCC 3901 001
Polyimide insulation

Operating temperature: -100°C up to +200°C

Voltage rating: 600 VAC max.

AXON’
REFERENCE

CONDUCTOR

MAX.
Ø mm

SINGLE 
WIRE 

COLOUR

MAX.
WEIGHT

g/mAWG STRANDING
Nb x Ø mm

MAX.
Ø mm

NOM. CROSS
SECTION

mm2

MAX. DC 
RESISTANCE 

AT 20°C
Ω / km

ESCC 3901 001 47 28 19X0.08 SPCA 0.43 0.10 242 0.73 Brown 1.37

ESCC 3901 001 24 26 19X0.10 SPCA 0.53 0.15 148 0.84 Black 2.05

ESCC 3901 001 25 24 19X0.12 SPCA 0.64 0.21 105 0.95 Khaki-beige 2.75

ESCC 3901 001 26 22 19X0.16 SPC 0.85 0.38 50.9 1.15 Red 4.40

ESCC 3901 001 27 20 19X0.20 SPC 1.04 0.60 32.2 1.35 Green 6.65

ESCC 3901 001 28 18 19X0.25 SPC 1.29 0.93 20.6 1.60 Yellow 9.98

ESCC 3901 001 29 16 19X0.30 SPC 1.53 1.30 14.3 1.85 Brown 14.0

ESCC 3901 001 30 14 27X0.30 SPC 1.87 1.90 10.1 2.19 Khaki-beige 19.6

ESCC 3901 001 31 12 45X0.30 SPC 2.50 3.20 6.03 2.80 Khaki-beige 32.1

SPC: silver plated copper - SPCA: silver plated copper alloy

1 2 3 4

ESA
WIRES & CABLESA-6

© 2004, AXON’ CABLE - RELEASED APRIL 2017/F 
CABLES & HARNESSES FOR SPACE APPLICATIONS - www.axon-cable.com

Twisted pairs

Construction
1 - Stranded silver plated copper or copper alloy conductor,
2 - Polyimide tape,
3 - Polyimide tape,
4 - Polyimide coating,
5 - Polyimide tape with stripes.

Main characteristics
Excellent physical, chemical and electrical properties: 
 › excellent penetration resistance under pressure,
 › excellent radiation resistance,
 › resist large overloads with no fire risk,
 › non-flammable,
 › resistant to most chemicals,
 › suited for thermal, mechanical or laser stripping.

ESCC 3901 001
Polyimide insulation

Operating temperature: -100°C up to +200°C

Voltage rating: 600 VAC max.

AXON’
REFERENCE

CONDUCTOR
SINGLE

WIRE
MAX. Ø

mm

SINGLE 
WIRE 

COLOUR

OVERALL
MAX.
Ø mm

JACKET & STRIPE 
COLOUR

MAX.
WEIGHT

g/mAWG
STRANDING
Nb x Ø mm

MAX. 
Ø mm

NOM. 
CROSS

SECTION 
mm2

MAX. DC 
RESISTANCE 

AT 20°C
Ω / km

ESCC 3901 001 32 16 19X0.30 SPC 1.53 1.30 15.0 1.85 Brown 3.80 Amber & brown 30.7

ESCC 3901 001 33 14 27X0.30 SPC 1.87 1.90 10.6 2.19 Khaki-beige 4.48 Amber & white 43.1

ESCC 3901 001 34 12 45X0.30 SPC 2.40 3.20 6.33 2.80 Khaki-beige 5.70 Amber & white 70.6

Stripe width: 0.6mm ± 30%
Space between two stripes: 1.0mm ± 30%

SPC: silver plated copper 

1 2 3 4 5

Source: Source: Axon’ Cables S.A.S.
https://www.axon-cable.com/en/04_markets/09_space/00/index.aspx

Single wires Twisted pairs

Shielded jacketed twisted pairs Shielded jacketed twisted 6-core cables

ESCC: European 
Space Components 
Coordination

https://escies.org

More than 1 single wire

Cable derating:

[6.12] ECSS-Q-ST-30-11C Rev 1
Derating - EEE components

Cf. also comments to Mini Project

https://www.axon-cable.com/en/04_markets/09_space/00/index.aspx
https://escies.org/
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250AE

Linear Pattern

10.54 x 6.35 14.22 x 8.13

actual size actual size

187UV

Shear/ Torque Pattern

Many different models (material, geometry) that must be selected according to the 
application

Source: Vishay Precision Group. Precision Strain Gages and Sensors Databook DB0103-1502 (2016). https://micro-measurements.com

https://micro-measurements.com/
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§ Relation between the electrical signal and the strain of the gage:
Gage Factor (GF)

§ Wheatstone Bridge configuration

Strain Gages small deformations ⇒ very low resistance variations
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Source: https://www.ni.com/en-us/innovations/white-papers/07/measuring-strain-with-strain-gages.html (or cf. [6.12])

𝐺𝐹 =
#∆𝑅
𝑅
#∆𝐿
𝐿
=

#∆𝑅
𝑅

𝜀

𝑉+ =
𝑅;

𝑅; + 𝑅<
−

𝑅*
𝑅) + 𝑅*

) 𝑉=>

𝑅9 = 𝑅: + ∆𝑅 (Quarter-Bridge circuit)

𝑉+
𝑉=>

= −
𝐺𝐹 ) 𝜀
4

1
1 + 𝐺𝐹 ) ?*

https://www.ni.com/en-us/innovations/white-papers/07/measuring-strain-with-strain-gages.html


Thermal compensation
§ Is required because:

• Variation of strain gage resistance and the conductors with the temperature
• Differential thermal expansion between the strain gage and the material on 

which it is applied.

§ Wheatstone Half-Bridge configuration

Strain Gages
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𝑉+
𝑉=>

= −
𝐺𝐹 ) 𝜀
2



§ Wheatstone Full-Bridge configuration

§ Asymmetric configuration of the Wheatsone bridge

Strain Gages
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𝑉+
𝑉=>

= −𝐺𝐹 ) 𝜀

Use of a dummy gage to eliminate 
the temperature effects



Thermal compensation through proper selection of the materials
• For a given alloy, the behavior of the strained wire electrical resistance 

depends on its metallurgical state
• Combination of the effects of:

§ Thermal variation of the electrical resistance.
§ Differential thermal expansion between the strain gage and the material on 

which it is applied.
§ Substrate/gage material pair in defined metallurgical states.

⟹ Permits a very efficient compensation of the thermal effects in a defined 
temperature range

§ Note: strain gage calculators are available, e.g.:
• https://micro-measurements.com/calculators#/

Strain/stress Gages
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https://micro-measurements.com/calculators


Strain Gages
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→ 10)* F 𝜀 = 𝜇𝜀

(micro-strain)

For technical questions, contact
micro-measurements@vpgsensors.com
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Strain Gage Thermal Output and Gage Factor Variation with Temperature

having the thermal expansion coefficient for which the gage 
is intended, and when operated within the temperature range 
of effective compensation, strain measurements can often be 
made without the necessity of correcting for thermal output. 
If  correction for thermal output is needed, it can be made as 
shown in the following sections.

Self-temperature-compensated strain gages can also be 
used in the manner described in Section 2.1.1. That is, when 
circumstances are such that a pair of matched gages can be 
used in adjacent arms of the bridge circuit, with both gages 
maintained at the same temperature, and with one of the 
gages unstrained (or strained at a determinate ratio to the 
other gage), excellent temperature compensation can be 
achieved over a wide temperature range. 

The designations of Micro-Measurements self-temperature-
compensated strain gages include a two-digit S-T-C number 
identifying the nominal thermal expansion coefficient (in 
ppm/°F) of  the material on which the gage will exhibit 
optimum thermal output characteristics as shown in Figure 
4. Micro-Measurements constantan alloy gages are available 
in the following S-T-C numbers: 00, 03, 05, 06, 09, 13, 15, 18, 
30, 40, and 50. S-T-C numbers of 30 and higher are intended 
primarily for use on plastics. In K alloy, the range of S-T-C 
numbers is more limited, and consists of 00, 03, 05, 06, 09, 
13, and 15. For reference convenience, Table 1 lists a number 
of  engineering materials, and gives nominal values of  the 
Fahrenheit and Celsius expansion coefficients for each, 
along with the S-T-C number which would normally be 
selected for strain measurements on that material. The table 
also identifies those test materials used in determining the 
published thermal output curves for Micro-Measurements 
self-temperature-compensated strain gages.
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Figure 4. Typical thermal output variation with temperature for 
self-temperature-compensated constantan (A-alloy) and modified 

Karma (K-alloy) strain gages.

TABLE 1—NOMINAL THERMAL EXPANSION COEFFICIENTS 
OF ENGINEERING MATERIALS

MATERIAL
DESCRIPTION

EXPANSION
COEFFICIENTS** RECOMMENDED

S-T-C NUMBER
Per °F [Per °C]

ALUMINA, fired 3.0 [5.4] 03

ALUMINUM Alloy, 
2024-T4*, 7075-T6

12.9 [23.2] 13*

BERYLLIUM, pure 6.4 [11.5] 06

BERYLLIUM COPPER,
Cu 75, Be 25

9.3 [16.7] 09

BRASS, Cartridge,
Cu 70, Zn 30

11.1 [20.0] 13

BRONZE, Phosphor,
Cu 90, Sn 10

10.2 [18.4] 09

CAST IRON, gray 6.0 [10.8] 06

COPPER, pure 9.2 [16.5] 09

GLASS, Soda, Lime, Silica 5.1 [9.2] 05

INCONEL, Ni-Cr-Fe alloy 7.0 [12.6] 06

INCONEL X, Ni-Cr-Fe alloy 6.7 [12.1] 06

INVAR, Fe-Ni alloy 0.8 [1.4] 00

MAGNESIUM Alloy*,
AZ-31B

14.5 [26.1] 15*

MOLYBDENUM*, pure 2.7 [4.9] 03*

MONEL, Ni-Cu alloy 7.5 [13.5] 06

NICKEL-A, Cu-Zn-Ni alloy 6.6 [11.9] 06

QUARTZ, fused 0.3 [0.5] 00

STEEL Alloy, 4340 6.3 [11.3] 06

STEEL, Carbon,
1008, 1018*

6.7 [12.1] 06*

STEEL, Stainless,
Age Hardenable 
(17-4PH)

6.0 [10.8] 06

STEEL, Stainless, 
Age Hardenable 
(17-7PH)

5.7 [10.3] 06

STEEL, Stainless, 
Age Hardenable 
(PH15-7Mo)

5.0 [9.0] 05

STEEL, Stainless, 
Austenitic (304*)

9.6 [17.3] 09*

STEEL, Stainless, 
Austenitic (310)

8.0 [14.4] 09

STEEL, Stainless, 
Austenitic (316)

8.9 [16.0] 09

STEEL, Stainless, 
Ferritic (410)

5.5 [9.9] 05

TIN, pure 13.0 [23.4] 13

TITANIUM, pure 4.8 [8.6] 05

TITANIUM Alloy, 
6AL-4V*

4.9 [8.8] 05*

TITANIUM SILICATE*,
polycrystalline

0.017 0.03 00*

TUNGSTEN, pure 2.4 [4.3] 03

ZIRCONIUM, pure 3.1 [5.6] 03

* Indicates type of material used in determining thermal output 
data supplied with Micro-Measurements strain gages.

** Nominal values at or near room temperature for temperature 
coefficient of expansion values.

For technical questions, contact
micro-measurements@vpgsensors.com
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having the thermal expansion coefficient for which the gage 
is intended, and when operated within the temperature range 
of effective compensation, strain measurements can often be 
made without the necessity of correcting for thermal output. 
If  correction for thermal output is needed, it can be made as 
shown in the following sections.

Self-temperature-compensated strain gages can also be 
used in the manner described in Section 2.1.1. That is, when 
circumstances are such that a pair of matched gages can be 
used in adjacent arms of the bridge circuit, with both gages 
maintained at the same temperature, and with one of the 
gages unstrained (or strained at a determinate ratio to the 
other gage), excellent temperature compensation can be 
achieved over a wide temperature range. 

The designations of Micro-Measurements self-temperature-
compensated strain gages include a two-digit S-T-C number 
identifying the nominal thermal expansion coefficient (in 
ppm/°F) of  the material on which the gage will exhibit 
optimum thermal output characteristics as shown in Figure 
4. Micro-Measurements constantan alloy gages are available 
in the following S-T-C numbers: 00, 03, 05, 06, 09, 13, 15, 18, 
30, 40, and 50. S-T-C numbers of 30 and higher are intended 
primarily for use on plastics. In K alloy, the range of S-T-C 
numbers is more limited, and consists of 00, 03, 05, 06, 09, 
13, and 15. For reference convenience, Table 1 lists a number 
of  engineering materials, and gives nominal values of  the 
Fahrenheit and Celsius expansion coefficients for each, 
along with the S-T-C number which would normally be 
selected for strain measurements on that material. The table 
also identifies those test materials used in determining the 
published thermal output curves for Micro-Measurements 
self-temperature-compensated strain gages.
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Figure 4. Typical thermal output variation with temperature for 
self-temperature-compensated constantan (A-alloy) and modified 

Karma (K-alloy) strain gages.

TABLE 1—NOMINAL THERMAL EXPANSION COEFFICIENTS 
OF ENGINEERING MATERIALS

MATERIAL
DESCRIPTION

EXPANSION
COEFFICIENTS** RECOMMENDED

S-T-C NUMBER
Per °F [Per °C]

ALUMINA, fired 3.0 [5.4] 03

ALUMINUM Alloy, 
2024-T4*, 7075-T6

12.9 [23.2] 13*

BERYLLIUM, pure 6.4 [11.5] 06

BERYLLIUM COPPER,
Cu 75, Be 25

9.3 [16.7] 09

BRASS, Cartridge,
Cu 70, Zn 30

11.1 [20.0] 13

BRONZE, Phosphor,
Cu 90, Sn 10

10.2 [18.4] 09

CAST IRON, gray 6.0 [10.8] 06

COPPER, pure 9.2 [16.5] 09

GLASS, Soda, Lime, Silica 5.1 [9.2] 05

INCONEL, Ni-Cr-Fe alloy 7.0 [12.6] 06

INCONEL X, Ni-Cr-Fe alloy 6.7 [12.1] 06

INVAR, Fe-Ni alloy 0.8 [1.4] 00

MAGNESIUM Alloy*,
AZ-31B

14.5 [26.1] 15*

MOLYBDENUM*, pure 2.7 [4.9] 03*

MONEL, Ni-Cu alloy 7.5 [13.5] 06

NICKEL-A, Cu-Zn-Ni alloy 6.6 [11.9] 06

QUARTZ, fused 0.3 [0.5] 00

STEEL Alloy, 4340 6.3 [11.3] 06

STEEL, Carbon,
1008, 1018*

6.7 [12.1] 06*

STEEL, Stainless,
Age Hardenable 
(17-4PH)

6.0 [10.8] 06

STEEL, Stainless, 
Age Hardenable 
(17-7PH)

5.7 [10.3] 06

STEEL, Stainless, 
Age Hardenable 
(PH15-7Mo)

5.0 [9.0] 05

STEEL, Stainless, 
Austenitic (304*)

9.6 [17.3] 09*

STEEL, Stainless, 
Austenitic (310)

8.0 [14.4] 09

STEEL, Stainless, 
Austenitic (316)

8.9 [16.0] 09

STEEL, Stainless, 
Ferritic (410)

5.5 [9.9] 05

TIN, pure 13.0 [23.4] 13

TITANIUM, pure 4.8 [8.6] 05

TITANIUM Alloy, 
6AL-4V*

4.9 [8.8] 05*

TITANIUM SILICATE*,
polycrystalline

0.017 0.03 00*

TUNGSTEN, pure 2.4 [4.3] 03

ZIRCONIUM, pure 3.1 [5.6] 03

* Indicates type of material used in determining thermal output 
data supplied with Micro-Measurements strain gages.

** Nominal values at or near room temperature for temperature 
coefficient of expansion values.



§ Components used in space mechanisms
• Bearings, flex-pivots: use, limitations, sizing (loads, lifetime, preloads, torque)
• Actuators and motors: types, sizing

§ Electromagnetic motors
§ Actuators (paraffin, SMA)
§ …

• Gearboxes (harmonic drive, …)
• Angular encoders (optical, potentiometer, magnetic …)
• Switches
• Cables
• Strain/stress gages
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§ Invited speaker from CSEM (Lionel Kiener): 3D Printing and Space

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

§ Quiz on Moodle: Mission to Europa, one of Jupiter’s moon
(neither graded, nor corrected)

Next Week
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