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ABSTRACT 

The Laser Interferometer Space Antenna (LISA) is the 

European Space Agency’s (ESA) third large-class 

mission. LISA will become the first spaceborne 

gravitational wave observatory. It consists of three 

spacecraft separated by 2.5 million kilometers, 

performing a precise triangular flying formation.  

 

Each spacecraft uses two Optical Assembly Tracking 

Mechanisms (OATMs) to achieve and maintain optical 

links by adjusting telescope pointing with μrad accuracy. 

Once aligned, they work with spacecraft’s Drag Free 

Attitude Control System (DFACS) to achieve nrad 

pointing stability in the interferometric link. 

 

The development resulted in a design, manufacturing and 

testing of both the OATM and a low-noise facility for 

testing it. 

 

1 INTRODUCTION 

Two parallel technology development activities were 

initiated by ESA to survey the challenges identified for 

the OATM during the LISA phase A. The one reported 

in this paper is collaboration between Sener Poland and 

Spain with Cedrat Technologies. This project has two 

major challenges. First, having an actuator that has a 

linearity in the range of nrad. Second, having a facility 

that allows sensing nrad at very low frequencies. 

The state-of-the-art survey concluded that required 

subnanoradian resolution can only be provided with 

piezoelectric technology. However, the 5 degrees range 

of travel cannot be achieved just with one element. Thus, 

an inchworm mechanism that stacks range of travels is 

the most promising solution. 

To enable the precise rotation degree of freedom two 

titanium flexural pivots are developed with high axial, 

radial and bending stiffnesses and submicron centershift. 

The flexural pivots have been designed to cope with 

launch loads while they guarantee the stiffness and sub-

micron centershift needed. A sub-nrad resolution and 

μrad relative accuracy interferometric encoder is used for 

testing the pointing stability performance of the 

breadboard in ambient. This technology is less sensitive 

to air’s refractive index fluctuations than displacement 

measurement interferometers.  

 

In one hour, the breadboard working in open loop and 

with ambient thermo-mechanical noise achieved a 400 

nrad RMS pointing stability in the 1.25 mHz -1 Hz band, 

while measuring a noise floor of 300 nrad RMS in the 

same frequency band. 

 

The large low-frequency noise measured during the test 

campaign triggered a further investigation of a lower 

noise set-up. For this purpose, a stiff set-up with invar 

and high thermal inertia, capacitive sensors and linear 

interferometers has been built in vacuum, achieving 

nanometric stability for 8.5 hours during the night. 

 

The main objectives of the development described in this 

paper are: 

• OATM mechanical design to comply with 

requirements, as well as mechanism component 

mechanical and piezo electronic tests. 

• Testing the pointing stability of the OATM in a 

low-noise environment. 

• Designing a low-noise facility concept to test 

the OATM in the future. 

All presented are the results of a Technology De-Risking 

Activity with ESA, forming a consortium between Sener 

Poland, Sener Spain and Cedrat Technologies. 

 

2 DESIGN REQUIREMENTS 

Main requirements of the OATM: 

• 5º angular stroke. 

• Magnetic cleanliness. 

• 64 Nm load capacity due to the 300 Nm/rad 

stiffness of payload harness. 

• Sub-nrad resolution. 
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• 5 µrad absolute pointing accuracy. 

• 0.8 µrad relative knowledge error. 

• Amplitude Spectral Density of pointing in close-

loop with DFACS (0.1 mHz- 1 Hz) better than:  

2 ∙ √1 + (
0.8 𝑚𝐻𝑧

𝑓
)4 𝑛𝑟𝑎𝑑/√𝐻𝑧  (1) 

3 MECHANISM DESIGN 

The OATM consists of the following main elements: a 

piezoelectric inchworm actuator, two flexural pivots and 

a position encoder. 

 

Regarding the actuator, which has been manufactured 

and assembled by Cedrat Technologies, the necessary 

magnetic cleanliness combined with the huge stroke to 

resolution ratio (5º to tenths of nrad) make the 

piezoelectric inchworm linear actuator the only 

possibility. The developed actuator consists of 4 piezo 

modules and a clamping box (Fig. 1). The clamping box 

is connected to a lever arm (L=0.32 m) which is linked to 

the hinges, providing thus the rotation of the telescope. 

All the metallic parts of the actuator are made on titanium 

to guarantee the required magnetic cleanliness. Each 

piezo module consists of a piezo driving actuator and a 

piezo clamping actuator. The driving actuator is a 

Parallel Pre-Stressed Actuator, and the clamping actuator 

is an Amplified Piezo Actuator (APA®). Both have main 

and redundant piezo ceramics. The clamping actuator has 

a 52 µm stroke at 100 V and the driving actuator has a 14 

µm stroke at 100 V. The mentioned strokes are without 

redundancy. This actuator concept generates a preload 

inside the clamping box, thus avoiding transmitting the 

preload to the hinges, which could compromise the 

stability required for the mission. 

  

 

 
Figure 1. Piezo module (top left) and actuator (top 

right). Breadboard actuator (bottom). 

 

The inchworm motion is divided into 4 periodical phases, 

implemented in the control electronics developed by 

Cedrat Technologies, with enhanced laws for backlash 

compensation (see Fig. 2). During each phase, three 

piezo modules start with the driving actuator positions at 

0% of the stroke, 33% of the stroke and 66% of the 

stroke, while having the clamping actuators in contact 

with the clamping box. The other module has a clearance 

gap inside the clamping box. The driving actuators which 

have contact with the clamping box extend creating a 

linear motion, until the actuator with most elongated 

position ends its stroke. At that time, the clamping 

actuator which was not clamped will start contacting with 

the box, and the clamping actuator that corresponds to the 

piezo module without remaining stroke will start to lose 

the contact with the clamping box.  

 
Figure 2. Inchworm actuator working principle. 

 

Regarding the hinges, they provide the rotational degree 

of freedom to steer the telescopes’ line of sight along the 

constellation plane. Each hinge is made of six segments 

with blades at 120º, with mirror symmetry with respect 

to the central plane, as shown in Fig.3. The following 

design guidelines have been followed for hinges design: 

• Made of Ti6Al4V as it is non-magnetic. 

• Minimize torsional stiffness while maximizing 

bending, axial and radial stiffnesses, to reduce 

motorisation margin and reducing effect of 

parasitic loads. 

• Minimizing centershift. This is required for two 

reasons. The first one is to avoid radial motion 

of encoder’s rotor with respect to stator. The 

second one is to avoid rotation in the orthogonal 

line of sight direction due to centershift 

mismatch of two hinges. For the nominal 2 deg 

rotation of the OATM, the centershift predicted 

by nonlinear FEM is below +/- 1 µm. 

• Load capability to manipulate on ground the off 

axis ~150 kg telescopes while rotating the 

required 5º.  The hinges will only work in the 

positive rotation range, that is, from zero to all 

the range). This avoids bistable effect while 

crossing through zero angle. 

 

Regarding the flight encoder, a 4 reading heads and 26-

bit optical encoder from Codechamp is selected. The 

encoder is based on the ones used in past programmes 

such as Meteosat Third Generation [1]. However, the 

requirements needed for LISA made necessary a new 

encoder. The development of this encoder was not within 

the scope of the activity. It is very likely that in-orbit 

calibration scheme will be needed. For the current 

activity, an interferometric encoder from Magnescale [2] 

has been used, which is not flight compatible but has sub-

nrad resolution, µrad relative accuracy and is less 

sensitive than laser interferometers to air refractive index 



 

fluctuations, a feature required for carrying out long tests 

under ambient conditions. The drawbacks of this device 

are the non-existence of metrological traceability and 

pitch error of the grating. 

 
Figure 3. Hinges topology (Top) and manufactured 

hinge (Bottom). 

4 MECHANISM TESTS 

Regarding the actuator tests, two tests are shown: 

resolution test and speed test. Resolution test allows 

testing the minimum angular increment of the actuator, 

which is required to be sub- nrad.  In the resolution test, 

a 2.55 nrad (peak to peak; 032 m arm length) and 1 Hz 

sinusoid is commanded to the inchworm actuator. This 

command corresponds to a voltage signal 10 times 

greater than the minimum that can be commanded (so 

resolution is 0.255 nrad). The displacement is measured 

by a Doppler Vibrometer, which is shown in Fig. 4, 

where the blue peak at 1 Hz represents the commanded 

signal. The voltage noise of driving electronics is also 

measured, which results in 20 pm in the 20 mHz-5 Hz 

band (see Fig. 5). 

 
 

Figure 4.  2.55 nrad 1 Hz sine sensed by Vibrometer. 

 
Figure 5. Driving electronics noise (100 V=14 µm). 

 

The aim of speed tests is to measure the ripple appearing 

in the process when one clamp starts to unclamp and the 

other starts to clamp. Indeed, this is a major feature of the 

actuator as it will determine the linearity of the motion, 

and thus, the pointing stability of LISA’s telescopes. The 

ripple appears due to the release of load of one of the 

modules to the module entering contact and due to the 

interaction between modules. To perform this test, the 

Magnescale interferometric encoder is used. The actuator 

connected to the hinges through the lever arm, receives 

commands to follow different speeds in different 

directions, all of them in the (-10 µrad/s, 10 µrad/s) range. 

The measurement can be seen in Fig. 6. Then, to each 

slope, the best fit line is subtracted to see the ripple, as it 

is shown in Fig. 7. For all the speeds, 3-4 µrad peak to 

peak values of the ripple are observed. This test is 

repeated for more angular positions along the range of the 

hinges, all positions separated by 1º between each other. 

The same results are achieved: the ripple depends only 

on the direction of the speed. 

 

 
Figure 6.  Different speeds measured. 

 

 



 

 

 
Figure 7.  Difference between the measured angle and 

the best fit line for each slope. 

 

Regarding hinge testing, a linearity test has also been 

done, to see if the behaviour of the two hinges assembled 

is linear and to see if bistable behaviour is happening due 

to assembly and manufacturing tolerances (see Fig. 9). In 

this test, the rotated angle by hinges is measured by 

Magnescale interferometric encoder, and the torque is 

sensed by a Kistler torquemeter. Multiple cycles were 

measured. No bistable behaviour was observed in the 

operative range of the hinges, and the measured torsional 

stiffness was 28.7 Nm/rad, vs 29.3 Nm/rad predicted by 

FEM. 

 
Figure 9. Torque linearity measurement set-up. 

 
Figure 10. Torque vs angle for the assembled pivots. 

5 POINTING STABILITY TEST IN AMBIENT 

For this test a dedicated isolating facility was developed. 

A ~100 kg bench hangs through a ~2 m long wire from a 

structure placed on an isolated foundation. The wire with 

the inertia provides a 2 mHz torsional eigenfrequency in 

the degree of freedom of the mechanism. The test bench 

does not need to connect to power supply during the tests 

as it has batteries, thus avoiding possible vibration 

transmission through harnesses. In addition, the facility 

connects wirelessly to the testing computer thanks to an 

onboard computer and a Raspberry Pi. All the electronics 

to command the piezo motor (shown in Fig. 11), acquire 

encoder data, and 2 thermocouple data onboard the 

hanging bench. 

 
Figure 11. Facility for pointing stability test in ambient. 

 

 
Figure 12. Detail of piezo inchworm motor. Lever arm 

can be seen on the right side. 

 

In this stability test, the piezo motor moves a 17.5 kg∙m2 

inertia, which is a representative value of the inertia of 

one of LISA’s telescopes with respect to the rotary axis 

of the OATM. There is a dummy harness with a stiffness 

of 15 Nm/rad connecting the mobile part and the static 

part, only giving an extra torsional stiffness acting 

against the actuator. The angle is acquired with the sub-

nrad resolution interferometric encoder from 

Magnescale. The test is only started once people leave 

the cleanroom to avoid vibration generated by human 



 

activity. This test is started through internet as the facility 

has wireless capability. First, a background noise test is 

done acquiring the data by encoder but without actuator 

in motion. This noise test shows that angular long term 

drift up to +/- 1 µrad are observed only due to 

temperature, background vibration and pressure change 

effects. For starting the test with actuator in motion, a 

constant speed command of 5.5 nrad/s is sent to the piezo 

driver, which is the maximum speed of OATM during 

science operations. The temperature of the 

thermocouples of the facility and the angle are recorded 

for more than 10000 seconds. Temperature acquired by 

thermocouples and angle recorded by encoder are shown 

in Fig. 13 and Fig. 14 respectively. A thermocouple is 

installed close to the actuator and another thermocouple 

is installed close to the hinge that has encoder connected. 

 

 
Figure 13. Temperature acquired by thermocouples. 

 

 
Figure 14. Angle sensed by interferometric encoder. 

 

The angle measured and shown in Fig. 14 in the first 

10000 s is 70 µrad, against the 55 µrad expected with the 

selected speed. This effect arises because of two reasons: 

1) piezoceramic non-linearity, as in the test it is working 

in open loop and 2) thermoelastic strain.  The 5 glitches 

shown in Fig. 14 appear because a piezo extender is 

finishing its stroke and the module which is unclamped 

is starting to get into contact with the clamping box.  

The temperature increases dramatically after electronics 

power up. To reduce the thermal strain effects and 

measurement accuracy in pointing stability test only the 

last hour of the encoder data is analysed in the frequency 

domain. In Fig. 15 the angles measured by encoder in a 

background noise test is shown. In Fig. 16 the detrended 

angle in the last test hour is shown. In this plot is more 

evident the effect of the transition every 1800s when one 

module is released and other is loaded. This backlash 

effect is one of the main topics for improvement. 

 The corresponding Amplitude Spectral Density (ASD) is 

shown in Fig. 17, compared against the background 

noise. The peaks appearing at 0.3 Hz and 0.8 Hz are 

pendulum modes of the hanged bench. The first one only 

depends on gravity and wire length and second depends 

on stiffness of the wire connection and moment of inertia. 

The ASD increases dramatically above the requirement 

with decreasing frequency due to piezo-actuator ripple 

and temperature drifts. Fig. 18 shows the Cumulative 

Power Spectrum (CPS) and Anti Cumulative Power 

Spectrum (ACPS) of the detrended angle in the last hour 

to see the RMS vs frequency. The low frequency pointing 

stability in the background noise test is around 300 nrad 

RMS, with the mechanism in motion it is around 400 nrad 

RMS. The pendulum eigenmodes of the facility (0.3 Hz 

and 0.8 Hz) introduce a ~5 nrad and ~15 nrad RMS.  

 

 
Figure 15. Measured angle by encoder in background 

noise tests. 

 

 
Figure 16. Measured angle by encoder minus the best fit 

line in the last hour with mechanism in motion. 



 

 
Figure 17. ASD of signal of Fig.15 compared to 

measured noise. 

 

The measured performance is above the requirement both 

in operative test and background noise test. Despite being 

so far from the requirement, it must be highlighted that 

the requirement is in close loop with DFACS, and the 

performed tests are done in open loop. 

 

 
Figure 18. Detrended angle CPS and ACPS in the last 

hour compared to measured noise. 

 

More tests like this one have been done achieving similar 

results regardless of OATM angular position. 

 

6 IMRPOVED BACKGROUND NOISE TESTS  

Measuring the pointing stability in the nrad level down to 

0.1 mHz is a big challenge. The pointing stability tests 

done in ambient with the interferometric encoder show a 

non-acceptable drift at low frequency for OATM testing. 

As shown in the previous section, temperature and 

pressure variations in cleanroom’s air and heat generated 

by electronics prevent from having the required 

background noise. Developing a set-up with long-term 

nanometric stability is critical for verification of the 

requirement. 

 

To mitigate all low-frequency environmental 

phenomena, a set-up in vacuum has been built for 

nanometric stability in long time periods. The set-up uses 

and compares two different measurement technologies: 2 

Attocube IDS3010 linear interferometers and 2 Micro-

Epsilon CSH02 capacitive sensors with capaNCDT 6500 

measuring system. The light coming out of each 

interferometer fibre passes through a lens for impinging 

onto a silver coated Zerodur mirror. The capacitive 

sensor measures against an aluminium target. The four 

sensors are mounted on a 30 kg highly stiff invar block. 

The high mass and low coefficient of thermal expansion 

of the block provide an excellent thermal stability. The 

set-up is then placed inside Sener cryostat facility, shown 

in Fig. 19. Temperature is measured at one point of invar 

structure via a thermistor. The complete set-up is shown 

in Fig. 20, where the interferometer fibres correspond to 

the grey cables and capacitive sensors correspond to the 

blue cables. The fibre collimators for interferometers are 

separated by 110 mm distance, and the capacitive sensors 

are separated by 60 mm distance. 

 

To have an ultra clean vibrationenvironment, the test is 

launched a Sunday at 10:30 pm and finishing Monday 

7:00 am, to avoid human activity nearby. In addition, the 

set-up was left in vacuum for three days before starting 

the test to guarantee excellent thermal stability. After 

stabilizing temperature with +/- 0.2 ºC, the pumps of the 

cryostat were switched off to avoid vibrations. 

 

 
Figure 19. Sener Cryostat facility. 

 

Switching off the pumps increases pressure from high 

vacuum to ~5 mbar. This is still vacuum, but it is stable 

for hours. Indeed, pressure changed during all night by 

approximately 1 mbar. The recorded data of 



 

interferometers is shown in Fig. 21 and the data recorded 

by capacitive sensors is shown in Fig. 23. The main 

contributor to the 25-35 nm drift shown in Fig. 21, which 

correlates well with a slope, is the 1 mbar pressure change 

during the night. In Fig. 22 the difference between the 

two interferometers and the detrending with best fit slope 

to the difference are shown, showing a +/- 2 nm stability 

during all the night testing. This is the order of magnitude 

needed for pointing stability test. The amplitude spectral 

density (ASD) and cumulative power spectrum (CPS) of 

the detrended difference signal corresponding to 

interferometers are shown in Figs. 24-25. The same 

graphs are obtained for capacitive sensors, and they are 

shown in Figs. 26-28. 

 

 

 
Figure 20. Invar set-up with sensors inside cryostat.  

 

 
Figure 21. Interferometer data during the night. 

 
 

Figure 22. Difference and detrended difference 

interferometer data. 

 

The main noise source observed in Fig. 21 is a ~4 Hz 

component that is thought to come from cleanroom air 

conditioning. This harmonic is also seen in capacitive 

sensor data. The main contributor to the detrended 

difference data in capacitive sensors (Fig.25) is the 50 Hz 

harmonic of the power grid. 

 

 
Figure 23. Capacitive sensor data during the night. 

 

 

 
Figure 24. ASD for detrended differential signal for 

interferometers. 



 

 
Figure 25. CPS for detrended differential signal for 

interferometers. 

 

 
Figure 26. Difference and detrended difference 

capacitive sensor data. 

 
Figure 27. ASD for detrended differential signal for 

capacitive sensors. 

 
Figure 28. CPS for detrended differential signal for 

capacitive sensors. 

The obtained RMS value up to 1 Hz using linear 

interferometers is ~0.5 nm. By using capacitive sensors, 

the RMS up to 1 Hz is ~1.4 nm. The two sensor 

technologies, measuring in the same place at the same 

time show consistent results, which gives validity to the 

obtained values for the noise floor.  

 

7 CONCLUSIONS AND FUTURE WORK 

In this development a breadboard OATM has been 

assembled and tested. The biggest challenge for the 

OATM is the pointing stability in science which is 

unprecedented. For this reason, the ripple appearing 

between the clamping and unclamping process must be 

improved to enhance piezo actuator’s linearity under 

external load. Indeed, this improvement is an ongoing 

activity. The actuator is under redesign to mechanically 

decouple the piezo modules. In addition, a force control 

loop is being designed to monitor the force each piezo 

module is seeing at every time. Thanks to this, the 

actuator will be able to release the clamps only when they 

are unloaded. 

 

Regarding the testing, it is a huge challenge to have nrad 

stability for such long observation times. The developed 

set-up concept has shown nanometric stability in the 

LISA measurement bandwidth (0.1 mHz-1 Hz). This has 

been confirmed by using two sensor technologies: 

capacitive sensors and linear interferometers. The 

measured drift comes mainly from a pressure change of 

~1 mbar during the testing. This effect will be mitigated 

incorporating fibre collimators that allow reducing the 

light travel from the lens to the mirror. The radiative and 

conductive decoupling of the facility will also be 

improved. The mechanical isolation system concept 

works relatively well but need improvements. 
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