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ABSTRACT 

The Optical Assembly Tracking Mechanism OATM is a 
key mechanism for the LISA (Large Interferometer 
Space Antenna) mission, articulating the optical 
assemblies of each LISA spacecraft, thus enabling the 
compensation of deviations in the LISA constellation, 
and maintaining the optical link between the three LISA 
spacecrafts. This paper details the OATM key 
functionality, the related key requirements, and provide a 
conclusive overview of the design and analyses for the 
breadboard OATM key components developed by OHB 
System AG, Cedrat Technologies, and CSEM. 
Additionally, results and lessons learned from OATM 
actuator breadboard functional and performance testing 
are presented. 
 
1 LISA Mission 

The Large Interferometer Space Antenna has been 
selected as ESA’s third large class mission (L3) within 
the cosmic vision programme [1] and will be the first 
dedicated space-based gravitational waves observatory, 
planned to be launched in 2035. LISA will consist of 
three satellites arranged in an isosceles triangle on a 
heliocentric orbit [2]. The distance between the satellites, 
approximately 2.5 million kilometres, will be precisely 
measured by laser interferometry to detect passing 
gravitational waves in the frequency band of 0.1 mHz to 
1 Hz. Ground based gravitational wave observatories, 
like LIGO and Virgo, only reach frequencies down to 
1 Hz [3], associated with cosmic events like supernovae 
pulsars, or merging neutron stars in other galaxies. LISA 
will be able to widen this range by detecting scientifically 
relevant gravitational waves caused by compact binary 
systems, merging binary stellar-mass black holes, or the 
gravitational wave background of the cosmological 
origin [3]. 
The working principle of LISA is to measure distance 
variations induced between pairs of so-called test masses 
(TM) which are kept in free-fall condition inside the three 
spacecrafts. The test masses are the central element of the 
Moving optical Sub-Assembly (MOSA). Each LISA 
spacecraft is equipped with two MOSAs, each one 
pointing along one side of the constellation triangle. 
Apart from the test masses, the MOSAs also include the 

laser interferometers for the displacement measurements, 
and a telescope for transmitting and receiving the laser 
interferometer beams between each pair of spacecrafts. 
The spacecrafts are orbiting the sun forming a near-
equilateral triangle with a side length of approximately 
2.5 million kilometres, the centre of the triangle moving 
approximately along the heliocentric earth orbit. The 
distance variation between the test masses, will be 
measured by laser interferometry. The portion of the 
displacement attributed to gravitational waves, picometre 
to nanometre fluctuations, can be distinguished from 
variations caused by orbital dynamics due to the wide 
separation in frequency. The gravitational waves are at 
mHz frequencies, while the orbital dynamics are 
dominated by yearly variations. 

 
Figure 1: LISA Constellation and Breathing Angle Illustration 
(based on [5]) 

The orbits of the three spacecrafts ensure that the 
distances only vary by ±3%, and that the angle between 
two arms of the triangle fluctuates by not more than 
±1.5°. This angular variation is referred to as “breathing 
angle” [4].  
To counteract the angular deviations and to maintain the 
optical link between the spacecrafts, each LISA 
spacecraft is equipped with two Optical Assembly 
Tracking Mechanisms (OTAM), which shall allow a 
precise and stable orientation of the 150 kg MOSAs with 
a stability and resolution in the order of 1 nrad. The 
development of a BB for this mechanism is addressed in 
the following sections. 
2 The Optical Assembly Tracking Mechanism 

The Optical Assembly Tracking Mechanisms is a central 



 

unit for LISA operation. Its main functions are to rigidly 
support each MOSA during launch, to rotate and point 
the MOSA during constellation acquisition by relying on 
an internal closed-loop fed by its own position sensor, 
and to rotate and point the MOSA in science mode to 
compensate the breathing of the constellation triangle. 
Each OATM consists of the following key components: 
• A high precision actuator 
• A high performance flexible pivot assembly 
• A Launch Lock Device 
• An optical encoder 
In the frame of the elegant breadboard development, the 
focus was on the overall design of the elegant breadboard 
including the actuator, flexible pivots, and launch lock 
devices. The tests involved only the BB of the actuator. 
3 Key Requirements 

The following key requirements have been provided for 
the activity and proved to be design drivers for the 
development [4]: 
• MOSA Harness Resistive Torque  

For the activity, a resistive harness stiffness of 
100 Nm/rad was originally specified, but 300 Nm/rad 
were later considered as a more accurate estimation 
feedback was received.  

• Motion Resolution  
The minimum motion step achievable shall be less 
than 1 nrad. 

• Stability in Science Operations  
The stability in science operation around the actuated 
rotational axis shall be 
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In the LISA science measurement bandwidth from 
0.1 mHz to 1 Hz. This stability is referring to the 
close-loop operation, i.e. with DFACS sensing the 
agnle and controlling the OATM angle. However, in 
this activity, only the open loop stability error is 
measured. 

• Absolute Accuracy  
The abosulute accuracy around the actuated rotational 
axis shall be < 5 µrad. 

• Speed 
Two maximum rotational velocities had to be 
considered for the activity. During nominal science 
operation, the speed for compensating the 
constellation breathing won’t exceed 5.5 nrad/s. 
Whereas the maximum rotational velocity required 
during constellation acquisition, the period where the 
LISA spacecrafts perform a spiralling motion to 
establish the optical links, will require speeds up 
10.000 nrad/s, resulting in a required speed range 
covering multiple orders of magnitude. 

• Relative Accuracy  
The relative accuracy of the actuation in constellation 
acquisition, measured overa stroke of up to 450 µrad 
shall be < 0.84 µrad. 

• MOSA Mass properties  
The OATM shall be able to perform all intended 
fucntions with the expected performance considering 
a MOSA mass of 150 kg; the centre of gravity being 
200 mm offset from the rotational axis. 

• OATM Mass Properties  
The mass of the complete OATM mechanism, 
including: 1 actuator, 2 hinges, 1 sensor, and 4 Hold-
Down Release Mechanisms (HDRM) shall not 
exceed 6 kg, including 20% design maturity margin. 

• Eigenfrequency in Launch configuration  
The first natural frequency of the OATM in launch 
configuration (HDRMs locked), shall be > 115 Hz. 

• Eigenfrequency in Orbit configuration  
The first natural frequency of the OATM in Orbit 
configuration (HDRMs released), shall be > 15 Hz. 

• Redundancy Philosophy  
In case the OATM elements present single point 
failures, the functionality of the OATM has to be 
ensured ot system level. In case the movement of one 
MOSA/OATM is blocked in any position along the 
motion range or limited by a failure, the other 
MOSA/OATM shall be able to compensate. This 
results in a angular range requirement of ±4°. The 
calculation of the range was based on worst case 
assumptions, as the concept on how the two MOSAs 
on each spacecraft are being moved with respect to 
each other was undefined in the activity. The selected 
range assumed that one MOSA stayed stationary, 
while the other MOSA compensates the full breathing 
angle, and failed in an extreme position.   

• Envelope 
No particular envelope was provided for the activity. 
However, the lever arm for the actuator was limited 
to 0.6 m. To cope with the stringent accuracy and step 
requirements, the maximum lever arm dimension was 
initially considered and the OATM actuator 
breadboard manufactured and assembled according 
to this assumption. However, in the course of the 
activity it was identified that the lever arm could not 
exceel 0.3 m due to accomodation limitations in the 
LISA spacecraft. Also, the initially assumed 
symmetric design (see section 4) had to be discarded 
in favour of an assymetric architecture, resulting an a 
complete redesign and repetition of the most relevant 
analyses. 

4 OATM Elegant Breadboard Design 

Two different elegant breadboard designs were 
established during the activity. The first design was based 
on the assumption, that the OATM can consider a 
symmetric layout, with actuators on either side, both on 
a 0.6 m radius (see Figure 3). The main drivers for the 
design approach were the theoretically balanced forces 
on the hinges, limiting parasitic displacements during 
operation, and the best ratio of actuator displacement to 
rotational motion, considering the demanding step size 
requirements. 



 

Four retractable launch lock devices are foreseen, each 
mounted on an individual, spring-loaded bipod. The 
HDRMs are based on commercially available release 
nuts. The release actuator itself is mounted on the 
MOSA, while the release bolt is attached to a spherical 
joint mounted at the bipod. Upon release, the spring-
loaded bipod rotates towards a mechanical end-stop, 
extracting the bolt. The spherical joint provides the 
freedom of motion needed for the bolt to be extracted 
from the actuator. 

 
Figure 2: LLD Concept 

To measure the EBM motion, a metrology boom was 
considered in the design, which provides various 
mounting interfaces mirrors, allowing to track the motion 
of the in all six degrees of freedom. A static reference 
frame equipped with interferometric distance sensors 
(not shown in the images) would be added during the 
tests.  

 
Figure 3: OATM EBM - Symmetric Architecture 

As mentioned in section 3, the specified lever arm had to 
be reduced significantly after the PDR of the activity, as 
it became apparent that an OATM design with a span of 
more than 1.2 m was not compliant to the evolving LISA 
spacecraft designs. The lever arm not only had to be 
halved, but it was also decided to within the consortium 
to focus on an asymmetric design, as it seemed that there 
would not be sufficient envelope available on both sides 
of the MOSA. The resulting design is presented in Figure 
4.  

 
Figure 4: OATM EBM - Iterated Asymmetric Architecture 

In the following sections, the individual elements of the 
OATM are introduced in more detail. 
4.1 OATM Flexible Pivot Design 

CSEM, Europe’s most experienced provider of space 
qualified flexible hinges, developed the flexible pivots 
required for continuous stable movement, conducting all 
preliminary design and analysis tasks required to provide 
a suitable hinge with specifically tuned rotational, radial, 
and axial stiffness to enable the stringent performance 
needs of the OATM. 
The main requirements for the flexible pivots are a low 
angular stoke, a high mobile mass and inertia and high 
precision of the guiding performances. The key inputs 
used for the preliminary design and analysis are 
summarized in Table 1.  
 

Table 1: Flexible Pivot Key Design Requirements 

Requirement Value 
Total angular Range 4.5° 
Pivot distance 0.614 m 
Envelope Diameter 0.19 m 
Axial stiffness (pair) To be maximized 
Radial stiffness (pair) To be maximized 
Rotational stiffness (pair) To be minimized 

 
The total angular range already considers the redundancy 
approach where on OATM can technically cover the 
motion range required to compensate the failure of the 
other mechanism on the spacecraft. In this case, the 
breathing angle compensation would be performed by a 
joint rotation of the spacecraft and the OATM, providing 
the same angular variation capability. 
Two identical monolithic pivots, one on each side of the 
MOSA (top and bottom, e.g. see Figure 4), with 
concomitant six-blade flexures were chosen. 
The blades are placed in 60-degree intervals to one 



 

another, leading to an over-constrained arrangement (as 
two blades already constitute a 1 degree-of-freedom 
pivot). Nevertheless, this is acceptable in the application 
as the angular range is extremely reduced.  
The preliminary design of the flexible pivot is shown in 
Figure 5. 

 
Figure 5: OATM Hinge Preliminary Design 

The pivot is cut monolithically by high-precision Wire 
Electro-Discharge Machining (WEDM), that ensures a 
very precise alignment of each blade. The simplest 
fixation means are by six threaded holes for the central 
shaft and at least six threaded holes for the outer rim. The 
precise alignment of each pivot with respect to the 
rotation axis is a prerequisite for achieving the 
performance requirements. As centring on internal and 
external diameters was considered insufficient even 
considering high precision WEDM tolerances, alignment 
by means of dedicated compliant mechanism-based 
GSEs was introduced. Both pivots are equipped with 
precise positioning holes which would be machined at the 
same time as the flexure blades to ensure a tight tolerance 
in their respective position. This, together with the 
aforementioned GSEs would allow to adjust the relative 
position of the two hinges with respect to the required 
location of the rotational axis.  
No integrated end-stops are foreseen in the pivot design 
for the OATM activity, as external end-stops were 
assumed. Introducing integrated end-stops could be 
considered if deemed necessary. 
The flexible pivot design was iterated multiple times to 
achieve the goal of maximizing the axial stiffness and 
radial stiffness, while minimizing the rotational stiffness 
in the required angular range.  
4.2 OATM Actuator Design 

CEDRAT Technologies, the European key supplier for 
space qualified Piezo actuators with extensive and 
impressive flight heritage, took charge of the 
development of the required high precision piezo 

actuators and their control electronics, as well as 
designing the actuator elegant breadboard and 
conducting measurements of the actuator performance. 
LISA OATM motor is a piezoelectric Inchworm motor 
technology. It is based on piezoelectric actuators creating 
a continuous movement by using a clamping concept on 
a moving part 

 
Figure 6: Inchworm working principle 

This type of actuator works with steps (clamping and 
unclamping phases) of various modules in parallel. Those 
steps can by smoothed using adapted signals allowing a 
much higher resolution. The actuation force is transferred 
through friction pads onto the rotor. 
The main challenge of this type of actuator is the 
backlash generated during the hand-over process 
between the individual actuator modules. The resistive 
force on each module is divided by the number of 
clamped modules at the same time. Therefore, when a 
module is unclamping, the resistive force will increase on 
the remaining clamped modules, which creates a 
backlash (see Figure 7 for visualization). The size of the 
backlash – the amount of stroke going backwards in the 
movement – depends on the actuators’ stiffnesses 

 
Figure 7: Backlash Visualization for an Inchworm Actuator 

The drive actuator selected for the OATM mechanism is 
Cedrat Technologies’ APA200M. As a redesign of the 



 

amplified piezo actuator (APA) with TA6V material is 
required to cope with magnetic cleanliness requirements, 
the actuator selected for the breadboarding campaign has 
to fit the requirement for both applications in an 
inchworm i.e. stroke and clamp.  
For the initial symmetric configuration of the OATM 
mechanism (see Figure 3), two sets of 4 modules were 
foreseen to provide sufficient actuation force in line with 
ECSS motorization requirements. A schematic of the 
actuator is presented in Figure 8. The 4 modules on either 
side were arranged as a vertical stack (see Figure 9), with 
all friction pads arranged at the same radius, therefore 
enabling identical stroke patterns for all actuator 
modules.  

 
Figure 8: Schematic representation of OATM inchworm 

actuator in symmetric configuration 

 
Figure 9: Actuator design for symmetric architecture (only 4 

out of 8 modules shown) 

To account for the stiffness of the hinges and potential 
parasitic displacements caused for example by harness 
torques and forces, preloading springs are foreseen for 
each block of 4 actuator modules, to ensure that the 
required clamping pre-load is always achieved. Flexures 
at the clamping lever arm provide the required rotational 
degree of freedom of the complete actuator block (see 
Figure 10). This design was the baseline for the 
breadboarding activity which is summarized in section 5. 

 
Figure 10: Actuator elements 

The required change of the actuator lever arm (see also 
section 3) required a radical change of the actuator 
concept. All 8 actuator modules were moved to the same 
side (see schematic in Figure 11). To maintain the general 
approach of having balanced forces with only marginal 
forces being introduced into the hinges, and to keep the 
radius of the force application identical for all actuator 
modules, a vertical actuator stack with an alternating 2-
by-2 module layout and stepped track design was 
implemented (see Figure 12 and Figure 13). As halving 
the lever resulted in significantly higher loads for the 
actuators, it was agreed with ESA to focus on a design 
implementation without re-doing the actuator selection 
based on the increased loads. 

 
Figure 11: Schematic representation of OATM inchworm 

actuator in asymmetric configuration 

 
Figure 12: Actuator design for asymmetric architecture 

 
Figure 13: Track design of asymmetric configuration 



 

5 OATM Mechanism Analysis 

A preliminary error budget for the constellation 
acquisition mode was established for the OATM EBM 
design, focussing on the pointing error around the 
rotational axis for both the nominal, as well as for a 
reduced stroke of 450 µrad applicable for constellation 
acquisition. The budget was established in a simplified 
manner, considering extreme cases of contributors. It was 
estimated that the absolute pointing error around the 
rotational axis is about 2.55 µrad, well in line with the 
requirement of 5 µrad for the nominal stroke. Also, for 
the reduced stroke, the estimated performance error of 
0.46 µrad was well in line with the required 0.84 µrad. 
The investigation of the parasitic (meaning non-actuated) 
rotations and displacements around the other axes, 
caused by external harness loads, misalignment of the 
pivots, accuracy of the gravity compensation GSE, etc. 
were estimated to be significantly larger and will have to 
be assessed in more detail in future activities. 
The assessment of the natural frequencies of the OATM 
Elegant Breadboard (considering the updated 
asymmetric design) showed full compliance with the 
requirements. The first eigenfrequency in launch 
configuration, with all four hold-down release 
mechanisms being locked, was calculated to be 119 Hz. 
Budgeting the OATM mess showed that the requirement 
of 6kg incl. 20% design maturity margin was very 
challenging. The design masses of the individual OATM 
components are listed in  
Table 2: OATM component design masses (incl. 20% design 

maturity margin) 

Component Quantity 
Total Design 
Mass [kg] 

Actuator 1 8.2 
Flexible Pivots 2 1.2 
LLD Structure 4 7.68 
HDRM 4 1.08 
Optical Encoder 1 1.25 

 
The masses provided are for the listed components only 
and do not include any brackets or structural elements. 
Even if mass reduction means are being considered, 
achieving compliance to the mass requirement was 
deemed highly unlikely. 
 
6 OATM Actuator Breadboard Test Results 

Based on the symmetric design solution, Cedrat 
Technologies designed, developed, and tested a full-scale 
actuator breadboard (see Figure 14 and Figure 15) 

 
Figure 14: OATM actuator BB developed by Cedrat 
Technologies 

 
Figure 15: Close-up of OATM BB actuator stack 

The breadboard was equipped with the total of 8 actuator 
modules, considered the initial 0.6 m lever arm, and 
applied external loads as per requirements. An encoder, 
a laser vibrometer, interferometers, capacitive- and force 
sensors were equipped to verify the breadboard 
requirements. 
During the testing campaign, measurements of the 
resolution, speed, backlash behaviour, clamping force 
margin and power consumption were conducted.  
6.1 OATM Actuator Resolution 

An as-small-as-possible sine signal is sent to the 
mechanism and the displacement is measured. The 
displacement observed corresponded to a sinusoid of 
1nrad-rms, therefore, the mechanism has a resolution 
under 1 nrad, compliant to the OATM specification. 
6.2 OATM Actuator Speed 

For the verification of the LISA acquisition speed, which 
is going to be up to 10.000 nrad/s, a test was conducted 
where a rotation of 8.3° is carried out within 13.830 s, 
corresponding to a rotational velocity of 10.460 nrad/s, 
therefore demonstrating that the acquisition speed can be 
reached. 



 

 
Figure 16: Measured Stoke and Linear Displacement at LISA 
Acquisition Speed 

Figure 17 shows the measured data for one motion in 
science mode. A range of 189µm is carried out within 
58.000 s. The displacement being measured with a 
capacitive sensor. It was demonstrated that a speed of 
5.8 nrad/s was reached, considered sufficiently close to 
the specified value of 5.5 nrad/s. The deviations in the 
slope of the capacitive sensor measurement (see green 
graph in Figure 17) are due to hand-overs between 
different actuator modules (clamping-unclamping). The 
orange line shows the supply voltage of one extender 
which increases during the actuation phase where the 
clamp is closed and force is transmitted. It decreases 
during the retraction phase, when the handover to the 
next module has taken place and the clamp has been 
opened. The other modules of the actuator have similar 
trends, but with an offset in phase. 
It shall be noted that the ripples in the blue graph, that is 
showing the laser vibrometer measurements, are not a 
physical effect, but due to a limit of acquisition range. 

 
Figure 17: One step at +4° in science mode 

6.3 OATM Actuator Backlash Behaviour 

Multiple tests at science and acquisition speed were 
conducted by Cedrat Technologies to characterize the 
backlash and to test backlash compensation algorithms. 
It was confirmed that the backlash compensating 
algorithms need to consider the OATM angle of rotation 
as the external torque raises towards the extreme limits 
of the rotation. Cedrat Technologies demonstrated a 
reduction of backlash by a factor of 4 in the extreme 
positions (see Figure 18). Moreover, thanks to the 
backlash compensation, the magnitude of the backlash 
was found to constant for all measurements which were 
performed over the full operational range 

 
Figure 18: Error without (blue) and with (red) backlash 

compensation at an angle of +4° 

It must be said that it was not an objective of the piezo-
actuator BB test to verify the performance of the OATM 
in science mode. Indeed, that would have required a more 
accurate measurement system and better isolation of the 
test facility from environmental noise. In any case, the 
test campaign allowed to understand how to control and 
improve, the clamping-unclamping phases of the piezo 
actuator, and how to perform motions at low speed and 
high speed for acquisition and science mode respectively. 
It also allowed to verify critical aspects of the 
developments like resolution, torque margins of the piezo 
actuators, high precision alignment, and the use of the 
required high precision instrumentation. 
6.4 OATM Actuator Power Consumption 

Voltage and current measurements have been carried out 
on the extenders and clamps. An average power 
consumption of 0.015 W was measured for the extenders, 
and 0.024 W for the clamps. The total power 
consumption of the OATM actuator is therefore 0.31 W. 

 
Figure 19: Extender voltage and current signals 

7 Lessons Learnt 

The chosen launch lock design considering four 
retractable hold-down release mechanisms proved to be 
not stiff enough to support the MOSA during launch 
vibrations while sufficiently protecting the hinges. In 
addition, the comparably short length of the bipods 
resulted in a non-ideal extraction of the release bolts. The 
introduction of spherical joints in theory solved that issue 
but added significant complexity. In a future design 
iteration, having fixed launch locks located at one 
extreme of the OATM motion range are going to be a 
more viable approach. 
Backlash compensation proved to be as challenging as 
expected. After completion of the testing campaign and 



 

evaluation of the results, Cedrat Technologies identified 
that the implementation of strain gauges on the inchworm 
modules to measure residual forces, would allow the 
implementation of an internal closed-loop to zero any 
residual forces before releasing the clamps. This, in 
addition to the already identified algorithms will help to 
further reduce the backlash in the system. 
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