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ABSTRACT 

An innovative design of a Large Angle Flexure Pivot 
(LAFP) has been developed and has completed a 
thorough test campaign in the configuration of an 
Engineering Model. The intended application of the 
LAFP is to angularly guide an optical component in a 
space environment [1] and [2]. 

The flexure pivot combines the advantages of flexure 
mechanisms – no friction, no backlash, no need for 
lubricant, no wear and can achieve an angular deflection 
stroke of 180° (±90°). The pivot was tested in an 
arrangement corresponding to a scan mirror mechanism 
where two pivots have been mounted in pairs, coaxially 
with a 1.8 kg payload between them.  

Lateral shift measurements of the payload shaft 
throughout the environmental test campaign have 
showed a consistent value of ±35 µm at ±70°. The final 
phase of testing comprised of cryogenic thermal cycling 
and lifetime tests is reported here and complements 
results presented previously during ESMATS 2019 
following the mechanical vibration tests. 

1. INTRODUCTION 
An innovative design of a Large Angle Flexure Pivot 
(LAFP) has been developed and has completed a 
thorough test campaign in the configuration of an 
Engineering Model (Fig. 1) corresponding to a scan 
mirror mechanism where a pair of pivots support a 
payload between them. 

 
Figure 1. LAFP Engineering Model 

The cryogenic tests were performed to meet future 
science missions in a cryogenic environment and the 
pivots operated successfully in a temperature ranging 
from -140°C to +65°C. A description is provided of the 
cryogenic vacuum chamber used for the thermal cycling 
tests with details of problems encountered and 
modifications implemented on the test equipment to meet 
the target temperatures. 

The last segment of the test campaign was the lifetime 
with the objective to demonstrate that the pivots can meet 
the mission design target of 2.4 million cycles. However, 
where the fatigue sample test results on Marval X12 
specimens provided data which showed that the lifetime 
objectives could be easily met, unexpected and early 
failure of blades was encountered just after a few tens of 
thousands of cycles. A workaround of the test procedure 
allowed for a demonstration of over 3.3 million lifetime 
cycles complemented by a failure mode investigation 
with materials experts. 

A brief description of the test benches is described here 
with full details provided in the paper dedicated to the 
development phase [1]. 

 
Figure 2. Engineering Model test bench 

The performance test bench (Fig. 2) was developed and 



manufactured to test the pivot characteristics in a 
configuration of a typical mechanism with its 
representative dummy payload for mass and inertia in the 
form of a wheel and shaft between two pivots. The 
objective of the test bench is to verify pivot performance 
notably the parasitic lateral (or centre) shift, angular 
range and angular stiffness.  

The test bench was instrumented to provide a 
performance history of the pivot (essentially lateral shift) 
during the reference room temperature tests, before and 
after vibration tests, cryogenic thermal cycling tests and 
lifetime testing.  

 
Figure 3. Vibration test bench 

For the vibration tests, pivots were transferred and 
mounted on a dedicated test bench that incorporated a 
representative launch locking device on the payload 
shaft, see Fig. 3. 

2. TEST CAMPAIGN 
The test campaign started with the reference performance 
tests before vibration and repeated after the vibration 
tests prior to the cryogenic and lifetime tests. The overall 
test sequence was: 

1. EM performance tests reference 
2. Vibration tests (pivots mounted in vib test bench) 
3. EM performance tests after vibrations 
4. Cryogenic thermal vacuum cycling tests 
5. EM performance tests at RT after cryo cycling 
6. Lifetime tests 

2.1 EM Performance Test Results 
All the lateral shift tests were performed with the test 
bench in the vertical direction (Fig. 4) with a mass 
compensation along the Z-direction to reduce axial 
stresses on the pivots. External sensors (Micro-Epsilon 
optoNCDT laser sensors) were used at the start in parallel 
to the integrated eddy current sensors as a reference to 
discriminate for any inaccuracies or parasitic phenomena 
in the measurement chain. The first series of tests “Before 
Vib. H” were performed with the mechanism in the 
horizontal direction to evaluate the influence of gravity 
on the assembly. In Table 1, the results in the X-direction 
aligned with gravity indicate a lateral shift above 
±200 μm approximately four times higher than the 
gravity invariant Y-direction with values around ±50 μm.  

 
Figure 4. EM test bench for lateral shift measurements 

With the test setup in the vertical direction, the initial 
reference results indicated a lateral shift error of <10 µm 
for ±70° pivot rotation in accordance with requirements 
for both the Eddy current and external sensor. In the Y-
direction, the results were higher with values ~40 µm in 
the Y-direction. Subsequent results from the test 
campaign indicated values between ±30µm to ±40µm 
which were very consistent under various test conditions.  

Table 1. Lateral shifts before and after vibration tests 

 
2.2 Vibration Tests 
The high-level sine and random vibration tests (Fig. 5) 
were performed in all directions successfully as per the 
specified levels 5-20 Hz: ± 15 mm and 20-100 Hz: 24 g. 
The random vibration tests for the Y and Z direction tests 
were completed as planned to a level of 12.2 gRMS. 
However, the inspection performed after the X-direction 
high level Sine test showed the start of a crack at the base 
of one of the pivot blades. Upon investigation, it was 
concluded that the crack was not generated due to stresses 
from the vibration loads but due to an assembly error. It 
was decided to locally consolidate the base of the blade 
(since the blade was still intact) with a quick set epoxy 
and to continue with the tests for the final, X-direction 
but limiting the levels to 12.2 gRMS [1]. 

 
Figure 5. Vibration test bench on shaker 

2.3 EM Performance Test after vibration 



The objective of these tests was to verify the performance 
of the pivots after environmental tests and compare them 
with reference values taken before the vibration tests. 
The flex pivots were removed from the vibration test 
bench and re-assembled on the EM performance test 
bench. The main result is that no degradation to the lateral 
shift was observed following the vibration tests (Table 2). 

Table 2. Lateral shifts before and after vibration tests 

 
 

 
Figure 6. Lateral shift measurement profile after vib test 

The maximum lateral shifts measured with both the 
internal Eddy current sensors and the external Micro-
Epsilon sensors after the vibration tests were in 
agreement giving average results for both directions as: 
• X direction: ±34µm 
• Y direction: ±35µm 

These values became the references for the remainder of 
the tests (Fig. 6). 

2.4 Cryogenic thermal vacuum cycling tests 
The thermal vacuum cycling test objective was to 
perform two operational and six non-operational cycles. 
The EM Test bench was mounted vertically in the 
chamber and installed on the cryo baseplate. 

The CEDRAT cryo test TVAC chamber (Fig. 7) is 
comprised of: 
• Thermal braided interfaces, cryogenic baseplate, cold 

finger, MLI and heating resistors 
• Thermal shroud 
• EGSE to control the mechanism 
• Eddy current sensors (lateral shift) 
• Angular position knowledge using reed switches 

mounted on wheel 
• Functional operation of mechanism controlled in 

open loop 

 
Figure 7. TVC chamber with EM in vertical position 

Braided links were connected from the cold finger to 
various locations on the mechanism. Temperature probes 
were placed on various locations from the baseplate to 
the EM mechanism and local heating elements were used 
to regulate temperatures (Fig. 8). 

 
Figure 8. Thermal braids and instrumentation 

The temperature regulation was performed using an 
internal electronic design. The approach for the 
regulation was to set a desired temperature and the 
heating resistor would be powered if the temperature at 
the corresponding temperature probe was below the set 
temperature. 

Angular measurements of the pivot stroke in vacuum 
conditions were not a direct measurement since the 
Renishaw optical sensor head was removed for the 
cryogenic tests. The angular position was estimated 
based on voice-coil current measurements (motor 
constant), known correlation between pivot stiffness and 
rotation angle as well as the Reed switches mounted on 
predefined positions on the inertial wheel. 

The thermal vacuum cycling tests were performed with a 
slight modification to the temperature target. The low 
temperature target was modified from -140°C to -120°C 
to accelerate the cycling process. The lateral shift 
performance tests were performed as indicated by the test 
points (red circles) and test results compared for the same 
temperature points. 



 
Figure 9. Thermal cycling temperature profile 

The lateral shift history during the TVC test campaign 
has been superimposed in the graph below (Fig. 10, plots 
within red rectangle) comparing the results from the first 
2 non-operational temperature cycles (+20, +65, 
+105°, -140°) to the reference curve in black (+20°C 
following the vibration tests). 

 
Figure 10. Lateral shift measurements during TVC tests 

Table 3. Lateral shifts results during TVC tests 

 
Cryogenic cycling tests during the first 2 non-operation 
temperature cycles give average lateral shift results from 
above (Table 3 data within black box): 
• Sensor in X-direction: ±36 µm Std dev: 6 µm 
• Sensor in Y-direction: ±29 µm Std dev: 5 µm 

The biggest change in the measurements is with the last 
test points performed at the end of the tests. TP 06 at 
+65°C was performed which corresponds to the start of 
the 6 operational temperature cycles. TP 12 at +20°C, 
ambient conditions was performed when the vacuum 
chamber was opened. (Fig. 10, plots within black 
rectangle). The large shift (~55 µm) on the right in the 
curve happened during the final 6 operational cycles. In 
the ensuing investigation to determine the cause of this 
shift, it was discovered that the repaired blade which had 
been locally reinforced with epoxy following the partial 
crack during the vibration tests had delaminated and 
detached due to thermal contraction during the extreme 
temperature cycling. This modified the stability 
conditions of the pivot thus increasing the measured 

lateral shift. Red areas where epoxy was found to be 
detached from the pivot (Fig. 11-left) and zoom of 
detached epoxy (Fig. 11-right). The yellow areas with a 
thin part of the epoxy were still attached to the blade and 
intact. 

 
Figure 11. Areas where epoxy was found delaminated 

2.5 Lifetime tests 
The lifetime tests were not performed in the baseline 
configuration as initially planned with the two pivots 
mounted between the payload because the consolidated 
pivot with epoxy showed high hysteresis and had to be 
removed. It was decided to perform the Lifetime tests on 
one pivot where we would be able to show the 
performance of 3.1 million cycles and to measure the 
lateral shift of one pivot periodically throughout the 
Lifetime tests.  
The configuration of the test bench was adapted to allow 
the continuation of the tests with a PTFE bushing 
replacing the missing pivot. A resumé of the EM Lifetime 
Test bench configurations is provided in Fig. 12 to 
understand how the subsequent tests were performed and 
their sequence. 

 
Figure 12. Resume of Lifetime Test configurations 

The first lifetime test (EM Lifetime 01) with pivot SN01 
with an angular rotation of ±70° ended with an early 
failure of a flex pivot blade following 24’958 cycles. The 
EM Lifetime Test 02 with pivot SN02 was not performed 
since the epoxied pivot showed very high hysteresis 
values on the lateral shift. For Lifetime Test 03 a new 
hybrid pivot configuration was used by mounting the 
remaining half pivots together with a dummy interface 
cylinder (see Figure 13). The overall rotation was limited 
to +42° and -27° corresponding to ±70° for a full pivot. 

 
Figure 13. Half pivots with dummy interface cylinders 



The EM Lifetime Test 03 (Fig. 14) ended with an early 
failure with 29’400 cycles for the remaining SN01 half 
pivot. 

 
Figure 14. LT03 with dummy cylindrical interfaces 

The early failures of the blades on both halves of pivot 
SN01 required a modification to the test procedure to 
evaluate the impact of an observed bi-stable phenomenon 
when the pivot passed through the central, neutral 
position of the stroke.  
The test procedure was modified to avoid the passage 
through the 0° position by performing the cycles in one 
direction only with the objective of accumulating a large 
number of cycles to demonstrate that the pivot can reach 
the expected high cycles of fatigue at high stress levels. 
The EM Lifetime Test 04a with pivot SN02 was 
performed in unidirectional segments of 200’000 cycles. 
At the end of each test segment of 200’000 cycles, the 
lateral shift error through the entire stroke was measured 
and compared to the results from the beginning of the 
lifetime tests. The Lifetime Test 04a (unidirectional only) 
was stopped after the pivot reached 3.3 million cycles in 
the positive direction (+3.5° to +42.5°) and 1 million 
cycles in the negative direction (-3.5° to -27.5°). The 
lateral shift measurements were compared with the start 
of the tests and a maximum deviation of 1.7µm 
(Sensor 1) and 2.9µm (Sensor 2) during LT04a was 
measured. 
Total lateral shift following Lifetime tests: 
Sensor in X-direction: ±36.4 µm + 1.7 µm±38 µm 
Sensor in Y-direction: ±29.4 µm + 2.9 µm±32 µm 
The final segment of the tests with Lifetime Test 04b was 
performed with the pivot displaced through an alternating 
stroke of +42° and -27° corresponding to ±70° for a full 
pivot where failure was expected. The remaining half 
pivot SN02b failed after 133’000 cycles confirming that 
the passage through 0° was the source of early failure.  

Table 4. Lifetime cycles for pivots 
Lifetime Test Pivot Stroke Cycles 
LT01   (full) SN01a Alternating ±70° 24’958 
LT02 SN02a Not tested Hysteresis 
LT03   (half) SN01b Alternating ±70° 29’400 
LT04a (half) SN02b Uni-directional  3’300’000 
LT04b (half) SN02b Alternating ±70° 133’000 

In view of the positive results obtained during LT-04 
with 3.3 million uni-directional cycles (no passage 
through 0°) and the failure of the blade at 133’000 cycles 
with the passage through 0°, we can conclude that the 
local buckling mode is the source of early blade failures.  

2.6 Local buckling mode 

The preload conditions of the internal section of the blade 
produces a local buckling mode when the pivot passes 
through the zero position which increases the stress at the 
root of the blade provoking a premature failure of the 
pivot. A high-speed video and supplemental FEM 
analysis provided additional information to evaluate the 
stress levels leading to blade failure. 

Prior to the start of the last test segment (full stroke 
alternating displacement) with the expected blade failure, 
a high-speed camera was used to record (5000 
images/sec) the buckling motion and response of the 
SN02 pivot blade when passing through the 0°. A sharp 
change from the positive to negative position is observed 
as the blade jumps through the 0° position generating a 
blade oscillation frequency measured at 460Hz (Fig. 15). 

 
Figure 15. Frequency response of blade passage 

through neutral position 

 
Figure 16. High-speed camera image of blade buckling 

through neutral position 

When the blade is seen from above (Fig. 16 left), the 
blade buckles with a combined compressive bending and 
torsional effect. The top of the blade is straight (blue line) 
and the bottom of the blade (white line in image or red 
line in schematic) is displaced laterally to the right. The 
lower part of the blade has a lateral displacement of 
approximately 1mm (red arrow) for a blade height of 
25mm. 
Simulation of buckling through neutral position 

Using the data from the high-speed images of the blade 
passage through the zero position, an FEM analysis was 



performed to obtain information on the associated stress 
levels. 

A model of the blade was used with the boundary 
conditions imposing a lateral displacement of 1 mm at the 
centre of the blade on the bottom edge while the top edge 
was constrained at 0mm (Fig. 17). The displacement of 
the centre of the blade in the axial (X) direction was 
blocked. 

 
Figure 17. FEM blade-imposed lateral displacement 

magnitude (mm) 
The passage through the neutral position and the 
associated buckling mode generates a static stress up to 
570 MPa (Fig. 18). The maximum stress corresponds 
well to the area of the start of crack propagation observed 
on the failed blades during the Lifetime tests (Fig. 19). 

 
Figure 18. Axial displacement constrained: maximum 

stress of 570MPa at blade root 

  
Figure 19. SN02 location of crack and details 

The calculated static stress, coupled with an additional 
dynamic stress from blade preload and dynamic stress 
could easily bring the overall stress seen by the blade to 
values above 600 MPa surpassing an acceptable stress 
level for sustained operating cycles. However, buckling 
failure at stress levels of 600 MPa or even 700 MPa does 
not correlate with the fatigue test data performed on 

representative samples [1] where infinite life was below 
600 MPa and 10 million cycles corresponds to 700 MPa. 

Table 5. Operational stress-cycle points from fatigue tests 
Stroke Stress  Fatigue Cycles 

90° 860 MPa 500’000-800’000 
80° 700 MPa ~10’000’000 
70° 560 MPa Infinite 

Blade failure mode conclusion 
Based on the loading conditions with normal bending 
coupled with a bi-stable phenomenon, the blade failure 
mode is thought to be a combination of lateral bending, 
torsional buckling and dynamic effects leading to 
premature failure by plastic deformation. 
These early failures are in contradiction to the high cycle 
fatigue obtained during the critical tests performed with 
the sample blades with the fatigue test bench (Table 5). 
Furthermore, the successful tests performed on the 
remaining LAFP pivot by modifying the test procedure 
and avoiding the central 0° area of the stroke has 
identified the failure mode to the local buckling 
phenomenon of the main blades. Nonetheless, a list of 
contributing factors causing the failures was established: 

1. Overstressing due to bi-stable buckling phenomenon 
when passage through neutral position. Analysis has 
shown that this local combined buckling-torsion 
mode can produce a blade stress in the range of 600-
700 MPa. In view of the positive results obtained 
during LT-04 with 3.3 million uni-directional cycles 
and the failure of the same blade after 133’000 
cycles with the passage through 0°, we can conclude 
that the local buckling mode induces excessive blade 
stresses leading to early blade failure.  

2. Pivot SN01 had a higher preload than SN02 which 
experienced a higher buckling between the two. 

3. Dynamic effects linked to the passing through 0°. 
The related additional stress cannot easily be 
quantified. 

The early failure of the pivot flex blades has been 
attributed to the pre-load stage and its adjustment which 
is the source of the blade buckling. This aspect of the 
pivot needs to be reviewed and improved to avoid this 
condition for a future version. The most direct 
verification would be to re-test a pivot with no preload 
and evaluate the lifetime in identical conditions as the 
previous test items.  



3. CONCLUSIONS 
The LAFP development project has demonstrated 
beyond state-of the art performance with: 
• Large angular range pivot (±90°) 
• Performance tests lateral shift error ±35µm for an 

angular stroke of ±70° 
• Random vibration environment of 12grms in all 

three directions with 1.7kg payload 
• Cryogenic operational temp. range -140° to +65°C 

The tests have confirmed a lateral shift of less than 35 µm 
for an angular stroke of 70°. The pivots have a maximum 
stroke of ±90° and have been successfully tested and 
survived vibration loads for high level sine at 24 g and 
random vibration at 12 grms in all three directions. The 
test campaign included cryogenic thermal cycling and 
has demonstrated pivot performance for an operational 
temperature range -140° to +65°C. The lifetime test 
results with the pivot did not achieve the number of 
expected alternating cycles as was the case with the 
sample blades during the fatigue tests. The pivot 
performance for lifetime demonstrated targeted cycles 
(3.3 million) by operating in a uni-directional stroke from 
3° to 70° to avoid a local bi-stable mode when the pivot 
passed the neutral position. This shortcoming has been 
attributed to the preload of the central, intermediate stage 
and corrective actions for improvement have been 
identified and summarized below: 
• Reduce expansion stage blade thickness or increase 

their length 
• Reduce or suppress preload deformation of 

expansion stage (allow larger gap) 
• Introduce new GSE with fixtures and tooling for 

pivot assembly and preload setting 

The pre-load stage and its adjustment which is the source 
of the blade buckling needs to be reviewed and improved 
to avoid this failure phenomenon for future versions of 
the pivot. The most direct verification would be to re-test 
a pivot with no preload and evaluate the lifetime in 
identical conditions as the previous test items. 

Thanks to the LAFP concept, it is now possible to 
overcome one of the major historic drawbacks of the 
rotary compliant mechanisms, short angular strokes. 
Indeed, it reaches beyond state-of-the-art performances 
in terms of stroke and guiding quality. With the test 
campaign completed, this pivot design has demonstrated 
good performance and is a suitable candidate for use in 
the frame of future space science mission applications. 

ACKNOWLEDGMENTS 
The authors would like to thank ESA which funded this 
development through the project n° AO/1-
8645/16/NL/BW and to our partners Heron Engineering 
and Cedrat Technologies. 

REFERENCES 
1. Spanoudakis, P., Kiener, L., Cosandier, F., Schwab, 

P., Kruis, J., Grivon, D., Psoni, G., Vrettos, C., 
Bencheikh, N., (2019). Large angle flexure pivot 
development for future science payloads. 18th 
European Space Mechanisms and Tribology 
Symposium, Munich, Germany, 18-20 Sept. 2019 

2. Puyol. Y., et. al., (2019). Innovation in large angle 
flexible pivot design & material accelerated 
fatigue screening tests results. 18th European 
Space Mechanisms and Tribology Symposium, 
Munich, Germany, 18-20 Sept. 2019 

 Target specifications CSEM LAFP Pivot 
Angular range ±70° ±90° (Infinite life ±70°) 
Central shift (with payload 0-g) ±10 μm ± 35 µm at ±70° 
Angular stiffness (KRz) To be minimised 0.08 Nm/rad @ 0° 0.33 Nm/rad @ 90° 
Lateral stiffness (Kx, Ky) Defined by contractor 840 N/mm @ 0° 22 N/mm @ 90° 
Axial stiffness (Kz) Defined by contractor 1400 N/mm @ 0° 130 N/mm @ 90° 
Torque To be minimised 0.30 Nm @ 70° 0.54 Nm @ 90° 
Maximum stress N/A 570 MPa @ 70° 904 MPa @ 90° 
Material / Manufacturing process Defined by contractor Marval-X12 / WEDM 
Blade thickness Defined by contractor 0.140 – 0.160 mm 
Pivot mass 150 g 442 g 
Pivot diameter x height 100 mm 120 mm x 58 mm 
Payload mass (wheel, shaft & I/Fs) 1.2 kg 1.74kg  
Payload inertia Izz = 0.02 kg·m2 Izz = 0.012 kg·m2 
Temperature range (operational) -125° to 50°C -140° to +65°C 
Random vibration (radial/axial) 18.4 / 12.2 grms 12.2 grms 
Fatigue cycling (samples) -- >10 million cycles (±85°) 
Lifetime cycles (pivot full stroke) 
Unidirectional without passage through 0° 

2.4 million 130'000 cycles 
>3.3 million cycles (stroke 0->70°) 


