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ABSTRACT 
 
Thermo-elastic distortions of composite structures have been measured by a holographic camera using a BSO 
photorefractive crystal as the recording medium. The first test campaign (Phase 1) was performed on CFRP struts with 
titanium end-fittings glued to the tips of the strut. The samples were placed in a vacuum chamber. The holographic 
camera was located outside the chamber and configured with two illuminations to measure the relative out-of-plane and 
in-plane (in one direction) displacements. The second test campaign (Phase 2) was performed on a structure composed of 
a large Silicon Carbide base plate supported by 3 GFRP struts with glued Titanium end-fittings. Thermo-elastic 
distortions have been measured with the same holographic camera used in phase 1, but four illuminations, instead of two, 
have been used to provide the three components of displacement. This technique was specially developed and validated 
during the phase 2 in CSL laboratory. The system has been designed to measure an object size of typically 250x250 
mm²; the measurement range is such that the sum of the largest relative displacements in the three measurement 
directions is maximum 20 µm. The validation of the four-illuminations technique led to measurement uncertainties of 
120 nm for the relative in-plane and out-of-plane displacements, 230 nm for the absolute in-plane displacement and 400 
nm for the absolute out-of-plane displacement. For both campaigns, the test results have been compared to the 
predictions obtained by finite element analyses and the correlation of these results was good. 
 
Keywords: Holographic interferometry, Photorefractive crystal, Composite structure, 3D, Thermo-elastic distortion, 
Finite element model,  
 

1. INTRODUCTION 
 
Scientific, earth observation and telecommunication spacecrafts are subject to severe thermal environments while their 
mission performance objectives require always higher stability of the structures to deliver high quality images or to 
insure accurate pointing. The accurate verification and prediction of the thermo-elastic distortions of these structures are 
therefore of primary importance for the success of such missions. 
 
Thermo-elastic distortions have first been imposed on the selected hardware by local heating and then measured by a 
holographic camera (HC) using a BSO photorefractive crystal (PRC) as the recording medium[1], [2]. This instrument is 
based on real time holographic interferometry (HI). First the hologram of the structure in its initial state is recorded into 
the PRC. Then a thermal load is applied to the structure, the structure is deformed and the hologram is readout, showing 
the interference between the transmitted and readout images. In its classical configuration, the HC uses one illumination 
and measures the relative out-of-plane displacement. 
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For this study, the HC has been used in two configurations: one with two illuminations to measure the relative out-of-
plane (OP) and in-plane (IP) (in one direction) displacements and one with four illuminations to measure the three 
components of displacement. This latter configuration has been developed and validated for the second phase of the 
study.  
 
The tests were performed in the frame of an ESA project coordinated by EADS-Astrium who was also in charge of the 
finite element analysis and the correlation between test and prediction results. The objective of the first phase of this 
project was to improve and develop analytical predictions and verification of thermo-elastic distortions using sample 
testing for modeling correlation. The second phase of the project aimed at evaluating and validating the outcomes of 
phase 1 on a flight representative hardware. 
 

2. PHOTOREFRACTIVE HOLOGRAPHIC CAMERA 
2.1. Classical configuration 

The HC is composed of a compact optical head (Figure 1) and an electronic rack containing the 5W Nd-YAG laser 
operating at 532 nm. A single mode optical fiber brings the laser light to the optical head, which makes it a flexible 
instrument.  

 

 
Figure 1. Holographic camera, (a) scheme principle and (b) picture. 

 
Both recording beams (reference and object) are continuously incident on the crystal. The recording of the hologram 
takes place under the response time of the photorefractive effect. The latter is mainly driven by the reference beam 
intensity that can be tuned. The response time to use depends mainly on the external conditions under which the 
holographic camera is used but generally its value ranges from 5 to 10 seconds if a moderately stable environment is 
considered (few external vibrations and air turbulences, no need of vibration compensated optical table). This response 
time being the same at the recording and the readout, it must not be too short in order to allow a proper use of the phase-
shifting process during interferograms capture[3], [4]. Each time the readout of the hologram is performed, the hologram is 
partially erased, which means that from the same hologram representing the reference state of the tested object, a limited 
number of measurements can be performed before the hologram is fully erased (typically four for a response time of 
10s). Once the hologram is erased the instrument is ready for a new hologram recording and measurement. The HC 
provides high quality fringes and high resolvable fringe density (typically 5pixels/fringe). Relative out-of-plane 
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displacements ranging from 20 nm to 20 µm can be measured in one shot. Tested object are usually white powdered to 
improve laser light scattering. 
 

2.2. Two-illuminations configuration 

This configuration has been implemented for the measurement of the Poisson coefficient of a polymer sample[5]. During 
the phase 1 of the study the tests have been performed with the samples in a vacuum chamber, the geometry of the two 
illuminations has therefore been adapted to the design of this chamber (Figure 2). 
 

 
Figure 2. Two-illuminations configuration of the HC. 

 
Two holograms are simultaneously recorded in the crystal, the readout is sequential. In this configuration the relative OP 
and IP (in one direction) displacements are measured. The combination of two phase maps to obtain these displacements 
leads to a measurement uncertainty of about 40 nm. 
The first tests performed on a sample with a well-known coefficient of thermal expansion (CTE) showed that the 
measurement of the relative IP displacement was not correct due to the influence of the rigid body translations of the 
sample. To overcome this issue the solution was to implement a reference sample with a known CTE in the field of view 
of the HC and then to scale the results [6]. 
 

2.3. Four-illuminations configuration 

The limitations of the two-illuminations configuration, i.e. only relative displacements measured along two directions 
and the use of a reference sample to have reliable results, led to the development of a new configuration of the HC. The 
objective was to measure the three components of the displacement during the tests for the second phase of the study. It 
has to be noticed that this development was not initially planned in the study, the cost of the development and the 
hardware had therefore to be as limited as possible.  
 

2.3.1. Principle 
The HC measures phase difference resulting from the displacement of the surface under test. The general equation for 
this phase difference ߶ at a point P on the object is: 

 ߶ሺܲሻ = Ԧܵሺܲሻ. Ԧ݀ሺܲሻ + ߶଴ (1) 

Where Ԧ݀ is the displacement vector, ߶଴ is an unknown phase offset (function of rigid body translations and phase 
unwrapping) and Ԧܵ is the sensitivity given by 
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 Ԧܵሺܲሻ = ߣߨ2 ቀ݇଴ሬሬሬሬԦሺܲሻ − ݇పሬሬሬԦሺܲሻቁ (2) 

With ݇଴ሬሬሬሬԦ and ݇పሬሬሬԦ the observation and illumination vectors, respectively. 
For measuring the three components of the displacement, the first solution is to use three illuminations combined with 
the measurement of the absolute displacement of one point of the tested object or with a zero displacement point on the 
tested object. The three ߶଴ are therefore obtained from the absolute measurement of this single point, and the three 
equations lead to the linear system (equation (3)) that can be solved easily. 

 ቎߶1ሺܲሻ − ߶01߶2ሺܲሻ − ߶02߶3ሺܲሻ − ߶03቏ = ൦ܵ1ݔሺܲሻ 1ሺܲሻݕܵ 2ሺܲሻݔ1ሺܲሻܵݖܵ 2ሺܲሻݕܵ 3ሺܲሻݔ2ሺܲሻܵݖܵ 3ሺܲሻݕܵ 3ሺܲሻ൪ݖܵ ቎
 ሺܲሻ቏ (3)ݖሺܲሻ݀ݕሺܲሻ݀ݔ݀

With ߶௜ሺܲሻ, ߶଴௜  and ܵపሬሬሬԦሺܲሻ the phase, phase offset and sensitivity vector, respectively, at point P for the illumination i. 
In practice, this means that an additional system has to be used to measure the absolute displacement of one point on the 
object. This makes the experimental set-up more complex and when thermal tests are planned, the thermal impact on this 
additional system must also be considered. 
In order to avoid the additional measurement of the phase offsets, the solution is to use four illuminations instead of 
three. By using four illuminations and at least the phase data of four points on the object, it is possible to obtain the three 
components of the displacement. The linear system to solve is then given by[7]: 

 

ێێۏ
ሾ߶ሺۍ ଵܲሻሿሾ߶ሺ ଶܲሻሿሾ߶ሺ ଷܲሻሿሾ߶ሺ ସܲሻሿۑۑے

ې = ൦ሾܵሺ ଵܲሻሿ000
0ሾܵሺ ଶܲሻሿ00

00ሾܵሺ ଷܲሻሿ0
000ሾܵሺ ସܲሻሿ

൪ܫܫܫܫ ێێۏ
ሾ݀ሺۍێ ଵܲሻሿሾ݀ሺ ଵܲሻሿሾ݀ሺ ଵܲሻሿሾ݀ሺ ଵܲሻሿሾ߶଴ሿ ۑۑے

ېۑ
 (4) 

Where I is a fourth rank identity matrix. The sensitivity matrix must not be singular meaning that for each illumination 
the sensitivity vector must change across the object. Of course more than four object points can be used to possibly have 
a more reliable and robust solving of the linear system that will then be over-determined. 
 

2.3.2. Implementation of the technique in the holographic camera 
In order to use the four-illuminations technique with the HC camera, four holograms have to be recorded in the PRC and 
then readout. The recording/readout of four holograms in a PRC to perform HI has already been studied[8]. 
To have a more versatile instrument, but also for a budget reason, the design of the four-illuminations module was made 
such that the instrument could be used with the vacuum chamber used during phase 1 (Figure 5b). The geometry of the 
four illuminations was therefore imposed by the geometry of the chamber. The maximum object size that can be 
measured is typically 250x250 mm² with the object located at about 550 mm from the illuminations.  The diagonal of the 
square composed of the four illuminations is about 450 mm. It has to be noticed that the four-illuminations module was 
made of aluminium for cost reason while a low CTE material (such as Invar) would have been more appropriate to limit 
the relative displacement of the four sources with respect to the tested object. 
The four-illuminations module is interfaced on the optical head of the HC and splits the laser beam into four beams using 
cube beam-splitters and folding mirrors (Figure 3). Four holograms are simultaneously recorded in the PRC; the readout 
is sequential. In this configuration only one acquisition can be performed from the same reference state of the object. The 
measurement range is such that the sum of the largest relative displacements along the three measurement directions is 
about 20 µm. 
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(a) (b) 
Figure 10.  (a) Phase images obtained with the HC and (b) the 3 components of displacement obtained from these phase images 

 

4. COMPARISON TESTS/SIMULATIONS 
 
The test results of the first phase of the study have been compared to the Finite Element Modeling (FEM) predictions 
performed by EADS Astrium. The objective was to improve and develop analytical predictions and verification of 
thermo-elastic distortions, assuming that the physical properties of the materials involved were well-known. For the 
relative IP and OP displacement a good correlation between test and prediction results has been obtained for all versions 
of the struts and all load cases performed. Thus the FEM delivers good results, in particular for the axial displacements, 
which is the most important property for strut analysis as it is the axial displacement that will impact the overall stability 
performances of a structure involving struts. For those composite samples, the test results confirmed that the FEM results 
are reliable.  
 
For the second phase of the study on the flight representative hardware, a FEM has been built by EADS Astrium with 
respect to the modeling guidelines issued in phase 1. Using this model, an analysis has been implemented to perform the 
correlation between the test and prediction results. First a thermal analysis establishes the temperature field. Then with 
the temperature map as an input, the displacement field of the whole structure is obtained from thermo-elastic distortion 
analysis. The displacement data is then processed to match with the format of the test result. Finally the computed 
displacements are compared to the measured ones. 
Five different load cases have been studied, an example of comparison between experimental and FEM results is 
presented in Figure 11. This load case was performed by heating strut 1 (delta temperature about 18K at heater level) and 
measuring this strut 1 and part of the SiC base plate, as shown in Figure 9b. The first row of subfigures corresponds to 
experimental results. The second row corresponds to prediction results. The last row presents a difference, pixel by pixel, 
between the experimental and numerical data. 
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Figure 11. Comparison between prediction and test results (from results in Figure 10) 

 
For the correlation analysis of all the results obtained during this second phase, the global uncertainty includes the major 
identified uncertainties, except the ones on material properties that are considered as well-known in this study. This 
includes the uncertainty on the test results from the HC, but also the uncertainty on the temperature map. Table 1 
presents the percentage of results within the global uncertainty range and within two times this uncertainty range. This 
table is a synthesis of the results obtained for the five load cases performed on the structure and not only the one 
presented as an example. 58% of the absolute IP displacement results are within the global uncertainty, but axial 
displacements are 100 % within this uncertainty: the main objective of this second phase, that was to correctly predict the 
axial displacement of the struts that have a dominant effect on structure stability, is reached. 
 

Table 1. Fractions of five load cases results within global uncertainty range or within two times this uncertainty 

 
 

in range in 2x range
in-plane global 60% 80%
in-plane Dy 100% 100%
out-of-plane 80% 100%

overall 67% 87%
in-plane global 80% 100%
in-plane Dy 60% 100%
out-of-plane 60% 100%

overall 73% 100%
in-plane global 70% 90%
in-plane Dy 80% 100%
out-of-plane 70% 100%

overall 70% 93%

Absolute

Relative

Combined

Uncertainty
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5. CONCLUSIONS 
 
Different configurations of a photorefractive HC have been presented. The two-illuminations configuration showed 
limitations that have been overcome by upgrading the instrument to a four-illuminations configuration to measure the 
three components of displacements. This instrument has been validated in the lab and the measurement uncertainties 
have been estimated. The implementation, performances and limitations of this instrument have been presented. 
These two configurations have been used during an ESA study on thermo-elastic distortion verification methods. This 
paper has presented some results obtained on composite structure in CFRP and GFRP. Prediction and test results have 
been compared: the strut axial displacement, which has been identified as the main contributor to overall thermo-elastic 
stability of a structure equipped with struts, was well correlated. This type of measurement has also been successfully 
performed on SiC structures with bolted and glued assemblies [6], [9]. 
The HC has evolved from a one-illumination configuration to a four-illuminations configuration that allows measuring 
the three components of the displacement on a whole field (250x250 mm²) and without contact. The technique can still 
be improved, for instance by making the post processing more robust to get rid of the reference in the FOV.   
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