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ABSTRACT

The European Space Agency started upgrading its Multishaker system at ESTEC in 2002-
2003 with the procurement of a large slip table for vibration testing along the lateral axis. To
obtain coherent system performances along the three axes, a new interface is now needed to
complete the upgrade for the vibration tests along the vertical axis. It is therefore planned to
install a separate vertical system alongside the present system.
The new independent vertical configuration would comprise a larger interface, 3m in
diameter, compatible with a ∅ 2624 mm Ariane-5 interface, toping three 160 kN shakers, the
whole fitting flush with a separate new seismic foundation.
Innovative solutions are considered such as a shaker head expander table made of composite
and guided at its periphery using hydrostatic pad bearings.
These solutions would bring the following outstanding features:
 The external guiding would handle a 600 kNm overturning moment covering heavy

unbalanced payloads;
 The light moving mass (<3000 kg) combined with the increased thrust capacity would

allow tests on solar arrays and reflectors as well as quasi-static load tests on medium-size
spacecraft.

In addition the upgraded Multishaker would be fully compatible with Ariane-5 single
passenger payloads
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INTRODUCTION

The European Space Agency (ESA) operates a Test Centre at ESTEC Noordwijk in the
Netherlands. It is the only centre in Europe equipped to perform environmental tests on large
satellites at system level.

The ESTEC Multishaker development started in 1980. This dual system became operational
in 1985. It was designed for full-size Ariane-3 payloads up to 2500 kg and was compatible
with Ariane4 medium-size payloads. The upgrade was decided in order to replace the
outdated test interfaces and cover vibration testing Ariane-5 medium payloads. According to
plan, upgrading started in 2002-2003 with the procurement of a large slip table for vibration
testing along the lateral axis. To obtain coherent performances of the system along the three
axes, a new vertical interface is needed to complete the upgrade for the vibration tests along
the vertical axis. This paper describes how ESA intends to design the future vertical vibration
system.

ESA SYSTEM REQUIREMENTS

"The table shall provide a useful area having a 3-metre diameter. The solution shall be
designed to make the best use of 3 x 160 kN force available when connected on top of three
electro-dynamic shakers. In any case the total moving mass shall not exceed 3000 kg. The
system shall cover test requirements for reflectors and solar arrays, for quasi-static load test



for spacecraft launched on middle-size vehicles as well as for Ariane-5 single passenger
spacecraft ".

The main specifications are:

STATIC:
 Maximum payload mass: 11000 kg
 CoG height above table surface: 5000 mm
 Offset of payload of CoG from table centre: 150 mm

DYNAMIC:
 Maximum excitation force FZ : 480 kN
 Maximum lateral force FL : 90 kN
 Maximum torsional moment MZ : 40 kNm
 Maximum overturning moment ML: 600 kNm

WHY A TABLE MADE OF COMPOSITE?

A trade-off study [1] concluded that the only way to meet ESA’s demanding requirements
was to combine a light yet stiff table with external guiding. Actually increasing aerospace
performance requirements make the high strength-to-weight ratios and cost efficiency
associated with composite material with bonded joints attractive.  Parts can be tailored to have
strength and/or stiffness in the directions and locations that are necessary by strategically
placing materials and orienting fiber direction. Also the design and manufacturing flexibility
that graphite composites offer provide opportunities to consolidate parts and incorporate
many features into the part to further reduce the total part price.
However employing composite material to build a vibration table of this size would
constitute a real challenge. The first objections to such a solution used in a vibration
test application usually relates to joints and fatigue issues.
It has been shown [2] that the analysis for composite bonded joints is capable of
predicting critical failure modes, and can predict damage initiation loads and
locations, static strength, and fatigue life. Fracture mechanics analysis in particular
has demonstrated the ability to:

 Predict crack growth stability under static loads
 Predict static ultimate strength and critical crack lengths
 Predict crack growth under fatigue loads
 Accommodate a variety of durability and damage tolerance criteria related to

initial flaw sizes and critical lengths.

Research works [3] started when it was discovered that the strength of material analyses of
bonded joints was overly conservative. An emerging bonded joint stress analysis method is
that which uses an interlaminar fracture-based, rather than stress-based, failure criterion.



ESA BASELINE CONCEPT

A preliminary design study [4] concluded on the feasibility of a head expander made of
composite. The main results of this study are summarised in this paper.

The concept, shown in Figure 1, comprises a table made of composite material guided on its
periphery by means of  hydrostatic pad-bearing arrangement. This pad-bearing arrangement
consists of 12 preloading pad-bearings and 12 reaction pad-bearings as shown in Figure 2.

Figure 1. Concept    Figure 2. Bearing arrangement

Self-preloading pad-bearings and pad-bearings are arranged in two horizontal planes. The
distance between these planes is 1000 mm. In each plane, 6 pad-bearings are associated with
6 self-preloading pad-bearings. These components can slide along the expander’s 6 radial web
plates, regularly arranged in a 3m-diameter circle. The Triple Head Expander (THE) shown in
Figure 3 consists mainly of 6 "U-wings", regularly arranged in a circle, with a group of
internal and external panels closing the major "crown". A group of central bulkheads forms a
star inside this "crown", and a top and bottom surface close the head expander structure.
Naturally additional web plates are used to improve the local stiffness of the structure.

Figure 3.

The preloading force will then be applied to each of the six “wings” of the THE.



Considering a safety coefficient of 2, the preloading forces to be applied apply on the head
expander self-preloading pad-bearings to prevent gapping is 480 kN.

COMPOSITE MATERIAL SELECTION

Table 1 compares different possible isotropic materials  and the carbon references used in the
model. These carbon scantlings represent quasi-isotropic materials since they contains fibres
along the following axis: 0° / 90 ° / +45° / -45°. The difference between HM400 and HM460
is the Young Modulus of the fibre.

Reference Mass
Density ρ
(kg/m3)

Young
Modulus
(Gpa.)

Specific
Modulus
(E / ρ )

σR

(Mpa.)
σ-1

(Mpa.)
Specific
Fatigue

Resistance
(σ-1 / ρ)

Aluminium 2700 70.0 25.9 ~300 ~100 37

Magnesium 1740 45.0 25.8 ~230 ~73 43

HR Carbon 1500 42.6 28.5 400 300 200

HM400
Carbon

1510 69.5 46.0 360 270 179

HM460
Carbon

1550 78.4 50.6 360 270 174

Table 1

The quadri-axial HR, HM400 and HM460 carbon are “quasi-isotropic” material whose
properties are close to an isotropic material with an excellent weight-to-stiffness ratio.
Some of the advantages of composite materials are:
 High specific modulus;
 Possibility of sandwich technology, that permits high bending stiffness;

 Possibility of orientation of the fibres in a particular direction to improve mechanical
characteristics in a particular direction

Unlike with metallic construction, the parts are linked not by welding, but by bonding and
bolting which may constitute a drawback.

Figure 4 is the model where two types of orthotropic materials are
used. The first one represents a quadri-axial (0° / 90 ° / +45° / -45°)
carbon scantling called “Qx”. The second represents an unbalanced
scantling that has a better behaviour in terms of shear.

          Figure 4.



The carbon fibres of the model have a Young Modulus E1 of 400 Gpa for HM400 and 460
Gpa for HM460.

With the configuration and scantlings illustrated in Figure 4, the mass of the entire model is
approximately 2160 kg excluding the web plate linking.

Figure 5 shows the first solid mode f2 and f3. The first two solid modes are modes of rotation
around an axis contained in the horizontal plan of the table. They appear at the same
frequency referenced f2 and f3 in table 2.

Figure 5. First solid Mode (f2 = f3 = 249.7 Hz)

These first solid modes are computed with a mass of 2160 kg. Table 2 lists the main modes.

Mode
Index

Frequency
(Hz)

Description

f1 0 Vertical translation

f2 249.7 Rotation around horizontal axis

f3 249.7 Rotation around horizontal axis

f4 369.3 Translation along horizontal axis

f5 369.3 Translation along horizontal axis

f6 457.2 Global deformation of the expander

f7 457.2 Global deformation of the expander

Table 2.



LOADED TABLE, COUPLED TO THE SHAKERS

The last step of the analysis consisted in analysing the modes of the loaded table coupled to
the shakers. The load case was:

 a mass of 11000 kg
 a centre of gravity 5000 mm above table surface
 an offset of payload centre of mass from table centre line 150 mm
 3 x shaker armatures of 130 kg each vertically guided

The payload is described as a mass connected to an aluminium ring on the top surface of the
THE through RBE2 rigid elements. This aluminium ring is also connected to the top surface
of the THE also with RBE2 rigid elements. See Figure 6.

                  Figure 6.      Table 3.

A comparison between loaded and unloaded table leads to the following observation: the
second mode is very low on the loaded table (19.4 Hz vs. 272.5 Hz). However, a simple
model can explain this fact. Table 4 shows the global characteristics of the two models:

From these characteristics, it is possible estimate that the first rotation modes of the loaded
table would be divided by a factor of 12.3, giving an approximate value of 22.1 Hz
confirming the model value of 19.4 Hz.

Mode
Index

Frequency
(Hz)

Description

1 0.7 Vertical translation

2 19.4 Rotation around horizontal axis

3 19.4 Rotation around horizontal axis

4 467.8 Elasticity of the top surface

5 495.5 Translation along horizontal
axis

6 495.5 Translation along horizontal
axis

Unloaded
table

Loaded
table

Mass
(kg)

2891 13891

Inertia
(N.m_)

2500 71600

Table 4. Global characteristics of the models



This result must be interpreted carefully. The behaviour of a satellite on the THE is certainly
not the same as that of a mass connected rigidly to the table.

STATIC ANALYSIS

The boundary condition is applied through a RBE2 rigid element on the surface of the pre-
loading pad-bearing. In addition, the central node of the web is vertically blocked. See Figure
7.

The opposite pad-bearing is blocked only in the pre-loading direction, the 5 other degrees of
freedom are free. See figure 8.

         Figure 7. Figure 8.

Stiffness in front of pad bearings

Applying the preloading force, the displacement in front of the pad-bearings is around 1.10e-4
m. The value of the preloading force is 480000 N on each self-preloading pad-bearing. So its
stiffness is 4.33e9 N/m. See Figure 9.

Figure 9.



STRESS OVERVIEW

LOADCASE AND BOUNDARY CONDITIONS

The main load case of this surveys is  the 600 kNm overturning moment.

The boundary conditions used for this stress overview are the same as for the preloading
forces.

To interpret the stresses in terms of composite material, a local orientation for each part of the
structure was applied. The local z-orientation is perpendicular to the surfaces. For the vertical
panels and bulkheads, the x-orientation of the material is parallel to the global Z-axis and the
y-orientation is perpendicular. For the horizontal surfaces, the x-axis is radial and the y-
orientation is perpendicular.

STRESS ALONG X-ORIENTATION

Figure 10 shows the stress along the x-orientation of the material. The limits of the stress
calculated are +26.4 Mpa and –24.8 Mpa.

Figure 10. Stress along x-orientation

STRESS ALONG Y-ORIENTATION

Figure 11 shows the stress for the y-orientation of the material. The limits of the stress
calculated are +19.6 Mpa and –29.2 Mpa.

Figure 11. Stress along y-orientation



SHEAR STRESS

Figure 12 shows shear stress in the expander table.
The limit of the shear stress calculated is 19.5 Mpa.

Figure 12. Shear stress

STRESS ANALYSIS

Table 5 shows typical values of breaking values for quadri-axial HM400 Carbon.

Stress Maximum
Stress

Typical
Breaking

value

Breaking Safety
Coefficient

Typical
Fatigue
value

Fatigue
Safety

Coefficient
Traction X +26.4 360 13.6 270 10.2
Compression X -24.8 360 14.5 270 10.9
Traction Y +19.8 360 18.2 270 13.6
Compression Y -29.2 360 13.3 270 9.2
Shear XY +19.5 150 7.7 113 5.8

Table 5. Typical stress limits

The level of stress identified in the study is less than half the typical breaking value. This
safety margin could be improved through a fine analysis and appropriate reinforcements. The
peaks of stress or shear stress are indeed restricted to particular regions.

MASS ESTIMATION OF THE MODEL

Taking into account the nominal scantlings of the expander table, the mass of the model
would be around 2160 kg. Estimating a realistic 15% mass increase for linking and stiffeners,
the final mass of the model would be around 2500 kg.



CONCLUSIONS

Considering a total moving mass of 2700 kg and a thrust capacity of 480 kN the system
would cover the test requirements of most of the future ESA payloads as shown in Figure 13
where the blue line is the upgraded Multishaker with Triple Head Expander (THE).
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