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ABSTRACT: The DLR Institute of Structural Mechanics is developing ultra-
lightweight deployable CFRP Booms within the scope of the joint DLR/ESA Solar
Sail technology demonstration [5]. After the functional performance of the design
was proven during a successful demonstration under simulated 0g-environment on
ground at the end of 1999, the concept is being further developed with the aim of an
application under environmental space conditions. The refinement of the boom analy-
sis methods is one main objective because of its importance for the overall lightweight
design. Additionally, probabilistic design features were applied to both the design of
the booms at subsystem level and the Solar Sail at system level as an adequate me-
thod of putting the lightweight philosophy into practice. Several development tests
ranging from material investigations to boom component tests under simulated space
conditions were conducted. Meanwhile, an alternative boom deployment concept has
been developed and patented.

1 BOOM REQUIREMENTS AND DESIGN

Ultra-light, deployable booms are the essential structural element of the joint DLR/ESA Solar Sail
initiative. The booms must be able to maintain the structural mission requirements at the lowest pos-
sible weight when in the deployed configuration. However, it is also necessary to develop a concept
for transportation into space that foresees a careful deployment while requiring very little volume.

In the deployment concept, the booms are pressed down flatly and are rolled up in such a man-
ner that they can be stored and transported within a very small volume. The internal energy stored
in the booms can be used to aid the deployment process. Ultra-thin prepregs made of Carbon Fiber
Reinforced Plastics (CFRP) are used for the manufacturing of the booms. They are cured to two half
cross-sections by means of a conventional autoclave process. In the end, the two half cross-sections
are bonded together at the bonding flanges. It is important to note that conventional T300 fibers are
used for the current boom design and an increase in stiffness must be expected if high modulus fibers

FIG. 1: Methods of coating were recently investigated by manufacturing tests. The functional perfor-
mance of the deployment concept was proven by a successful Solar Sail ground demonstration [4].
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are used instead. The laminate set-up is made up of a combination of 0◦- and±45◦ layers. In addition
to a favorable influence on the buckling behavior of the very thin-walled structure, the choice of the la-
minate set-up is essentially based on the requirement to minimize the bending that takes place during
single-sided thermal loading. For this reason, the stiffness can be considerably increased by reorien-
ting individual±45◦ layers in the laminate set-up, depending on the application. The current boom
design is based on requirements that were determined during a Solar Sail technology demonstration
[2]. Although only 14-meter long booms were built during the demonstration phase, the design was
realized for a length of 28 meters with respect to future requirements of a space mission. The cross-
section geometry takes place after a weight optimization while fulfilling a certain minimum bending
stiffness. It is important to note that the boom geometry is restricted in the stored configuration due to
very tight volume constraints. Therefore, the current weight of approx. 100 g/m can be reduced even
more with free optimization of the cross-section design.

2 STRUCTURAL BOOM ANALYSES

Because of the role it plays in the entire concept, the structural calculation of the booms is very
significant. Stiffness restrictions, such as those in the form of minimum bending stiffness, as well as
strength requirements are usually defined. From a global point of view, the booms can be described
by defining the beam stiffnessEIx, EIy, GJz, andEA in a very good approximation with an uniaxial
beam model. The limit of loading, on the other hand, is characterized in the thin-walled profile only
by the buckling stability and not by the material strength. As a result, the computation of the buckling
behavior is not only an essential part of the structural boom analysis. The description of the stiffness is
rather incomplete if the buckling behavior is not taken into consideration, because it must be analyzed
to which critical limit load the booms are able to provide a specific beam stiffness. An estimation of
the buckling behavior that is as precise as possible is of central importance, also due to the general
lightweight philosophy of the design. The computation of the snap-through buckling behavior of a
shell structure is rather complex due to its non-linear character and can be done analytically in only a
few exceptional cases.

The buckling behavior is examined by means of finite elements. Programming is done with the
aid of the ANSYS implicit FE software. The post-buckling behavior is computed with the explicit
LS-DYNA tool. The computation of any member force condition is basically possible, however, the
anti-symmetric transverse forcesFx andFy in comparatively long booms play a subordinate role.
Torsion behavior due toMz is not examined any closer here either. Based on the reasoning that the
transverse forces are ’small’, it follows that the gradients of the bending moments are ’small’ as well.
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FIG. 2: The buckling behavior of the thin-walled CFRP boom is estimated by use of implicit as well as
explicit finite element codes.
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1: Mx 2: My

3: Fz

1: bending about ’x’, Mx,cr = 89.1 Nm

2: bending about ’y’, My,cr = 59.8 Nm

3: compression along ’z’, Fz,cr = 2000 N

FIG. 3: Typical snap-through buckling occurs if the boom is loaded by bending or compression loads.

The computation can therefore be made within a good approximation of the boom section, in which
constant member forces and moments are assumed for each section. In order to introduce the forces
and moments, a rigid bulkhead is modelled on one edge of the section being examined. Symme-
tric boundary conditions are formulated on the other edge. The utilization of symmetries during the
treatment of buckling problems is generally not possible without additional effort since unsymme-
trical buckling patterns can take in an energetic minimum. However, this is still done for reasons of
efficiency and because several computed examples have not show any significant differences.

First, a computation of the general structural system answer is done after any type of load combi-
nationMx, My, andFz. The results will show the beam stiffness in a simple way. A linear eigenvalue
buckling analysis is made after that. The computation of the eigenvalues and eigenvectors help formu-
late reasonable load ranges for the non-linear computation. The eigenvectors are also used to define
geometrical imperfection patterns that are necessary to initiate the non-linear solutions. In this case,
the first two eigenmodes are analyzed and are applied with a maximum imperfection amplitude to the
size of the wall thickness. The geometrically imperfect structure is then conducted to the bifurcation
point by means of a non-linear implicit FE calculation (ANSYS). The bifurcation point characteri-
zes the load that the system reacts unstably to and switches to an energetically better position with
greater deformations while forming a buckling pattern. The post-buckling behavior is quasi-statically
analyzed with the aid of the LS-DYNA explicit FE software. The determination of the post-buckling
behavior has two essential targets: First, only a qualitative interpretation of the post-buckling area
together with the definition of a buckling criterion enables a statement to be made on the sensitivity of
the structure in relation to the buckling phenomena. Second, stable deformation patters can occur even
beyond the bifurcation point that do not yet lead to a local transgression of the strength limit, making
it possible to include these areas in the dimensioning, as is done in the dimensioning of overcritical
light-weight constructions.

Exemplary results of the computation are shown in Figure 2 for the elementary bending load cases
and the compression load. The applied loads and corresponding deformations in the end cross-section
are shown. It is quite noticeable that the buckling behavior of both bending load cases are significantly
different. Primarily elliptical and relatively weakly curved areas are loaded by a compression load in
load caseMx. A very pointed pike is formed until it reaches the bifurcation point atMx,cr=89.1 Nm.
The snap-through on the post-buckling curve takes place abruptly and a typical buckling pattern is
formed. The corresponding load level is so low that the stability and strength limits are identical
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during a force-controlled loading. In contrast, mostly even and extremely curved areas are loaded by
a compression load in load caseMy. The flange area is apparently able influence the post-buckling
behavior to the extent that an increase in load beyond the bifurcation point atMy,cr=59.8 Nm can be
sustained. Successive collapsing doesn’t start until a considerably higher strain level is reached. The
buckling analysis of load caseFz assumes a position between both bending load cases. A sharp pike
is formed here at the critical load ofFz,cr=2000 N, but the collapse indicated by the local formation
of ’smaller’, stable buckling right before the snap-through. One can suspect a supportive influence of
the flange areas to be the cause in this case as well since all areas of the cross-section are loaded by
the compression load in the same manner.

3 PROBABILISTIC AS A M EASURE OF A SOLAR SAIL L IGHTWEIGHT DESIGN

When the structural behavior is clearly influenced by scattered input parameters, a deterministic di-
mensioning combined with restrictive safety factors can lead to dissatisfying results. As seen in Secti-
on 2, for example, this is the case for the verification of the imperfection-prone buckling limits of the
boom. When defining loads at system level, a conventional, deterministic interpretation may define
requirements that are too conservative or that do not take entire load scenarios enough into conside-
ration. In Solar Sail applications, for example, small geometrical deviations of the flexible structure
combined with sail tension forces lead to member forces and moments that, from a deterministic
point of view, are not given enough attention. In terms of the global goal to realize a design that
is as light as possible, probabilistic approaches offer an additional savings potential, in addition to
conventional structural optimization, particularly in the field of aerospace sciences [3]. The detailed
computations of the boom behavior have shown, for example, that there are significant differences
in sensitivity depending on the type ofMx or My load. Taking a constant safety factor into conside-
ration can therefore not only lead to a conservative restriction but also to an underestimation of the
phenomenon. This is why probabilistic methods at system and subsystem level are considered during
dimensioning. Significant structural and load parameters are defined under the assumption of certain
distribution functions. These functions are also used to set up the boom requirements specification and
to establish a boom quality assurance plan to check the dimensional stability of a certain geometrical
parameter, among other aspects.

Basically, every deterministic model can be probabilistically simulated by a corresponding defi-
nition of the parameters. The deterministic model described in Section 2 is used for the probabilistic
computation of the boom. A simple model made of beam and link elements serves to determine the
probabilistically distributed boom loads at system level. It determines the boom loads by means of
geometrically non-linear computations as the result of sail tightening [2]. A worst-case load scenario
is examined in which a 40 m x 40 m Solar Sail (28 m long booms) at a complete 90◦ pitch and in a
450 km lower earth orbit is loaded by air drag and solar radiation pressure. The probabilistic simula-
tions are conducted with the ’Monte Carlo Method with Latin Hypercube Sampling’ and the ANSYS
probabilistic module. The following boom parameters are varied to determine the probabilistic boom
stiffness and buckling limits [6]:

• CFRP material properties as a function of ply lay-up inaccuracies,

• geometrical manufacturing tolerances of the boom cross-section,

• scattered shell thickness resulting from tolerances of the areal density of the CF-prepregs,

• geometrical imperfection amplitude for the non-linear computation of the bifurcation point,

• distortion of the boom cross-section with respect to the nominal loading direction.
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deterministic design probabilistic design
FOS = 2.0 (Buckling) mean value stand. dev.≈A-value

EIx [Nm2] 5123 (x 0.85) 5073 430 4236tangent stiffness:
EIy [Nm2] 5366 (x 0.85) 5318 442 4380
EIx [Nm2] 5055 (x 0.85) 4989 426 4185secant stiffness:
EIy [Nm2] 4681 (x 0.85) 4742 390 3908
Mx,cr [Nm] 89.1 (x 0.5) 95.0 11.3 70.5buckling limit:
My,cr [Nm] 59.8 (x 0.5) 57.0 6.1 40.3

TAB . 1: Deterministic vs. probabilistic boom design. The ’tangent stiffness’ is defined by a linearly
loaded boom that has no imperfection distribution, whereas the ’secant stiffness’ means the linearized
stiffness estimation at the buckling limit.

The result of the Monte Carlo Simulation at boom subsystem level in comparison to the determi-
nistic values is shown in Table 1. The comparison clearly shows that the conservative application of a
safety factor FOS=2 cannot be confirmed in this case. Thus the definition of a buckling safety factor,
for example, leads to FOS=1.4 as a ratio between mean value and A-value1.

The probabilistic secant bending stiffness is used for the definition of the probabilistic solar sail
model at the system level for the determination of the boom loading. The following system parameters
are varied:

• boom bending stiffnessEIx, EIy (see Tab. 1),

• degraded root stiffness at interface to the spacecraft (depends on present deployment concept),

• global geometrical boom tolerances due to manufacturing inaccuracies, misalignment, creep
and thermal deflection,

• sail tension forces,

• air drag force.

The analysis of the simulation for bothMx andMy bending moments over the length of boom
#1 is shown in Figure 4. The scatter bands are defined by the mean values, the standard deviations
and the A-values. The probabilistic boom load limits are shown as well. It is clear that the evaluation
of the probabilistic computation provides considerably more information on the safety and reliability
of the design. Reasonable lightweight construction is characterized by the fact that the risk of failure
is homogenously distributed over all of the critical system components. The sketched lines clearly
show that the rough deterministic concept that led to the current design actually led to a conservative
concept. In addition, the failure probability over the boom length is distributed very differently, so that
adjustment by means of a local change in the design directly leads to a reduction in weight without
increasing the overall risk. Figure 4 can therefore be regarded as the first iteration step of a system
optimization from a probabilistic viewpoint. The mission risk has just as much of a direct influence
on the structural concept and overall weight of the system as do the increase in quality requirements
and, in turn, the smaller tolerances.

The same computation was done for a LEO at a height of 300 km. However, the risk of failure
is then so high due to the increased air drag so that a justifiable mission risk cannot be realized, not
even when the quality requirements are increased. The general design has to be reworked in such

1An 85 % reduction in stiffness and a factor of safety against buckling of FOS=2 is assumed in the deterministic con-
cept. The deterministic buckling limits are based on imperfection amplitudes that were determined as standard deviations
for the probabilistic simulation.
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FIG. 4: Probabilistic Solar Sail design: comparison of the scattered boom loading and the probabilistic
buckling limits along the length of a boom.z = 0 m: clamped boom root at sailcraft,z = 28 m: free
boom tip.

a case. Significance analyses, for example, provide valuable indications in this case since the effect
of individual probabilistic input parameters on the probabilistic end result can be examined. More
targeted improvements can be made in the design and restrictive quality requirements that entail more
expenditure and that do not significantly lower the mission risk can be avoided.

4 BOOM DEVELOPMENT TESTS

4.1 material qualification tests

The manufacturing concept of the booms is based on a conventional prepreg technology in which
extremely thin-walled prepregs are used. A standard combination of T300/epoxy (EF =230 GPa) and
a M30/epoxy high modulus variation (EF =294 GPa) can be selected. The current boom design is
based on the T300 prepregs and, with application of stiffer M30 fibers, the property of the booms can
be further increased without great effort. Because the prepregs have not been qualified for application
in space up to now, considerable effort has been made to prove their serviceability within the Solar
Sail mission goals. The following tests have been carried out within the material examinations so far:

• tension tests:conventional material investigation on T300/epoxy and M30/epoxy coupons at
normal ambient conditions due to the estimation of the CFRP material stiffness and strength,

• ECSS-Q-70-02A outgassing-tests:investigation on both systems T300/epoxy and M30/epoxy
regarding the total mass loss (TML) and the collected volatile condensable material (CVCM),

• ECSS-Q-70-04A thermal vacuum cycling tests incl. thermal tension tests:thermally cycled
T300/epoxy samples, visual inspection, afterwards tension test in nominal boom longitudinal
direction realizing a temperature range of [−196◦ C; +100◦ C].

The CFRP stiffness and strength tests serve to control the theoretical assumptions, and very good
conformity with the theoretical expectations could be determined. In addition, the tests were defined
as a measure of quality assurance during the manufacturing process, as an incoming inspection, for
example. In terms of the probabilistic design philosophy, it could be proven that the experimentally
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FIG. 5: Structural/thermal and thermal/vacuum boom development tests. Means of coating were suc-
cessfully tested for an application under space conditions [1, 7].

determined statistic deviations were lower than the assumed tolerance limits of the CFRP material
properties for the probabilistic design at the boom subsystem level. Both prepreg systems have passed
the outgassing test according to ECSS-Q-70-02A. Thermal vacuum cycling tests according to ECSS-
Q-70-04A were conducted on one part of the tension samples. No damage to the samples could be
determined. Tension tests in the nominal boom longitudinal direction were conducted after the thermal
aging at temperature intervals of [-100◦ C; +100◦ C]. It was even possible to realize a tension test at
-196◦ C as a random sampling. The measured stiffness and strengths do not provide any inferences on
the degradation of the material properties in the researched temperature intervals that would come as
a result of thermal aging.

4.2 bending tests with and without thermal loading

Bending tests on boom segments with a free length of approx. 2 m are defined to verify the boom
stiffness and buckling loads. Some of these tests are conducted under the influence of the additional
thermal load of a solar radiation on one side, as would be the case in a Solar Sail application in
earth orbit. The temperature distribution is set to a theoretical computation of up to 100◦ C. The
behavior expected to take place in accordance with theoretical buckling examinations can be generally
confirmed. Load caseMx leads to a sudden collapse after it reaches the buckling limit. However, the
boom behaves much more tolerantly at bendingMy and overcritical post buckling areas are formed
which means that further load increase is possible even after buckling occurs. A good agreement
with the theoretical expectations can also be determined for the absolute buckling load. Influence
of the one-sided source of heat could only be determined on the buckling loads. Even though the
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without thermal loading with thermal loading
mean value stand. dev.mean value stand. dev.

EIx [Nm2] ## ## ## ##bending stiffness:
EIy [Nm2] 5308 109 5256 96
Mx,cr [Nm] 83.9 3.14 76.9 1.25buckling limit:
My,cr [Nm] 51.5 3.51 42.6 2.66

TAB . 2: Test results of a bending test.

degradation is significant, the reduction of the critical moments as a result of the additional thermal
load is relatively low. Influence on the boom stiffness could not be determined. The determination of
the bending stiffnessEIx leads to a much smaller value with 3850 Nm2 than theoretically expected.
This is probably the result of an insufficient introduction of force (pneumatic pressing). Both the
reaching of the buckling loadMx,cr, which comes close to theoretical expectations, and the good
agreement between theory and practice at stiffnessEIy (real clamping) lead to the assumption that
neither the material nor local geometric weaknesses are the problem but that the yielding is actually
caused by an edge effect in the load application. For this reason it is not possible to provide reliable
information on stiffnessEIx. It is important to note that all determined bending stiffnessEIy in terms
of the introduced probabilistic design philosophy lie within the tolerance bands that are defined for
the system analysis. All boom test candidates would therefore have passed a bending acceptance test.
In addition, all determined critical buckling momentsMx,cr andMy,cr are considerably above the load
limit that result after the probabilistic system analysis (see Fig. 4). During the test, the booms were
loaded several times within the overcritical buckling area. Significant degradation in the stiffness and
buckling loads were not determined. Even a purposely damaged boom (random sample) was able
to carry 92 % of the buckling load before it was damaged without losing much of its stiffness. This
shows that the boom design is very damage tolerant.

4.3 environmental solar simulation tests

Theoretical research has shown that very thin-walled and lightweight shell structures that are radiated
from only one side are generally faced with thermal problems. Both the inhomogeneous temperature
loading that can lead to a bending of the boom and the absolute temperature maxima that occurs are
critical. Coating measures were tried for this reason that, along with an improvement of the thermal
properties, offer additional protection against environmental space conditions such as atomic oxygen.
A thin Kapton film coating featuring a favorableα/ε ratio was successfully integrated into the ma-
nufacturing process of the boom without decisively increasing its weight (Figures 1, 5). Coated and
un-coated test sections of booms were exposed to a one-sided solar radiation of 1400 W/m2 (≈ earth
orbit) in the Solar Simulator at the DLR Institute of Space Sensor Technology and Planetary Ex-
ploration at Berlin/Adlershof, Germany. Comparison of the temperature runs shows that the coating
measures considerably lowered the temperature level and the differences between the sides of the
boom exposed to the sun and those turned away from it are less than those of the un-coated ones. The
recording of absolute temperatures do indicate deviations from the theoretical computations, however
all measured temperatures remain at tolerable levels. All examined boom test sections made it through
the test without any noticeable damage.

5 BOOM DEPLOYMENT STRATEGIES

The bending tests described in Section 4.2 have clearly shown that the booms can fully display their
properties only when the force is appropriately distributed within the thin-walled structure. For this
reason, particular attention must be paid to the interface design at the boom tip and boom root. The

European Conf. on Spacecraft Structures, Materials and Mechanical Testing, CNES, Toulouse, France, Dec. 20028



FIG. 6: The patented ’upside-down’ deployment concept offers full boom stiffness during the deployment
process.

development and technical part of the current deployment concept was implemented at Invent GmbH,
Brunswick, Germany within the scope of a Solar Sail technology demonstration. The deployment
module mainly consists of a central drum on which all of the booms are rolled up together for storage.
All of the partially deployed booms are supported by a guiding mechanism during deployment. The
boom roots have to be clamped by a special locking mechanism at the end of the deployment process
in order to realize full boom bending stiffness and proper load introduction. A critical aspect is that the
bending stiffness of the booms is not available during the deployment process but only afterwards.
This is particularly important in view of medium-term mission requirements with boom lengths of
approx. 100 meters and more since the loading increases with the geometrical dimensions during and
after deployment. This partially eliminates one of the great advantages the deployable booms have
compared to inflatables, namely their ability to sustain relatively high loads even during deployment
which facilitates a safe and controlled deployment of potential huge deployable structures.

The boom root is exposed to a certain degree of loading not only during the deployment procedu-
re but also when in the fully deployed configuration. However, low load levels can only be expected
at the free boom tip at any time (see Figure 4). Hence, in the alternative ’upside-down deployment
concept’, the storage drum is realized at the boom tip instead of the boom root. The bending stiffness
of the boom can therefore be demonstrated during the entire deployment procedure. Complicated
and difficult latching and locking mechanisms are then no longer required and a controlled and safe
deployment is facilitated. It is conceivable to even load the booms during deployment by parallel de-
ployment of the sail films of Solar Sails. In addition, simultaneously realizing a conical boom design
will lower the volume requirement of the packed boom configuration. The required space is determi-
ned by the largest cross-section which, in this case, is rolled up at the end of the packing procedure.
In the alternative upside-down concept, it is important to note that the internal energy stored in the
booms can be used much more effectively for deployment. A maximum amount of stored energy is
available at the beginning of deployment. According to the upside-down concept, the need for rota-
tory and translatory inertia decreases as deployment proceeds so that the stored and nearly linearly
decreasing energy is sufficient for an automatic deployment. In the current design, however, the need
for translatory inertia increases as deployment proceeds, because the amount of deployed booms mass
which needs to be accelerated permanently rises with proceeding deployment. Automatic deployment
is not possible particularly with long boom extensions and this results in having to transport heavy
and complex deployment supporting mechanisms and motors. An additional system rotation can be
additionally inserted as a deployment aid without creating non-sustainable loads at the boom root.
Also, the separate arrangement and alignment of the individual storage drums enable greater freedom
and flexibility in the design of the whole system. Figure 4, for example, shows that the mission risk
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can be lowered by simply reorienting the longitudinal axis of the boom since the boom’s maximum
load ability can be arranged in accordance to the maximum loads.

A number of disadvantages have to be taken into consideration, of course. For one, this concept
is only applicable to one-time deployment procedures, such as those needed for the Solar Sail appli-
cation. Another disadvantage is that more or less heavy single masses remain at the end of the masts
if they are not allowed to be jettisoned after deployment. Also, the synchronization of the individual
drums can be difficult and particular attention must be paid to the design of the boom tip devices. At a
minimum fixed weight, they must be able to stop a chaotic boom deployment and enable a controlled
and careful deployment process. All in all, however, a decrease in the system’s complexity and the-
refore in the risk can be expected. Particularly for Solar Sails, the upside-down deployment concept
denotes a significant reduction in the system’s entire weight, thus paving the way to future mission
goals.
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