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ABSTRACT 

Since about 15 years DLR has been investigating the use of deployable masts 

for large deployable space structures. Applications include antennas, solar 

arrays, solar sails, de-orbiting devices and many more. Currently, a project each 

on solar sails (GOSSAMER-1) and de-orbiting structures are in progress. Both 

use the rollable lightweight CFRP masts (booms) of DLR for the provision of 

structural stiffness. The deployable booms are hollow, thin walled structures. 

Thus, the behaviour under bending or compression load is dominated by 

stability effects, or more specifically, buckling. In the present work a FE model is 

developed and verified for the prediction of limit buckling loads of the booms. 

Patran/Nastran 2010.1 has been used for the simulations and a bending test 

rack has been designed to carry out practical experiments. The simulation 

results and experimental results are compared and the differences are 

discussed. In the present work the manufacturing process of the deployable 

booms is also discussed and improvements are suggested to improve the 

quality of the booms. 

 

 

 

 

 

“The most important fact of this century is not that the Earth is threatened in 

many ways, but that it is for the first time in all of its history a decisive means of 

protecting the home planet exists. It is by using SPACE” 

- The Survival Imperative, 2006 
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1 Introduction 

In this chapter, the concept of the deployable CFRP booms developed at the 

DRL Institute of Composite Structures and Adaptive Systems is described. Few 

of their interesting applications are also discussed. 

1.1 The Concept of the DLR Deployable CFRP Booms 

A novel concept for deployable booms has been developed by DLR in the late 

1990s within the ESA funded solar sail study [1]. The double-Ω shaped cross-

section of the boom, as shown in Figure 1, allows flattening and rolling the 

boom (within a limit of radius of curvature) without damaging the material. The 

boom, in the absence of external forces, keeps its geometrical form because of 

the ‘frozen’ stresses induced by the carbon fibres[2]. When flattened using 

suitable tools, the bending stiffness in one direction decreases significantly 

which enables the boom to be coiled like a long tape spring [1].  

 

Figure 1: Cross section of the boom in deployed and stowed configuration 

15 mm

15 mm

~7 mm

Deployed State

Stowed State
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There are two versions of the boom – larger and smaller. The dimensions of the 

smaller version of the boom are shown in Figure 1. The present study is 

completely dedicated to this particular version of the boom. 

1.2 Benefits of the Deployable CFRP Booms 

Gossamer Structures are ultra-lightweight structures for space mission 

applications. Deployable structures are just now-a-days used in almost every 

satellite. The strength and weight requirements for satellite components are 

highly demanding and have serious constraints in place. In such a scenario, 

where strict mass requirements are to be met, deployable booms will be a good 

choice to provide structural stiffness for spacecraft components. Potential fields 

of application for deployable structures are array antennas, membrane 

antennas, instrument booms, optical and antenna reflectors, solar sails, solar 

arrays and de-orbiting systems [1]. A model of membrane antenna, which uses 

deployable booms for support, as shown in Figure 2, is being built at DLR. A 

solar sail deployed using deployable CFRP booms is shown in Figure 3. In 

recent years, a high demand has raised to develop lightweight systems that can 

be used to de-orbit the satellites at the end of their missions. This is extremely 

important to reduce the space debris population in the low Earth orbit. 

 

Figure 2: Membrane antenna (Courtesy: DLR) 



14 

 

Figure 3: Artist's conception of solar sail deployed in Earth orbit 
(Courtesy: NASA) 

The advantages and disadvantages of using pantographic structure, elastic 

deformable structures and inflatable structures are discussed by Straubel et al. 

[1]. It has been concluded that these structures have to pay for their lightness 

through a decrease in stiffness and accuracy. However, the deployable CFRP 

booms developed at DLR Institute of Composite Structures and Adaptive 

Systems can be scaled and adapted to unique mission requirements like 

stiffness and available storage volume [1]. 

1.3 Boom Deployment Mechanism 

Three deployment techniques are already designed: deployment by a central 

mechanism, electrical drives on the boom tip and boom deployment by inflation 

[2]. In deployment by a central core, the boom is wrapped around a motor 

driven electrical core situated inside the spacecraft, and extracted by the 

rotation of the central core so that a controlled and smooth deployment takes 

place [2]. The electric tip deployment mechanism is shown in Figure 4. In the tip 
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deployment mechanism, the deployment mechanism detaches itself from the 

main spacecraft module and deploys the boom from the tip, the root being fixed 

at the centre module [1]. After complete deployment, the deployment 

mechanism is jettisoned. This method has an added advantage that the total 

mass of the deployed structures will be lower after complete deployment of the 

booms [2]. The central module for electric tip deployment mechanism is shown 

in Figure 5. In the third method, deployment by inflation, there are only two 

components, as shown in Figure 6, a Velcro strip on each side of the boom and 

a gas-tight polymer bladder of thickness 12µm, which is inserted into the boom 

during manufacturing process [2]. Once pressurised, the bladder acts as a 

pneumatic actuator which deploys the boom by breaking the Velcro connections 

in a controlled fashion [2]. The electric tip deployment mechanism and inflation 

tip deployment have already been tested within a zero-g test place (Airbus 

A300) of the NOVESPACE company in Bordeaux [2]. 

 

 

Figure 4: Tip deployment mechanism (CAD model) 
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Figure 5: Central module for electric tip deployment mechanism (CAD 
model) 

 

 

Figure 6: Inflatable boom specimen (Courtesy: DLR) 
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1.4 Need for research 

Deployable booms, such as the novel concept described in Section 1.1, are 

being increasingly used and will be used more in all current and future space 

missions. The applications are highly promising for future space missions, such 

as deep space or inter-stellar missions, which could only be imagined few years 

ago. 

The DLR and the ESA are collaborating on a pure technology demonstration 

project GOSSAMER with focus on the demonstration of the feasibility of the 

solar sail propulsion technique, with clear mitigation strategies regarding 

development risk [3]. One of the aims of GOSSAMER is to test the boom and 

sail deployment mechanisms [3]. Components that are scaled down are used 

for technology demonstration. Three technology demonstration missions will be 

planned under GOSSAMER. For launching GOSSAMER-1 (GOS-1) in 2014, it 

is planned to demonstrate and document the safe deployment of a 5m x 5m sail 

structure in a 320km Earth orbit on top of QB50 [3]. As solar sail support 

structure in this deployment test, down-scaled CFRP booms from DLR, as 

shown in Figure 1, will be used. The booms will be deployed using tip 

deployment mechanisms as discussed earlier in Section 1.3. Hence, analysis 

and testing have to be done on these booms to meet the design requirements 

and verify the booms for the test mission. 
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2 Objectives of the Present Work 

In this chapter, the load case under consideration is discussed. Based on the 

GOS-1 design requirements, objectives have been assigned for the present 

work. 

2.1 Load Case under Consideration 

There are two load cases which could be of concern. The first is the pulling 

force of the sail membrane on the boom, during the deployment. A parallel 

deployment of sails and booms is proposed to minimize the risk of deployment 

by eliminating the handling of ropes in space [3]. The deployment sequence of 

the booms and the solar sail is shown in Figure 7. As the boom is being rolled 

out, the sail is dragged by the boom outwards. Therefore, the booms need to 

have high loading capability already during the deployment process. This 

approach is valid as long as the required forces for the extraction of the sail 

from the containers range below the static and dynamic forces of the operating 

sail [3]. The second load case of concern is the tension force in the sail 

membrane acting on the boom in the static deployed state. It is highly possible 

that the static tension forces will be lower than the forces experienced during 

the deployment of the sail. Also, constant force springs act as interface between 

the booms and the sail membrane in the deployed state. Hence, the tension 

forces of the membrane are not expected to create significant bending loads on 

the boom. Thus, there is a need to study and analyse the load case during the 

deployment of the sail. The present work completely deals with this load case. 

Typically, the angle of reaction force with the boom flange varies between 5o 

and 30o. Hence, simulations and experiments are planned and carried out to 

test and verify the booms for the load cases in this range. 
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Figure 7: (left to right) GOS-1 deployment sequence including optional 
jettison of deployment mechanism 

2.2 Few Load Requirements for GOS-1 

Few load requirements that can be potentially verified through the present work 

are as follows: 
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1. During the deployment of the sail, the boom has to bear a reaction force of 

4N applied to one of its flange tips with an in-plane angle of 5o and a small 

out-of-plane angle of 0.35o. The boom shall be able to bear this load as its 

length increases from zero till 2500mm. 

2. From 2500mm till 3000mm length, the in-plane angle of the reaction force 

will change to 15o. The boom shall still be able to bear a load of 4N. 

3. For the deployed state, forces of below 1N and an angle of about 22.5o  are 

expected. 

2.3 Objectives of the Present Work 

Based on the requirements to analyse the load case for boom during the 

deployment, the following objectives have been set: 

1. Create representative FE model for nonlinear buckling simulations and make 

predictions on test results. 

2. Design a bending test rack using few already existing components for 

testing booms. 

3. Perform bending tests, compare them with simulation results, explain 

differences and make recommendations for future simulations and tests. 

4. Manufacture deployable CFRP booms and try to improve the manufacturing 

process. 
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3 Manufacturing of the Deployable CFRP Booms 

This chapter is dedicated to address the issues related to the manufacturing 

process of the deployable CFRP booms. At first, the existing manufacturing 

process employed by DLR Institute of Composite Structures to manufacture the 

deployable CFRP booms is explained and discussed. The general nature of 

imperfections formed is also described and an attempt has been made to 

describe the underlying cause for the imperfections. Based on this reasoning, 

two changes have been made to the manufacturing process, which were 

successful in improving the quality of the deployable CFRP booms. 3-D scans 

have been made for a boom manufactured before these changes and a boom 

manufactured after these changes. It is attempted to compare the mean 

deviation from the perfect geometry in the two cases. 

3.1 Existing Manufacturing Process 

The deployable CFRP booms are manufactured using a customised aluminium 

tool situated in the Solar Sail laboratory at the Institute of Composite Structures, 

DLR Braunschweig. The manufacturing process is highly cost-effective. The 

aluminium tool used is shown in Figure 8. 

 

Figure 8: Aluminium tool for manufacturing deployable CFRP booms 
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The tool is 2000mm long and can be used to manufacture booms of up to 

1900mm long. Two half shells will be initially separately manufactured and 

bonded together later. A single layer woven fabric prepreg ‘LTM123/CF1420’ 

consisting of Torayca T300 fibres and LTM123 matrix system has been used for 

manufacturing the booms. A prepreg is a semi-finished form that consists of 

fibres uniformly spread out over a rectangular cross section area and partially 

cured matrix resin that holds the fibres in place [4]. The fibre volume fraction of 

the prepreg used for manufacturing the booms is approximately 55%. A single 

layer fabric has been chosen because it is estimated that it can satisfy all the 

strength requirements for Gossamer-1. Its strength-to-weight ratio is optimum 

for its application. Hence, there is no need to go for multiple layer composites. 

Also a single layer fabric is very light and easy to use for manufacturing 

composite booms. 

At first, the fabric is taken out of the freezer and is thawed for 2 hours to allow it 

to rise to room temperature. This reduces the viscosity of the resin [4]. 

However, equilibrating between prepreg and room conditions would mean that 

the prepreg may acquire a small amount of moisture, which can be responsible 

for the formation of voids [4]. It is then cut into the desired configuration, with a 

length equal to the length of the boom to be manufactured and a width slightly 

more (~110mm) than the perimeter of the cross section of a half shell 

(~108.25mm). This is done to ensure any minor errors in alignment can be 

corrected later. Markers are made on the tool with the help of a acetone-

resistant tape, to be able to press the prepreg in the right position. The 

aluminium tool is thoroughly cleaned 3 times with acetone, giving a time gap of 

around 15 minutes between each application. Then, a release agent (liquid 

barrier layer) is to be applied on the tool to prevent the fabric from sticking to the 

tool surface during the curing process. Before applying liquid barrier layer, all of 

the edges of the tool are covered with plastic tape, as shown in Figure 9 to 

allow the edges of the tool to be sealed with a sealant tape. Otherwise, the 

liquid barrier layer would prevent the sealant tape from sticking to the tool’s 

surface. Several coats of release agent are needed to form a thick barrier layer 

on the tool. Improper application might result in damage to both the half shell 
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and the tool surface. The liquid barrier layer is applied 3 times, giving a time gap 

around 15 minutes between each application. 

The surface of the fabric is covered with a release film, everywhere except the 

region which will form the flanges of the boom. The fabric is then pressed on to 

the tool firmly without any unnecessary folds in the fabric. To absorb any resin 

that may ooze out during the curing and molding process, the lay-up has to be 

covered with a bleeder layer [4]. A bleeder layer, which has a rough texture, is 

used to cover the flange region of the prepreg. This is done to ensure that the 

surface of the flanges is formed with a rough texture, which helps to form a 

stronger bond, when the two half shells are bonded together. Now the entire 

lay-up of the half shell is covered with a bleeder-breather layer, to absorb the 

resin that oozes out during the curing process and to help spread the vacuum 

uniformly. The tool is now sealed using a vacuum bag. Two vacuum bags are 

cut to dimensions, required to seal the two half shells. Two holes are made per 

vacuum bag to incorporate the vacuum valves. The whole set-up is now sealed 

using a double sided sealant tape.  

 

Figure 9: Edges of the tool covered with plastic tape 
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Figure 10: The half shells being cured under vacuum 

A vacuum of 970-980mbar is applied from both ends using a vacuum pump. 

The tool has thermal heaters situated on its bottom surface. The thermal 

heaters are turned on and the tool is allowed to be cured at a temperature of 

120oC over a period of 12-15 hours. After the curing is done, the tool and the 

cured half shell are allowed to cool down to room temperature before taking out 

the cured half shell. Each half shell is manufactured separately in this way. 

3.2 Bonding of the Half Shells 

The two half shells manufactured, as described earlier, have to be bonded to 

form a deployable CFRP boom. While no standard procedure exists for this 

bonding process, a workable method has been followed over the duration of the 

current work. The two half shells are individually fixed to the two halves of the 

tool using a tape. Then, Hysol EA 9313, an epoxy paste adhesive is applied on 

the flanges of the half shells using commonly available brushes. The volume 

covered by the curved surfaces of the half shells is filled with styropor foam. 

Care has been taken to ensure that the foam can be removed easily without 

damaging the boom, after the half shells are bonded. Also care has been taken 

to ensure that the foam is free of any adhesive. The two halves of the tool are 

then carefully closed to press the flanges of the two half shells together. 
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Pressure has been applied on both sides of the tool using a number of clamps. 

This also helps to spread the adhesive uniformly. The two half shells are then 

allowed to completely bond together, over a period of around 10 hours. After the 

bonding process is complete, the flanges are carefully marked to 7mm and any 

extra width is trimmed off. Thus, a boom to the desired dimensions is 

manufactured. 

While it can’t be guaranteed to obtain perfect bonding in this method, the 

method works reasonably well to fulfil the purpose of bonding the half shells. 

A total of 4 booms of ~1m length and 4 booms of ~2m length are manufactured 

over the duration of the present work. 

3.3 Imperfections in the Manufactured Booms 

Although the quality of the manufactured booms is high, few imperfections exist, 

due to type of tool used, non-uniform application of adhesive, contraction of the 

release film and out of shape regions in the prepreg. 

 

Figure 11: Different thermal expansion rates of the tool and the fabric 

3.3.1 Difference in CTEs of the Tool and the Part 

Aluminum tool has been chosen for the manufacturing purposes as a trial and 

because of its low cost of production. However, this is the main component 

responsible for imperfections on the boom. Aluminum has a CTE on the order of 

26.2 x 10-6/oC [4]. Composite materials have a CTE on the order of 10-6/oC [4]. 

Hence, the aluminum tool used in the current manufacturing process has a high 

CTE compared to the composite fabric. After a strong vacuum is applied, the 

tool is heated. This means that the tool expands much more than the part, as 

Aluminum Tool

Composite Fabric
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shown in Figure 11 with a rise in temperature. This results in a large mismatch 

between the tool and the part, causing large inter-surface shear stresses [5]. 

This has resulted in the formation of waves along the flanges of the booms, 

when the two half shells are bonded together. 

Also it can be noted that the CTE of Torayca T300 fibres is -0.41 x 10-6/oC. The 

CTE of the LTM123 matrix system is 10-6/oC. Hence, the increase and decrease 

in temperature during the curing cycle can create thermal expansion and 

contraction in both resin and fibres [4]. This might affect the dimensions of the 

resin and of the part [4]. 

3.3.2 Application of Adhesive during Bonding 

The application of adhesive on the flanges of the boom during the bonding 

process is completely manual and is prone to errors. Although care has been 

taken to apply the adhesive as uniformly, it has been observed that some 

regions in the flange are thicker than the others. This results in a small extent of 

unpredictability in the elastic behaviour of the booms. 

3.3.3 Release Film 

The release film used on the prepreg is observed to contract with a rise in 

temperature. This again, like the tool, might create shear stresses on the part 

being manufactured. However, the material of the release film is not as strong 

as aluminum. 

3.3.4 Out-of-shape Regions in the Prepreg 

When the prepreg is laid flat on a table, it has been observed that in certain 

regions, the prepreg has some extra surface area (visible as small bulges), 

which makes it necessary to fold it if a flat surface is to be obtained. This might 

have a minor influence on the bonded flanges. 
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3.4 Improvements achieved in the Manufacturing Process 

Two modifications have been done to the manufacturing process to improve the 

quality of the deployable CFRP booms. 

3.4.1 Disposal of the Rough Bleeder Layer 

Covering the curved surface with a release film and flanges with a rough 

bleeder layer might well induce differences in the final geometry of the half 

shell. Hence, it is thought to try and manufacture a boom without using the 

rough bleeder layer. The release film is now used to cover the whole prepreg. 

After the half shells are manufactured, the inner surfaces of the flanges are 

roughened using an abrasive sheet of paper. This enables strong bonding of 

the half shells. However, the roughening of flanges is manual and hence, is 

prone to some non-uniformity in the thickness of the flange. 

The boom manufactured in this process showed an improvement in the quality. 

Fewer or smaller imperfections are observed in the flanges of the boom. 

3.4.2 Heating of the Release Film 

It is observed that the release film undergoes plastic deformation when it is 

heated to temperatures like 120oC. Hence, it is attempted to heat the release 

film before using it in the manufacturing process. A release film of dimensions 

larger than the desired dimensions is heated to 120oC and is allowed to cool 

down to room temperature. It is then cut to the desired dimensions and used in 

the manufactured process. The process included the modification described in 

Section 3.4.1. 

The boom manufactured in this process showed a further improvement in the 

quality. The imperfections in the flange disappeared to a great extent and any 

imperfection that exists is very small. 
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3.5 3-D Analysis of the Deployable Boom’s Geometry 

Each of the manufactured booms are scanned using 3-D scanner ATOS from 

GOM optical measuring systems GmbH. A surface comparison has been made 

against perfect boom geometry, using the ‘Surface Comparison’ tool in GOM 

Inspect v7. Figure 12 shows the deviation plot for one of the booms 

manufactured in the initial stages of the project. The values shown are absolute 

deviations in mm. The histogram on the right side of a deviation plot shows the 

number of scanned points at a specific deviation. It can be observed that 

majority of the points are near the region around zero. Parameters such as 

mean deviation are also measured. Root mean square deviation for the boom 

shown in Figure 12 is 0.11 mm. The actual value would be much lower than 

this, since the scans for the boom ends were of poor quality. Nevertheless, a 

deviation plot can be used to assess the quality of the boom manufactured. 

Figure 13 shows the deviation plot of the boom manufactured after 

implementing the modification described in Section 3.4.1. Figure 14 shows an 

inspection section through which one can examine the cross section. There is a 

possibility that these deviation plots can be used to model imperfections and 

use a very practical geometry in the FE model. However, it is not as 

straightforward as imagined earlier. Hence, due to time constraints, it could not 

be included in the scope of current work. 

 

Figure 12: Deviation plot for a 900mm long boom (deviations in mm). 
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Figure 13: Deviation plot for an 1800mm long boom (deviations in mm) 

 

Figure 14: An inspection section from an 1800mm long boom – deviations 
magnified  
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4 Simulation of the Deployable CFRP Booms 

4.1 Introduction 

Due to its wide usage and availability, Nastran/Patran has been chosen to 

simulate the booms in the present work. Version 2010.1.2 has been used. It is 

possible to carry out non-linear analyses in Nastran/ Patran, using a variety of 

solution methods, like non-linear static, implicit non-linear etc. In this chapter, 

the solution methods attempted to simulate the buckling of deployable CFRP 

booms, are described. Later in Chapter 6, the final high resolution simulation 

results are presented and compared with the experimental results. 

4.2 FE Model Description 

The various aspects of the FE model are described and discussed as follows: 

4.2.1 Geometry 

 

Figure 15: The cross section of deployable CFRP booms 

The cross section of the deployable CFRP booms is shown in Figure 15. The 

geometry has been created using the geometry modelling tool in MSc Patran 

15 mm

15 mm

~7 mm

Adhesive Layer

Y

X
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environment. Curves have been created for the curved sections with the 

prescribed dimensions. The flanges of the boom lie in or parallel to the XZ-

plane. In the flanges, the adhesive layer is situated between two fabrics. The 

geometry of the flange now depends on the way of modelling of the adhesive. 

The adhesive can be modelled in a number of different ways: as a solid, as a 

cohesive material or as a part of a laminate. In the first two ways, it is 

convenient to create a solid geometry for the adhesive. The thickness of 

adhesive layer is taken as 0.02mm, according to the manufacturing 

requirements. However, it has to be noted that in reality the thickness of 

adhesive layer is uneven. In the third way of modelling, the flange, as a whole, 

requires just one surface. 

After creating the geometry of the cross section, depending on the length of the 

boom, the cross section is padded, along Z-axis with the help of ‘transform’ 

action. When the adhesive is modelled as solid, only the two half shells of the 

boom are first padded and then a solid geometry is created between the two 

surfaces of the flanges. Understandably it is not convenient to work with the 

thickness of the adhesive layer when it is modelled as a solid geometry. To 

facilitate this, ‘Enhanced node translation’ utility can be used in MSc Patran 

Environment. Using this utility, the two half shells can be constructed with a 

bigger gap between them. After building the solid geometry and meshing the 

surfaces and solid, the nodes of two half shells can be transformed to bring 

them closer using the ‘Enhanced node translation’ utility. 

4.2.2 Materials Modelling 

A single layer woven prepreg fabric LTM123/CF1420 is used to manufacture 

the booms. The thickness of the cured fabric is about 0.14 mm. Due to the 

extremely small thickness of the fabric, it is reasonable to model it as a 2-D 

orthotropic material (MAT8 bulk data entry in Nastran input file) with linear-

elastic behaviour. The following properties have been used for the fabric in all 

the simulations: 

Longitudinal modulus, E1 = 66786.00086 N/mm2 
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Transverse modulus, E2 = 66786.00086 N/mm2 

Shear modulus in 1-2, Gxy = 17510 N/mm2 

Poisson’s ratio in 1-2, νxy = 0.02131 

It has to be noted that the above properties are estimates of the fabric 

properties based on the reference to a similar fabric MTM110/CF1400, also 

from the manufacturer Advanced Composites Group. The manufacturer of the 

fabric doesn’t have the property datasheet for LTM123/CF1420 and during the 

duration of present work, a strength test could not be performed due to the busy 

schedule of the laboratory personnel at DLR Braunschweig. It is attempted to 

perform four-point and three-point bending tests in a simple way to find a better 

estimate for the properties, however the tests could not give meaningful results, 

owing to a poor set-up. Hence, it is chosen to work with estimated properties. 

The fabric density ρc is calculated from the individual densities of the fibres ρf 

(Torayca 300) and matrix ρm (Cyanate Ester) as follows: 

ρf = 1.760 g/cc Vf = 0.55 

ρm = 1.193 g/cc Vm = 0.45 

ρc = ρf Vf + ρm Vm = 1.50485 g/cc = 1.50485 E-06 Kg/mm3 (4-1)

The measured geometric thickness of the cured fabric varies between 0.13 to 

0.17 mm. However, the geometric thickness cannot be taken for modelling the 

fabric as 2D-orthotropic material. Due to the woven structure of the fabric, minor 

voids are present between the fibres in the cured fabric. Hence, the amount of 

material present in the fabric would be lesser than a solid 2D orthotropic 

material of same geometric thickness. To overcome this problem, it is thought to 

calculate effective fabric thickness using the fabric density value [6]. This 

effective fabric thickness is equal to the thickness of an equivalent pre-

consolidated material. At first, the fabric area density (FAD) has to be calculated 

using the Equation (4-2)  
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FAD =  (4-2)

where Mc is the mass of the sample and Ac is the area of the sample. 

Then the effective fabric thickness (teff) is calculated using the Equation (4-3) 

c
eff

FADt
ρ

=  (4-3)

The FAD value has been calculated using laboratory measurements from 5 

different samples and averaging the FAD over these samples, as shown in 

Table 1. 

Table 1: Calculation of FAD 

 

Hence, FADavg = 0.1497Kg/m2. 

The average FAD has been used to calculate the effective fabric thickness 

using Equation (4-3) as: 

teff = 0.0994mm ~ 0.1mm. 

Epoxy paste adhesive Hysol EA 9313 is used to bond the CFRP half shells. It is 

modelled as an isotropic material (MAT1 bulk data entry) with a linear elastic 

behaviour. The properties of the adhesive Hysol EA 9313 are obtained from its 

datasheet on Henkel’s website [7]. The following properties are used in the 

simulations: 

Elastic modulus E = 2274 N/mm2 

Sl. No. Weight (gm) Weight (Kg) Area (m2)
Area Density 

(Kg/m2)
1 0.6 0.0006 0.0038 0.1587
2 1.1 0.0011 0.0072 0.1522
3 1.5 0.0015 0.0107 0.1402
4 3.3 0.0033 0.0224 0.1475
5 2.4 0.0024 0.0160 0.1497
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Shear Modulus G = 889 N/ mm2 

Poisson’s ratio ν = 0.36 

Density ρ = 1.10 E-06 Kg/ mm3 

When the adhesive is modelled as a cohesive material (MCOHE bulk data 

entry), the following general estimates, based on the available information on 

problems involving cohesive elements, have been used for the required material 

properties. 

Cohesive energy Gc = 0.772 N/mm 

Critical opening displacement νc = 0.005 mm 

Hoffman failure theory is employed to calculate the failure indices in the 

materials. 

Fabric: 

Longitudinal tensile strength Xt1 = 560 N/mm2 

Transverse tensile strength Xt2 = 560 N/mm2 

Longitudinal compressive strength Xc1 = 590 N/mm2 

Transverse compressive strength Xc2 = 590 N/mm2 

In-plane shear strength S = 111.6 N/mm2 

Adhesive: 

Tensile strength Xt = 45 N/mm2 

Compressive strength Xc = 62.3 N/mm2 

Shear strength S = 15 N/mm2 
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4.2.3 Finite Elements 

Due to the extremely small thickness of the fabric, the boom’s surfaces can be 

modelled using shell elements. Various possibilities exist. Three types of 

elements can be used; four node iso-parametric rectangular plane stress 

quadrilateral elements with bilinear interpolation, eight node iso-parametric 

rectangular plane stress quadrilateral elements with biquadratic interpolation, 

and eight node iso-parametric rectangular plane stress elements with reduced 

integration [8]. Using elements with reduced integration might exhibit hourglass 

modes [9] and hence are not desirable. Hourglass modes are zero energy 

modes that arise from using reduced integration. These modes can propagate 

through the complete body. The eight node iso-parametric plane stress 

elements with biquadratic interpolation are more accurate than lower order 

elements such as four node iso-parametric plane stress elements with bilinear 

interpolation [8]. However, it is at the cost of processing time. Using higher 

order elements would mean much more time for computations. The lower order 

four node quadrilateral elements are too stiff in bending [10]. But they are 

attractive, because they are simple, computationally inexpensive and have only 

corner nodes. It can be noted from [11] that four node quadrilateral elements 

are ‘well-behaved’ for rectangles. Also, many developments have been made to 

make the four node iso-parametric element useable for all general thin shell 

analyses with reasonable accuracy. In [12], Mr. MacNeal describes that 

constant research has been carried out to improve the accuracy of QUAD4 

elements and a four-node element with nearly linear strain competence is 

achieved as early as 1978. Furthermore, Mr. MacNeal states that through a 

process of evolutionary reform in response to weaknesses revealed by practical 

application, the QUAD4 element has become much better element in terms of 

accuracy and were also immune in some situations where even higher order 

elements exhibit accuracy difficulties [13]. Also a constant material coordinate 

system can be obtained with QUAD4 elements, unlike QUAD8 elements, where 

an orthotropic material will cause the element’s stiffness to be biased by its 

shape and grid ordering. Now-a-days, the QUAD4 elements are State-of-the-Art 

elements and used very frequently for many FE analyses. 
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Hence, keeping in mind, the applicability and computational cost, QUAD4 

elements have been chosen for the shell elements in the current analysis of 

buckling under compression and shear force. QUAD4 elements are also fitting 

because; the dominating force in the current buckling problem is the axial force. 

Any short comings of QUAD4 elements can be overcome by using a mesh of 

sufficient density. A mesh sensitivity analysis has been performed which will be 

discussed in the Section 4.4 

The adhesive layer is also very thin and can be modelled as a shell. However, it 

will be difficult to model three different surfaces of the flange (2 fabric shells and 

one adhesive shell) existing at the same geometrical position. Hence, in the 

case of modelling it as a shell, it is better to model it as the middle layer of the 

flange as laminate with fabric as top and bottom layers. Then, the laminate is 

modelled with CQUAD4 elements. Alternatively, when the adhesive is modelled 

as a cohesive material, it cannot be modelled as the middle layer of the flange 

laminate, since in Nastran, PCOMP data card is not compatible with MCOHE 

data card [14]. Hence, CIFHEX elements are used to model the adhesive as a 

cohesive material of small but finite thickness. All the elements, except CIFHEX, 

are specified using the ‘Create Mesh’ form in MSC Patran environment. 

CIFHEX elements are defined in the Nastran input file manually. 

4.2.4 Properties 

When both the curved surfaces and the flange are modelled as shell, PCOMP 

has been used to define the properties of the shell surfaces. 

When the fabric is modelled as shell and the adhesive is modelled as solid, then 

PCOMP is used for fabric properties and PSOLID for adhesive properties. 

When the adhesive is modelled as cohesive material, PCOHE with Gauss 

integration scheme has been specified in the bulk data entry of Nastran input 

file. 

The properties are specified using the ‘Properties’ form in the MSC Patran 

environment. 
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4.2.5 Boundary Conditions 

 

Figure 16: Displacement boundary condition at one end – rigidly fixed 

In all of the simulations one end of the boom is rigidly fixed, as shown in Figure 

16. This kind of displacement boundary condition is chosen because in the 

experiments one end of the boom is going to be fixed firmly in a clamp and 

hence, rotation is also inhibited by the clamp. So, in the simulation, at the fixed 

end, all the translational and rotational degrees of freedom are made zero. This 

is done using ‘Create Displacement’ form in the boundary conditions. The point 

of load application is dependent on the length of model. 

4.3 Modelling of Imperfections 

Nonlinear buckling analysis such as the one under study now, is very sensitive 

to the initial imperfection existing in the structure. The limit buckling loads vary 

with the type of imperfection used. Imperfections are not only necessary to 

model the ‘real’ structures, but also to enable the process of buckling in the 

solution processes adopted by the solver. Without an imperfection, the solver 

might be unable to solve the bifurcation buckling problem. Various imperfections 

have been tried in the current study. As a standard approach [15], an Eigen 

value buckling analysis is carried out first (Figure 17 a)). The first Eigen mode 

obtained is saved as a spatial FEM continuous vector field. This field is called 

Eigen imperfection field here. This field is applied (Figure 17 b)) to the flange, 

where the force is applied. This is done using the utility ‘Node modify by field’. 

The amplitude of the imperfection is chosen to be 0.02mm, about one-tenth of 

the thickness of the flange. This value has been chosen since, most of the 

measured imperfections for a typical boom, as shown in Figure 12, lie between -
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0.05mm and 0.05mm. Although the buckling load depends on the shape of 

imperfection, for a given shape of imperfection, for very small amplitudes the 

limit buckling load doesn’t change too much. After useful discussions with few 

simulation engineers at DLR, it is decided to use one-tenth of the thickness of 

the flange, as amplitude of the imperfection. Hence, choosing 0.02mm as 

imperfection can be considered a reasonable choice to solve the present 

bifurcation buckling problem. Also when the boom is scanned, it could not be 

mounted vertically due to scanner restrictions. Hence, it was fixed to a stand at 

one end and mounted horizontally, before scanning. Hence, the amplitude of 

0.05mm in measured imperfections might be a little exaggerated, due to a slight 

deflection of the boom under its own weight. The amplitude of the imperfection 

considered here is also in line with an imperfection measurement analysis 

carried out by Arbocz and Starnes Jr. [16] on a CFRP cylinder with 203.2mm 

radius and 1.016 mm thickness. Imperfections ranging between -1.53 to 1.34 

times the shell thickness are typical [16]. In addition to the imperfection 

corresponding to the first Eigen mode, the imperfections shown in the Figure 18 

are also considered, to be able to choose the imperfection which is best suitable 

for the current analysis. Imperfections shown in Figure 18 a) and Figure 18 b) 

are Eigen buckling modes for a thin plate with a fixed end support, subjected to 

axial compression. Here, since the buckling mainly occurs in the flange of the 

boom, these imperfections might be very meaningful. The imperfections shown 

in Figure 18 are applied to the flange where the load is applied, as shown in 

Figure 19.  
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a) First Eigen buckling mode                     b) Eigen deformation field applied. 

Figure 17: Eigen value buckling used to impart initial imperfection 

 

 

Figure 18: Imperfections in the flange 

 

Figure 19: Load case under consideration 

0.02mm Clamped 
End of the 
boom

0.02mm Clamped 
End of the 
boom

a) Sine Imperfection

b) Half-Sine Imperfection

0.02mm Clamped 
End of the 
boom

c) Quarter-Sine Imperfection

5-30 deg

Load
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4.4 Mesh Sensitivity Analysis 

Before proceeding further, it is wise to decide on the mesh size and fineness so 

as to obtain a good accuracy in all the simulations further on. The length of the 

boom in the FE models here is 1m. In all of the simulations for mesh sensitivity 

analysis, the load is applied in the plane of flanges at an angle of 90o, at the tip 

of the corner of the flange towards the free end. At this angle, the boom buckles 

at a small shear force. Since the objective of this analysis is only to decide the 

best mesh size, this load case is selected to avoid extra time taken to reach 

higher loads, which happens when the load is applied in the plane of flanges at 

angles less than 90o. 

 

Figure 20: Division of boom cross section to place mesh seeds 

Table 2: Distribution of mesh seeds for different resolutions 

 

Nonlinear static solver SOL 106 in Nastran is used to solve the buckling 

problem. But before carrying out nonlinear static analysis, we have to impart a 

small imperfection to the boom. Now a load of 10N is applied to the tip of the 

flange, perpendicular to it. 

B CA D

A and B B and C C and D Along length of boom
2 20 2 200
2 24 2 250
3 39 3 400
4 48 4 500
6 76 6 800
7 96 7 1000

Number of mesh seeds

5.00
4.00
2.50
2.00
1.25
1.00

Resolution(mm)
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Figure 21: Mesh sensitivity analysis 

FE models with different resolutions have been defined. Care has been taken 

that the aspect ratio of the elements in the flange is always close to 1. The 

number of mesh seeds defined for each resolution is shown in Table 2. 20 

controlled increments, with 25 maximum iterations per increment are specified 

to the SOL 106 solver. It has been attempted to use ARC length method to 

follow the snap through behaviour of buckling. However, the current problem is 

bifurcation buckling and using ARC length method has not produced any 

different result. 

The results of mesh sensitivity analysis are presented in Figure 21. A resolution 

of 2mm appears to be optimum for the simulations. A lower mesh size would 

cause time penalties. A higher mesh size might not be very accurate. Hence, 

2mm is chosen as the resolution for all the final simulation results. 
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4.5 Investigation for De-lamination in the CFRP boom flanges 

To understand the complete nature of failure, it is necessary to investigate 

whether de-lamination can occur in the flange. For this purpose, the adhesive is 

modelled as cohesive solid material (MCOHE in the bulk data entry) with a 

surface area equal to that of the flange and a thickness of 0.03mm (an earlier 

estimate). An exponential model has been specified for the material behaviour. 

Two very good demonstration problems can be found in MD Nastran’s MD 

Demonstration Problems [17] and Marc user’s guide [18]. As described earlier 

in Section 4.2, CIFHEX elements are used and the property of the material is 

specified as PCOHE. The length of the boom in this model is 1m. Imperfection 

described in Figure 18 a) is applied. The thickness of the fabric in this model is 

0.13 mm. This value was an initial estimate used, before the effective thickness 

was calculated from the measured data. The fabric is modelled using MAT8 

material, CQUAD4 elements and PCOMP property with nonlinear property 

extension PSHLN1. 

Nastran’s SOL 400 solver has been called. The following nonlinear iterative 

control has been specified initially: 100 fixed load increments, maximum of 30 

recycles and PV convergence criteria. By default, Pure Full Newton-Raphson 

procedure (PFNT) is used together with residual convergence testing. 

NLSTEP 1  1. 

GENERAL 30 

FIXED  100 

  MECH  PV  0.01  0.01 

However, during simulations, serious convergence problems occurred. After 

many discussions with the MSC Software Technical Support, it has been 

understood that the instability and the length of the model are the main reasons 

for non-convergence. The output .f06 file contained all of the requested output 

variables filled with NaN results. This error in the output has been forwarded to 

the MSC Nastran Development Team by the MSC Software Technical Support. 
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Thereafter many attempts were made to define a nonlinear iterative control 

which can output useful results. The following nonlinear iterative control using 

NLSTEP with ADAPT worked quite well. Please refer to MD Nastran’s Quick 

Reference Guide [14] for the description of the data fields. 

NLSTEP 1  1. 

GENERAL 100  1  10 

ADAPT 0.01  1.-10  0.05 

MECH  PU 

 

Figure 22: Distribution of z-component of stress – cohesive model. 

The distribution of z-component of stress from the cohesive model of the boom 

is shown as model fringe result in Figure 22. It indicates that there is a formation 

of waves all along the flange of the boom. 
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Figure 23: Distribution of xy–component of stress – cohesive model 

From Figure 23, it can be noticed that the region of highest stress 

concentrations is the curved region of the boom cross section next to the flange, 

at the free end. Hence, it is duly noted that there is no possibility of de-

lamination occurring in the flange of the boom. Based on these results, it has 

been decided to model the flange as a laminate, consisting of three layers: 

fabric as top and bottom layers, adhesive as middle layer. 

As a note for interested readers, another possibility to specify nonlinear iterative 

control for SOL400 using cohesive elements is described below. It is advised to 

refer to [14] to understand the data fields. 

NLADAPT 1 

  STEP  .1  1.5  .01+ 
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+.2    50  1.2 

    0  2.-4 

NLPARM 1  100    PFNT+ 

+10  50  UPWV YES 

  .01  .01 

  4 

The above nonlinear iterative control has been defined using SOL400 from 

Implicit nonlinear solution method in MSC Patran environment. 

4.6 Simulation of the deployable boom with flange modelled as 
a laminate 

 

Figure 24: The three layers of the flange laminate 

The three layers of the flange laminate can be seen in Figure 24. Adhesive 

layer is shown to be thicker only for illustration purposes. 

The length of the boom considered is 904mm. The centre of boom’s cross 

section at the fixed end is the origin and the length of the boom is along the z-

axis. In the current model, the flange lies in the xz-plane. At first, models with 

the Eigen imperfection, as shown in Figure 17, and also the three different 

imperfections, as shown in Figure 18, are analysed to find the best possible 

model which describes the practical booms. In these models, to save time taken 

for investigation, a 4mm resolution has been used for mesh size. A load of 

150N is applied on the flange at an in-plane angle of 5o, at a node slightly inside 

on the flange, to be specific, at the coordinates (33.5, 0, 900) mm, while the 

coordinates of the corner of the flange are (37, 0, 904) mm. This is done to 

Fabric Adhesive
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match the model as closely as possible to the experimental conditions (Figure 

38). The load is also at a small angle ~ 0.35o out of the plane of the flange. This 

has been done since this is expected in the original load case as well. The three 

different imperfections are defined as spatial FEM continuous vectors with the 

imperfection field as y-component, the x- and z-components being zero. The 

definition of the y-components of the imperfection fields can be seen in Table 3. 

For illustration of how the field looks like, the sine imperfection field applied to 

the boom flange is shown in Figure 25. The deformation is magnified to make it 

visible. 

Table 3: FEM continuous vector fields for the suggested imperfections 

 

 

Figure 25: Sine imperfection field applied to the flange of the boom 
(magnified version) 

Nastran’s nonlinear static solver SOL106 is called. A nonlinear iterative control 

is specified with 100 increments, 3 iterations per stiffness matrix update and a 

Imperfection type Field definition
Sine imperfection sind('Z/900*360)*('X-30)/7

Half-sine imperfection sind('Z/900*180)*('X-30)/7
Quarter-sine imperfection sind('Z/900*90)*('X-30)/7
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maximum of 40 iterations per increment. Large displacements option is turned 

ON. Output2 (OP2) format has been chosen for the Nastran output owing to the 

ease of loading results from OP2 file. Stresses, displacements, applied forces 

and reaction forces are requested in the output. The results are output for 

intermediate steps as well. Nastran analysis is run for The results of limit 

buckling loads are tabulated in Table 4 

Table 4: Limit buckling loads for the suggested imperfections 

 

In chapter 6, the results from Table 4 are compared with experimental results 

and a model will be chosen to generate a series of results with high resolution, 

for all the test cases. 

To a naked eye, on observation of the booms in laboratory, it appears that a 

sine wave describes the shape of practical imperfection better. However, one 

cannot be exact since identifying these minor imperfections is not easy. 

4.7 Solution using Implicit Nonlinear Method 

In all the previous analyses, ‘Nonlinear Static Method’ solution in MSC Patran 

Environment has been used. As a different approach, an attempt has also been 

made to use ‘Implicit Nonlinear Method’ solution sequence to provide a solution 

for the current buckling problem.  

A perfect model of the boom with flanges modelled as laminate is created 

without any imperfections. The length of the boom is 905mm. A 2mm mesh size 

is used. Two load cases have been defined. In both the load cases, the fixed 

end displacement boundary condition is defined. In the first load case, a small 

force of 0.5N is applied at the mid-length of the flange on the edge. The mid-

length on the flange is chosen with the idea of comparing the flange to a thin 

Imperfection type Limit Buckling Load (N)
Eigen imperfection 146.21
Sine imperfection 53.03

Half-sine imperfection 57.23
Quarter-sine imperfection 53.48
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plate under buckling. In the first Eigen mode, buckling occurs at mid-length of 

the plate. Hence, such a choice is made. The intention behind applying a small 

force in the first load case is to get a very small imperfection in the flange, by 

the time the second load case starts. This small imperfection would be sufficient 

to solve the bifurcation buckling problem. In the second load case, a load of 

150N is applied at 5o in the plane of the flange, at a node situated at the 

coordinates (33.5, 0, 900) mm, while the coordinates of the corner of the flange 

are (37, 0, 905) mm. 

 

Figure 26: A two load case approach using implicit nonlinear method. 

In the Analysis form, implicit nonlinear method is selected and the solver SOL 

400 is called by toggling the ‘SOL 400 Run’ ON and ticking ‘Shell Shear 

Correction’. OP2 is selected on the results output form. The two defined load 

cases are added in the same order in the list of sub cases selected. ‘Large 

Displacements/Large Strains’ option is selected on the sub case parameters 

form [19]. An adaptive load increment scheme with default parameters is 
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chosen for both the load cases. For both the load cases, a nonlinear iterative 

control is specified with a maximum of 30 iterations per increment, one iteration 

per stiffness matrix update, a maximum of 4 bisections and vector component 

method for convergence. Displacement, Load and Work Error are turned ON 

and set to 0.01. 

The force-displacement curve obtained using the above approach is shown in 

Figure 26. The value of the limit buckling load obtained is 40.89N. When the 

load reaches around 13N, there is a slight change of slope in the force-

displacement curve. This decrease in global stiffness of the boom is marked by 

formation of many small waves along the flange of the boom. The suitability of 

this method will be discussed when the simulation results are compared with 

experimental results. 
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5 Testing of the Deployable CFRP Booms 

5.1 Introduction 

In this chapter, the design of the testing rack, experimental set-up and the 

processed test results are discussed. The choice of components for the set-up 

is detailed. Calibration of sensors used in the tests is also described. 

5.2 Customised Design of a Bending Test Rack 

An experimental set-up is needed to be designed for testing the booms under 

different scenarios of the load case described in section 2.2. Experiments are 

needed to be done for booms under loading at angles of 5o, 15o and 30o. The 

load is applied in the plane of flanges at the corner of the free end. Also booms 

of different lengths around 900mm and 1800mm are tested. Two tests have 

been done for a boom of 1600mm length. The set-up has been designed to 

satisfy all of the requirements of the tests and include some additional flexibility 

for future tests. The designed set-up is shown in Figure 27. The boom is 

vertically fixed on a clamp. With the help of a pulley system, a force application 

system applies force at the corner of the free end. The system also comprises 

of a force sensor. It can slide on two rails fixed on the wall. This allows the user 

to position the pulley as per requirements. The displacement of the point of load 

application is observed with the help of an optical laser sensor, placed in a 

proper position, with the help of an adjustable stand. This set-up can be used to 

test booms of a maximum length of 2500mm and for angles between 1o and 

90o. Each of the parts of the experimental set-up is described below. All of the 

parts are carefully selected and the profiles used are cut according to the 

required dimensions. 
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Figure 27: Design of the bending test rack 

 
Figure 28: CAD design of the clamp 

Force Application System

Vertically 
Mounted 
Boom Pulley

~5-30 deg Rails

Clamp
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5.2.1 Clamp 

A customised clamp to fix one end of the boom already exists and has been 

utilized in the current tests. The boom’s cross section fits exactly in the clamp 

and the position of the boom can be fixed with the help of screws. With the help 

of a plumb line, it is made sure that the boom is aligned vertically. The boom is 

aligned vertically to negate the effects of gravity. CAD drawing of the clamp is 

shown in Figure 28. 

 

Figure 29: Force application system fitted with force sensor 

5.2.2 Force Application System 

The force application system is located on a long rod with helical ridges 

(threads) on it. The system is remote controlled and can be moved along the 

rod either ways. The speed of the movement can be adjusted by varying the 

supply voltage between 3V and 12V. For all of the current tests, to apply the 

load steadily and observe the buckling phenomenon as good as possible, the 

lowest voltage has been chosen to move the system. The force application 

system is shown in Figure 29. The top right corner of the boom is pulled at the 

desired angle using a rope that passes over a pulley onto the force sensor, 

which interfaces between the rope and the pulling system. Based on an 
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estimate from initial simulations, the force sensor KD40S 100N from ME-

Meβsysteme GmbH has been ordered and used for the current tests. It can 

measure forces up to 100N. For technical data of this sensor, please refer to 

datasheet in Appendix 7.2.3C.2C.2. 

5.2.3 Rails 

Profile 8 40x40 (Product No.: 0.0.026.03) and angle bracket 8 80x80 (Product 

No.:0.0.411.23) from Item GmbH are used to build and fix the rails into the wall. 

The profiles have been fixed to the wall from side, as shown in Figure 30, so 

that the force application system can slide freely on it. 

 

Figure 30: Rails fixed to the wall 

5.2.4 Optical Laser Sensor 

An optical laser sensor has been used to measure the displacements of the 

point of load application. The optical sensor LD 1605 – 100 from µε GmbH has 

been used for the current tests. This sensor can measure displacements of 

50mm, either side of reference distance 220mm. For technical data of this 

sensor, please refer to the datasheet in Appendix C.1. A special adjustable 

stand, as shown in Figure 31, has been built to hold the optical sensor at the 

desired height. Profile 5 20x20 (Product No.: 0.0.370.03) and angle bracket 5 

40x40 (Product No.: 0.0.425.05) from Item GmbH are used to build this stand. 
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Figure 31: Adjustable stand for optical sensor 

5.2.5 Pulley 

A good-quality pulley with bearings and with minimal friction has been used for 

transferring the load from pulling system to the tip of the boom. The load cannot 

be applied directly from the force sensor to the top corner of the boom, since 

the angle of application changes with each scenario. The force sensor required 

that the direction of force application is perpendicular to the sensor. Hence, a 

pulley is used to satisfy this requirement. 

5.2.6 Electronics 

The output of the optical sensor ranges is analog and varies between -10V and 

10V, which can be easily measured. However, the output of the force sensor is 

0.5 mV per 1V of input voltage. This value cannot be easily measured. Hence, 

an amplifier has been used to amplify the force sensor output to measurable 

range. The output of the amplifier varies between -10V and 10V. The data from 

the sensors are collected using LabJack U3-HV (High Voltage) data acquisition 

device. To interface between LabJack U3 and a computer, a LabView 

programme has been developed. The systematic representation of data 

acquisition is shown in Figure 32. 
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Figure 32: Flowchart for data acquisition 

5.3 Calibration of Sensors 

Although technical datasheet of the optical sensor has all of the required data 

for measurements, tests have been made to verify the proper functioning of the 

sensor and calibrate if necessary. Calibration curve for force sensor is not 

available in the datasheet and since we are using an amplifier to amplify the 

sensor’s output (which is in order of mV), it is desired to calibrate the force 

sensor. Care has been taken not to disturb the sensors once they are 

calibrated. 

5.3.1 Optical Laser Sensor 

The technical datasheet for the optical sensor is presented in Appendix C.1. A 

white screen has to be placed in front of the optical sensor so that enough 

intensity of light is reflected back to the sensor’s position sensitive element 

(PSD). Furthermore, the screen has to be placed perpendicular to the projected 
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laser. The sensor and a white screen are mounted on a horizontal rail as shown 

in Figure 33. 

 

Figure 33: Optical laser sensor calibration 

The optical sensor is calibrated in its measuring range. For various measured 

positions of the screen, the sensor output is measured using a multi-meter and 

the values recorded are shown in Table 5. 

Table 5 Calibration data for optical sensor 

 

Position of screen w.r.t. sensor (mm) Sensor output (V)
170 -9.96
180 -7.94
190 -5.95
200 -3.90
210 -1.96
220 0.02
230 2.02
240 4.00
250 6.06
260 8.06
270 10.07
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Figure 34: Optical sensor displacement-output relationship 

The measured values of displacement are plotted against sensor output voltage 

in Figure 34. It can be observed that the response of the sensor is linear, which 

is desired for its further use in experiments. On comparison against the 

technical datasheet, it appears that the optical sensor is working in good order. 

The technical datasheet can be considered more accurate (resolution of sensor 

is 30µm). Hence, the calibration curve from datasheet is used. 

5.3.2 Force Sensor 

The force sensor KD40S 100N works based on the principle of strain gauge. 

The sensor is fixed to the vertical rail and standard weights from DKD 

Calibration Company (M1 Serial No. G0913330) are used to calibrate the 

sensor output, as shown in Figure 35. A low voltage of 1V is input to the force 

sensor to avoid heating the resistors in the bridge circuit. 
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Figure 35: Force sensor calibration 

A value of 9.81 m/s2 is used for the acceleration due to gravity. Weight of the 

pan and intermediate parts is accounted for, whenever they are used. The 

effect on output voltage due to the sensor’s own weight is not taken into 

account. The weights are directly suspended from the sensor, when they are 

too big for the pan. 

Table 6 Calibration data for force sensor 

 

Total mass (g) Total weight (N) Sensor output voltage (V)
0.0 0.00000 0.012

15.7 0.15402 0.042
65.7 0.64452 0.112

115.7 1.13502 0.158
215.7 2.11602 0.285
315.7 3.09702 0.406
415.7 4.07802 0.523
515.7 5.05902 0.649
1002.2 9.83158 1.242
2002.2 19.64158 2.437
3002.3 29.45256 3.625
4002.3 39.26256 4.835
5002.5 49.07453 6.007
5518.3 54.13452 6.620
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Figure 36: Force sensor calibration curve 

The applied weights and measured sensor output are shown in Table 6. All the 

voltages measured from the force sensor, during the tests, are converted to 

absolute force values using the calibration curve shown in Figure 36. 
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5.4 Test Cases Implemented 

Table 7 Test cases 

 

Booms of various lengths are tested for load applied at angles 5o, 15o and 30o in 

the plane of the flange, at the top right corner of the boom. The test cases are 

listed in Table 7. In each test, failure in buckling occurs only in the flange where 

the force is applied. Hence, the boom can be re-used for another test by 

reversing the ends and switching the sides. In test case 4, the boom has a 

bonding defect prior to testing. A typical experimental set-up for testing the 

booms is shown in Figure 37. 

Test case No. Total length  (mm) Tested length (mm) Angle of load application (degrees)
1 949 900 5
2 900 866 5
3 955 900 5
4 950 900 5
5 965 900 15
6 965 900 15
7 955 900 15
8 895 850 30
9 895 850 30

10 1804 1750 5
11 1804 1750 5
12 1870 1800 15
13 1870 1800 15
14 1902 1800 30
15 1902 1800 30
16 1628 1581 5
17 1628 1581 90
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Figure 37: Experimental set-up for test case no.3 

 

Figure 38: Stiffened area below the point of load application 
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Figure 39: White screen fixed to the boom, for use with optical sensor 

A rope of 10kg strength is used to connect the top corner of the boom to the 

pulling system. The rope is connected to the boom by means of a small hole 

made in the boom’s flange. It has been observed that at high loads, the rope 

tears through the fibre, which is not desirable. To avoid this, the region just 

below the hole is strengthened by bonding a small piece of metal, using a 

cyano-acrylate adhesive SICOMET 77, from Henkel, as shown in Figure 38. 

The white screen for the optical sensor can be seen in Figure 39. The weight of 

the screen material is around 10 g and is not big enough to affect the strength 

measurements. This arrangement is done for each test. The experimental set-

up is adjusted to get the desired angle of load application. There is an inherent 

out of plane angle of around 0.4o between the force and the plane of flanges. 

This is true even in the real load case, as described in Section 2.1. All of the 

electronics and force application system are turned on before starting the 

testing for failure of the boom. Before every test, the load is increased and 

varied within failure limits and brought back to 0N again, to test the 

experimental set-up for hysteresis. Two typical hysteresis plots are shown in 

Figure 40 and Figure 41. In the main test, the load at the top corner of the boom 

is increased steadily till the boom fails in buckling and then the load is released 

slowly. It has to be clearly noted that the load is increased till the limit buckling 

load of the boom and then released from there. Once the boom fails in buckling, 

the boom is not pulled further. Such an attempt would collapse the boom 
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completely and observing this post-buckling behaviour is not part of the current 

objectives. 

 

Figure 40: Hysteresis analysis – testcase no. 6 

It can be clearly seen that the hysteresis in the experimental set-up is very low. 

This is especially true for the test cases where the limit buckling load is not high. 
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Figure 41: Hysteresis analysis - test case no.10 

Figure 41 shows hysteresis for a test case where the limit buckling load is high 

and the small hysteresis that exists can be attributed to the clamp and pulley. 

The clamp for the boom is observed to move slightly when the forces applied on 

the boom are reasonably high. This is due to a manufacturing defect in the 

clamp and care has been taken to minimize this unnecessary movement. 

Although the pulley has very good bearings, a small force of friction exists 

between the pulley and the rope passing over it. Hence, it is still possible to 

account for a small value of hysteresis. The main tests are performed and the 

results are shown in the following section. 

5.5 Results 

While numerous tests have been performed, it is considered enough to present 

two test cases of prominence. According to Section 2.1, the most critical 

situation is when the angle between the load and the flange of the boom is 
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small. Hence, we present here two results for two different lengths of boom, for 

load applied at 5o. All other results are only tabulated here and detailed 

processed results can also be found in Appendix B. The choice of test cases 

chosen to present here, is solely based on being able to clearly identify and 

explain certain important phenomena and observations. Pictures and videos 

have been recorded for almost all of the tests. Data have been recorded using 

LabJack and LabView. 

5.5.1 Angle of load application – 5o 

5.5.1.1 Test case no.10 

 

Figure 42: Variation of force and displacement with time – test case no.10 

The variation of force and displacement of the top corner of the boom, as force 

is increased and decreased, is shown in Figure 42.Note the events marked by 

A, C, D, E and F. The time between events C and D is utilized to make 

observations of the failure phenomena. At event A, the load is increased slowly 
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and steadily. The applied force and the displacement of the top corner of the 

boom increase proportionally. 

The important event of concern is C. At C, the applied load falls sharply from 

44.18N to around 15N. At the same point of time, a sharp rise in displacement 

is also observed. This indicates a failure in buckling in the flange of the boom, 

which could be confirmed during the test, by observation, as shown in Figure 

43. The value of 44.18N is the limit buckling load for this particular boom in this 

load scenario. 

  

a) Buckling deformation –side view         b) Buckling deformation – top view 

  

c) Fibre failure in curved cross section    d) Change in cross section of the boom 

Figure 43: Buckling failure of the boom – test case no.10 

Failure in buckling occurred around 1310mm from the clamped end. The large 

buckle formed is confined to the region between 1280-1370mm from the 
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clamped end. The failure in the flange is only in buckling and localized. The 

buckling deformation can be seen in Figure 43 a) and Figure 43 b). No failure of 

fibres is observed in the flanges. However, the fibres in the curved cross section 

of the boom are prone to break. One such broken fibre is highlighted in Figure 

43 c). In almost all of the tests, it is observed that few fibres in the curved cross 

section next to the buckled flange break. 

At event D, it is attempted to release the load on the boom by moving the 

pulling system in the opposite direction. However, we can see that the force 

increases and the displacement decreases. It can be explained by the fact that 

the buckling deformation decreases as it is attempted to release the load. The 

boom begins to restore its global stiffness slowly as the force is released and 

hence pulls the rope with a greater force, than before. 

At event E, a sharp rise in the force is observed, accompanied by a sharp drop 

in the displacement. At this point of time, the large buckle in the flange 

disappeared and the boom restores its global stiffness and almost comes back 

to its original cross section. After the event E, the displacement decreases 

proportionally with the force. At event F, the boom restores its initial position 

completely when the applied load reaches zero eventually. 

Another important thing to observe from Figure 42 is that the slope of the force-

displacement curve before event C occurs is 1.2592N/mm and after event E 

occurs is 1.1752N/mm. It can be clearly noted that the drop in the slope is very 

less. This value of slope can be taken as a measure of global stiffness of the 

boom. Hence, the boom restores its global stiffness by the end of the test. This 

is also confirmed in the tests carried out by Mr. Sickinger [20]. 

Another notable observation, during the test, is that as the applied load is 

changed, the cross section of the boom changes, as shown in Figure 43 d). 

This change in cross section is increasingly visible towards the free end of the 

boom. 
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The force displacement curve for test case No.10 is shown in Figure 44. The 

corresponding events in Figure 42 have been marked here to facilitate 

understanding. 

 

Figure 44: Force-displacement curve – test case no.10 
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5.5.1.2  Test case no.3 

 

Figure 45: Variation of force and displacement with time – test case no.3 

The variation of force and displacement of the top corner of the boom, as force 

is increased and decreased, is shown in Figure 45. A notable difference from 

the test case no.10 is that there is an additional event B occurring here. Around 

50 seconds into the test, at event B, a sudden drop in force is observed. This 

might be mistakenly understood for buckling of boom. However, it can also be 

observed that the displacement of the point of load application also drops 

proportionally and again starts increasing with the force proportionally between 

B and C. Hence, it is clear that the global stiffness of the boom is same before 

and just after the event B. From the physical observation of the experimental 

set-up, it could be concluded that the reason for event B, is a defect in the 

clamping mechanism, which allows the clamp to deflect or move the boom 

slightly rightwards. The effect of defect in the clamping mechanism has been 
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minimized for the remaining tests. Most of the other features are still the same 

as test case no.10 described earlier.  

The limit buckling load of this boom for this test case is 51.69N. Although the 

length of the boom is halved from test case 10 to test case 3, the rise in the limit 

buckling load is only around 6N. This indicates that the boom’s bending 

stiffness changes very little with length, for loads applied at small angles, like 5o. 

The slope of the force-displacement curve before event B occurs is 2.7387 

N/mm and after event E is 2.7834 N/mm. This again indicates that the boom is 

able to restore its global stiffness by the end of the test. 

The failure in buckling in this test case can be seen in Figure 46. Failure in 

buckling occurred around 730mm from the clamped end. The large buckle 

formed is confined to the region between 690-760mm from the clamped end. 

The failure in the flange is only in buckling and localized. 

The force-displacement curve for this test case is shown in Figure 47. The 

corresponding events in Figure 45 have been marked to facilitate 

understanding. 

 

Figure 46: Buckling failure of the boom – test case no.3 
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Figure 47: Force - displacement curve – test case no.3 
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5.5.2 Other results 

All the test results for the implemented test cases are presented in Table 8.  

Table 8 Limit buckling loads for the booms tested 

 

 

Figure 48: Buckling failure of a boom with bonding defect – test case no.4 

Note that test case 4 is performed on a boom with a pre-existing bonding 

defect. This has been done to demonstrate the effect of bonding defects on the 

limit buckling load of the boom. The length of the bonding defect is 15mm. In 

Test case No. Tested length (mm)
Angle of load application 

(degrees) Limit Buckling Load (N)
1 900 5 48.94
2 866 5 49.52
3 900 5 51.69
4 900 5 32.33
5 900 15 22.85
6 900 15 24.23
7 900 15 20.42
8 850 30 12.93
9 850 30 13.64

10 1750 5 44.18
11 1750 5 48.46
12 1800 15 15.30
13 1800 15 19.54
14 1800 30 15.01
15 1800 30 15.97
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this case, failure occurred at the site of bonding defect, as can be expected 

since the boom will be least stiff there. The buckling failure for test case no.4 is 

shown in Figure 48. It can be noted that even with a bonding defect the boom 

still satisfies all the required criteria for Gossamer-1. 

Table 9 Average limit buckling loads for the booms tested 

 

The average limit buckling loads for 900mm and 1800mm booms for different 

angles of load application are shown in Table 9. It can be noted that the 

average limit buckling load for a 1800mm long boom is more than the average 

limit buckling load for a 850mm long boom, which is not expected. The stiffness 

of the boom decreases as the length increases. The 1800mm long boom used 

for testing with load applied at 30o is manufactured recently, after making the 

manufacturing modification, as described in Section 3.4.1. Hence, this boom is 

of better quality and has fewer imperfections. The 850mm long boom tested 

with load applied at 30o is manufactured much earlier and has many 

imperfections. Therefore, in the current tests, the limit buckling load for the 

1800mm boom is higher than that of a smaller boom, when the load is applied 

at 15o. 

  

Tested length (mm)
Angle of load application 

(degrees)
Average Limit Buckling 

Load (N)
900 5 50.05
900 15 22.50
850 30 13.29
1750 5 46.32
1800 15 17.42
1800 30 15.49
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5.6 Conclusion 

All the tests have been performed and the collected data from the sensors are 

processed to obtain useful information about limit buckling loads for each test 

case and also to observe various events occurring during the test, which give us 

an insight into the behaviour of the boom under loads during deployment of sail.  

As the applied load is increased, the boom deflects proportionally until it 

reaches its limit buckling load. At this point, a sharp drop in force and a sharp 

rise in displacement are observed, which can be attributed to the reduced global 

stiffness of the boom. From this point, when an attempt to release the load is 

made, the boom starts to regain its global stiffness and pulls the rope with a 

greater force. After few moments, a sharp rise in force and a sharp drop in 

displacement are observed. By experimental observation, it is found that this is 

the point when the large buckle on the flange disappears and the boom restores 

its cross section and global stiffness. From this point onwards, the force and 

displacement again decrease proportionally. 

We can safely conclude that the booms satisfy all of the requirements for use in 

GOS-1. In the next chapter, the experimental results are compared with the 

simulation results obtained from Nastran/Patran. 
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6 Simulation Results and Comparison with Test 
Results 

6.1 Choice of the FE model 

From Table 9, the limit buckling load of a 900mm long boom, with load applied 

at an in-plane angle of 5o to the flange, is 50.05N. From Table 4, it can be 

observed that the model with a sine wave shaped imperfection has given the 

nearest results to the experimental value of limit buckling load. Also, on 

practical observation, the structure of the boom matches a sine wave shaped 

imperfection. As a result of both of the arguments, a sine imperfection has been 

chosen for final simulation results. 

Now, FE results using a high resolution mesh are generated for all of the six 

load cases as described in Table 9. 

6.2 Simulation Results 

FE results using models created with 2mm mesh resolution have been 

produced. Nastran’s nonlinear static solver SOL106 is called to solve the 

nonlinear buckling problem. A nonlinear iterative control is specified with 100 

increments, 3 iterations per stiffness matrix update and a maximum of 40 

iterations per increment. Large displacements option is turned ON. Output2 

(OP2) format has been chosen for the Nastran output owing to the ease of 

loading results from OP2 file. Stresses, displacements, applied forces and 

reaction forces are requested in the output. The results are output for 

intermediate steps as well. While the simulation results have been generated for 

all of the possible load cases, as detailed in Table 10, it is considered enough to 

present few results here for comparison purposes. The other results are 

tabulated in the next section and can also be found in Appendix A. It is chosen 

to compare simulation results for the load cases no.1, no.4 and no.5 here. 
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Table 10: The six different load cases for simulation 

 

6.2.1 Load case no.1 

The curved sections of the boom are modelled as composite shells and the 

flange of the boom is modelled as a laminate, as described in Section 4.6. The 

length of the boom considered is 906mm. The centre of boom’s cross section at 

the fixed end is the origin and the length of the boom is along the z-axis. In the 

current model, the flange lies in the xz-plane. A load of 150N is applied at 5o in 

the plane of the flange, at a node slightly inside on the flange, to be specific, at 

the coordinates (33.5, 0, 900) mm, while the coordinates of the corner of the 

flange are (37, 0, 906) mm. This is done to match the model as closely as 

possible to the experimental conditions (Figure 38). The load is also at a small 

angle ~ 0.35o out of the plane of the flange. A sine wave imperfection as defined 

in Table 3 is applied to the flange of the boom. 

Load case no. Tested length (mm)
Angle of load 

application (degrees)
1 900 5
2 900 15
3 850 30
4 1750 5
5 1800 15
6 1800 30
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Figure 49: Force-displacement curve – load case no.1 

The force-displacement curve from the FE results is shown in Figure 49. The 

value of the limit buckling load is observed to be 50.48N.  

The stress distribution in the z-direction (along the flange) at the limit buckling 

load is shown as model fringe result in Figure 50. It indicates that many waves 

are formed along the flange of the boom before buckling failure occurs. 

From Figure 49, it can also be noted that at around 13N of applied load, the 

slope of the force-displacement curve reduces slightly. This slight decrease in 

the global stiffness of the boom is marked by the formation of many waves 

along the flange of the boom. In experiment, the formation of a number of 

waves along the flange, as the load is being increased, is shown in Figure 51. 

The global stiffness of the boom is slightly reduced after this and hence, the 

change in the slope of the curve. 
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Figure 50: Distribution of z-component of stress – load case no.1 

 

Figure 51: Formation of waves along the flange as load is increased 
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6.2.2 Load case no.4 

All the details of the FE model for this load case are same as load case 1, 

except that the length of the boom is 1756mm and the load is applied at 5o in 

the plane of the flange, at a node slightly inside on the flange at the coordinates 

(33.5, 0, 1750) mm, while the coordinates of the corner of the flange are (37, 0, 

1756) mm. Again, the load has a small angle ~0.35o out-of-plane with respect to 

the plane of the flange. 

The force-displacement curve from the FE results is shown in Figure 52. The 

value of the limit buckling load is 35.39N. From Figure 52, it can also be noted 

that around 13N of applied load, the slope of the force-displacement curve 

reduces slightly. As described before, this marks the beginning of formation of 

many waves along the flange of the boom. The global stiffness of the boom is 

slightly reduced after this and hence, the change in the slope of the curve. 

The maximum failure indices (F.I.) using Hoffman’s failure theory are used to 

calculate the Margin of Safety (MoS) factors for load case no.1 and load case 

no.4, as shown in Table 11. It can be noted that the healthy values of margins 

of safety are very promising to rely on the performance of the chosen composite 

material for the present application. It also confirms that the cause of failure is 

buckling, rather than material. In all other load cases, the critical buckling load is 

lower and hence, the failure indices will be very small. 

Table 11: Margins of Safety for load cases no.1 and no.4 

 

Layer of Flange F.I. MoS = (1/F.I.)-1 F.I. MoS = (1/F.I.)-1
Top 4.79E-02 19.88 1.22E-02 80.97

Middle 1.82E-01 4.49 5.14E-02 18.46
Bottom 4.80E-02 19.83 1.34E-02 73.63

Load case no.1 Load case no.4
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Figure 52: Force-displacement curve – load case no.4 

The distribution of z-component of stress at the limit buckling load is shown as 

model fringe result in Figure 53. It can be observed that the pattern of formation 

of waves before failure in buckling occurs is similar to that of 900mm long 

boom. However, on the flange of a 1750mm boom, there is more than twice the 

number of waves formed on the flange of 900mm boom. The regions of highest 

stress concentrations are located on the flange near the clamped end and near 

the point of load application. 
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Figure 53: Distribution of z-component of stress – load case no.4 

6.2.3 Load case no.5 

All the details of the FE model for this load case are same as load case no.4, 

except that the load is applied at 15o in the plane of the flange, at a node slightly 

inside on the flange at the coordinates (33.5, 0, 1800) mm, while the 

coordinates of the corner of the flange are (37, 0, 1806) mm. Again, the load 

has a small angle 0.35o out-of-plane with respect to the plane of the flange. 

The force-displacement curve from the FE results is shown in Figure 54. The 

value of the limit buckling load is 14.95N. 
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Figure 54: Force-displacement curve – load case no.5 

 

 

Figure 55: Distribution of z-component of stress – load case no.5 
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The distribution of z-component of stress at the limit buckling load is shown as 

model fringe result in Figure 55. It can be observed that the pattern of formation 

of waves before failure in buckling occurs is similar to that of load case no.4. 

6.3 Comparison between simulation and test results 

In almost all of the simulations, the last load step in the results is the 

representation of the condition of the boom just before failure in buckling 

occurs. Nastran is not able to obtain convergence just after buckling occurs. 

However, for one low resolution model of a 900mm boom, where two small sine 

wave imperfections of wavelength 100mm are applied at 275mm and 700mm 

from the clamped end, Nastran was able to capture the buckling failure 

deformation. The wavelength of these imperfections is chosen based on the 

wavelength of the waves developed on the flange of the boom as a load is 

applied. It has been observed that for a 900mm boom, when a load of 32N is 

applied at an angle 5o, 5 waves were observed on the flange within 500mm 

from the clamped end. 

In most of the tests for 1m boom, failure occurred around 275mm and 700mm. 

Hence, identifying these regions as potential regions for the presence of 

imperfections, the above mentioned imperfections are applied here. However, 

this is an experiment-based approach and it is desired to have a ‘general’ 

representative FE model which can estimate the limit buckling load. 

Nevertheless, the results for a 900mm boom with two small sine wave 

imperfections at 275mm and 700mm, under a load applied at 5o in-plane to the 

flange, are presented here for illustration purpose. The distribution of z-

component of stress in the load step just before the failure in buckling occurs is 

shown in Figure 56. It can be observed that, at this load, a large number of 

waves are formed in the flange of the boom. The bending forces in the waves 

due to the applied compressive and shear force, have reached large values. 

Consequently, this leads to failure in buckling.  
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Figure 56: One load step before failure in buckling occurs 

 

Figure 57: The load step showing failure in buckling 
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The distribution of z-component of stress in the load step in which the failure in 

buckling occurs is shown in Figure 57. It can be seen that the small waves 

along the flange have disappeared and few large buckles have formed in the 

region between 500mm and 750mm from the clamped end. However, this 

doesn’t match with the shape of buckle formed in failure of the flange, shown in 

Figure 46, which represents test case no.3. The shape and position of the 

buckle formed in the failure, greatly depends on the imperfections present in the 

boom. One difference between the experiment and the simulation is that in 

experiment, it is not attempted to collapse the boom after the boom starts to 

buckle, while Nastran attempts to increase the load even after buckling starts, 

which might lead to collapsing of the boom. However, it is very difficult to 

simulate the shape of the buckle especially when the nature of imperfection 

greatly affects the shape of the buckle. 

So, in order to draw a comparison between the experimental tests and 

simulations, attention has been given to other existing possibilities. One value 

we can compare is the limit buckling load or the critical load at which buckling 

occurs. This comparison is shown in Table 12. 

Table 12: Comparison of limit buckling loads in tests and simulations 

 

The FE result for the boom of length 900mm and load applied at 15o, is based 

on the outcome of a low resolution model. A high resolution model could not be 

run because of time constraints. It can be observed from Table 12 that there is 

very good match (max. Error = 7.2%) between the practical tests and FE 

simulations for the shorter booms. Any small differences can be attributed to the 

Tested length (mm)
Angle of load 

application (degrees) Practical testing FE model
Absolute 
Error %

900 5 50.05 50.48 0.86
900 15 22.50 24.14 7.29
850 30 13.29 12.42 6.55

1750 5 46.32 35.39 23.60
1800 15 17.42 14.95 14.18
1800 30 15.49 11.16 27.95

Average Limit Buckling 
Load (N)
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fact that estimates have been used for the material properties. A plot showing 

the variation of limit buckling load with angle for shorter booms is shown in 

Figure 58. It can be clearly observed that as the angle of application of load 

increases, the limit buckling load decreases, which can be expected, since the 

moment acting in the flange of the boom increases with an increase in the in-

plane angle. Hence, for the same moment of force, lower forces act at higher 

load angles. 

 

Figure 58: Variation of limit buckling load with angle - 900mm long boom 

It can be observed from Table 12 that the match between the practical tests and 

FE simulations for the longer booms is not great; nevertheless the simulations 

return a reasonably good estimate. The differences between the simulation 

results and the practical test results can be attributed to the fact that the nature 

of imperfections gets complex as the length of the boom increases. It gets 

tougher to predict a general shape of imperfection for the longer booms. It is 

also compounded by the fact that exact material properties are unknown. 
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However, the simulations can be still used to provide an estimate for the limit 

buckling loads. 

 

Figure 59: Variation of limit buckling load with angle - 1800mm long boom 

A plot showing the variation of limit buckling load with angle for longer booms is 

shown in Figure 59. Again, it can be clearly observed that as the angle of 

application of load increases, the limit buckling load decreases as expected. 

Also from Table 12, it can be observed that the limit buckling load decreases as 

the length of the boom increases. 

To provide another measure of comparison, the number of waves that form in a 

specific length of the flange for a particular applied load is recorded in the 

experiments. This particular load is the highest value of applied force in the 

respective hysteresis measurements for each test case. Generally number of 

waves formed in 500mm from clamped end, for 900mm booms and in 1000mm 

from clamped end, for 1800mm booms is considered. These values are 

tabulated in  

 



88 

Table 13. 

 

 

Table 13: Comparison of number of waves formed on the flange in tests 
and simulations 

 

From  

 

Table 13, it can be observed that the number of wave deformations on the 

boom at a specific load is reasonably comparable in practical testing and 

simulations. This verifies that the simulation represents the practical 

experiments to a very good extent. 

  

Tested length (mm)
Angle of load 

application (degrees)
Length of the flange 

from clamped end (mm) Practical testing FE model
900 5 500 5 7
900 15 500 9 8
850 30 500 7 9
1750 5 1000 16 16
1800 15 1000 16 16
1800 30 1000 17 16

Number of waves formed 
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6.4 Conclusion 

In this chapter, the choice of the FE model from the different models described 

in Chapter 4 is done. High resolution simulation results are produced and three 

load cases are presented as described in Section 6.2. 

Then, comparisons are made between the experimental and simulation results 

and the differences are discussed. At first, the values of limit buckling loads are 

compared. It has been noted that the match between the two types of results is 

very good for shorter booms, while the simulations provide a useful estimate of 

limit buckling loads for the longer booms. Also the number of wave 

deformations formed on the flange of the boom at a given particular load is 

compared. 

It is noted that the limit buckling load for a boom decreases as the angle of 

application of load increases. At the same time, the limit buckling load also 

decreases as the length of the boom increases. 

As a whole, it can be concluded that the FE model is a reasonable 

representation of the nonlinear buckling load case encountered during the 

deployment of the solar sail using the booms. The model can be safely used to 

predict an estimate for the limit buckling loads. 
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7 Conclusions and Future Work 

7.1 Conclusions 

After an introduction to the novel concept of the DLR deployable booms in 

Chapter 1, the objectives of the present work are detailed in Chapter 2.  

The manufacturing process of the deployable booms is discussed in Chapter 3. 

Various features responsible to reduce the quality of the booms have been 

identified and a couple of modifications have been suggested and implemented 

to improve the quality of the booms. It is described how the modifications were 

successful to improve the quality of the booms. 

The various aspects that need to be taken into account to create a 

representative FE model are discussed in Chapter 4. At first, the basic features 

of the FE model are detailed. It has been identified that modelling the nature of 

imperfections in the flanges of the booms, is critical to the behaviour of the FE 

model. Various imperfection models have been investigated to predict an 

accurate limit buckling load. Prior to that, an investigation to check the 

occurrence of de-lamination is made and it is found that de-lamination is not an 

issue in the present load case. Also, a solution approach using ‘implicit 

nonlinear method’ solution in MSC Patran is also described. 

In Chapter 5, the details of the experimental set-up are detailed and discussed. 

The customised design of the bending test rack is elaborated. The bending 

tests have been performed and the results for two critical cases are presented 

in the report. 

In Chapter 6, a suitable imperfection model has been chosen for the final 

simulations. The simulation results for few load cases have been presented and 

discussed. After that, comparisons have been made between the practical test 

results and simulation results. Limit buckling loads and the number of waves 

formed in the flanges of the booms at a particular load are compared. The 

differences in the results from tests and simulations are reasoned and the 
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suitability of the FE model to predict limit buckling loads for the booms is 

described. It has been concluded that the FE model can provide very good 

estimates for the limit buckling loads of the booms. It is especially effective 

when the length of the boom is small. Nevertheless, it can be used to predict a 

safe estimate for the longer booms, as well. 

Thus, it can be safely concluded that all the objectives listed in Section 2.3, 

have been achieved, producing useful results and conclusions on the behaviour 

of the booms under bending due to different loads that can be experienced by 

the booms in the plane of flanges. 

Also, it can be concluded that the booms easily satisfy all the loading 

requirements for GOS-1, as described in Section 2.2. This can be inferred from 

both the practical test results and the simulation results. 

In the next section, some recommendations for future work have been made. 

7.2 Recommendation for Future Work 

The recommendations for future work can be divided into three categories; 

manufacturing process, practical tests and FE model. 

7.2.1 Manufacturing process of the Deployable CFRP Booms 

One of the main reasons for imperfections in the booms is the difference in 

CTEs of the fabric material and the aluminum tool. It is recommended to 

overcome this problem by using a new tool, made of either invar or 

graphite/epoxy. Invar is quite desirable because its hardness is similar to that of 

steel and greater than that of aluminum and its CTE is below both aluminum 

and steel [4]. Graphite/epoxy tools are also increasingly becoming popular 

because, in addition to overcoming the problem of CTE mismatch, the 

graphite/epoxy tool is very light and responds rapidly to heating profiles [4].  

Another possible modification to the manufacturing process that can be 

attempted is to remove the boom half shells from the tool, after the curing 
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process, while they are still hot. The shear forces between the tool and the half 

shells as they contract can be avoided if the half shells are allowed to cool down 

separately to room temperature without any inhibitions. 

A standard procedure has to be developed for the bonding of two half shells. 

The existing procedure, while it works, is not perfect. It is also important to apply 

the adhesive uniformly to bond the half shells. The existing process doesn’t 

ensure uniform application of the adhesive. A new process should be tried to 

make sure that the adhesive is applied uniformly. 

7.2.2 Practical Tests 

There is room for improvements to be made to the experimental set-up. 

Although the defect in the clamping mechanism is fixed during the experiments, 

it is not permanent. Hence, the defect needs to be covered up with 

reinforcements to make a permanent fix. 

For each load case, several tests have been made. The values shown in Table 

9 are average limit buckling loads and it can be observed from Table 8 that 

there is a significant variation for different tests even within the same load case. 

Hence, it is suggested to carry out more number of tests to cover all possible 

variations and establish a better and more stable mean-value for the limit 

buckling loads. 

In the tests carried out in the present work, it is not attempted to completely 

collapse a boom, after the boom reaches the limit buckling load, the load is 

released. For future tests, it might be interesting to try and increase the load 

further resulting in further damage to the boom and then release the load to 

bring the boom back to its original shape. A second test can then be carried out 

to check if there is a considerable loss in the strength or stiffness of the boom. 

The tests carried out in the present work are static. Although the original load 

case is nearly static, there is certain amount of dynamic nature involved. Hence, 

it might be a good idea to test the booms in the laboratory while they are 

deployed using the tip deployment mechanism. 
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The present test set-up is a good representation of the original load case. 

However, in the original load case, two booms are simultaneously deployed 

using a common central interface. It is desirable to carry out tests in future using 

the interface system between the two booms. 

7.2.3 FE Model 

One important investigation that can be done is to model more different shapes 

of imperfections, to find a better representation of the real booms. The most 

important shapes of imperfections have been analysed in the present work. 

However, some more possibilities exist. For example, in few cases, the planes 

of the two flanges of the boom, have a small angle between them. This twist 

can be modelled using an appropriate field in MSC Patran. Also all the 

imperfections considered in the present work are applied to the flange where 

the load is applied, since this is the most critical region. It might be a good idea 

to model imperfections for the whole boom, such as, giving a small curvature 

not just to the flange, but to the whole boom. 

As a different approach, the 3D scans of the booms can be used to create 

surfaces in .iges or .stl(ASCII) format and can be imported into MSC Patran 

Environment. Using these practical surfaces to solve the non-linear buckling 

problem might be well-worth giving an effort and it will be interesting to see 

whether the results match the experimental test results. 

The present FE model represents a non-linear static model of the practical load 

case. However, the original load case of deployment, as described in Section 

2.1, is slightly dynamic and hence, this model could be modified or extended to 

include some dynamic analysis. 
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APPENDICES 

Appendix A Results from Simulations 

The FE results of force-displacement curves for load cases no.2, no.3 and no.6, 

as described in Table 10 are presented here. 

A.1 Load case no.2 

 

Figure A-1: Force-displacement curve – load case no.2 
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A.2 Load case no.3 

 

Figure A-2: Force-displacement curve –load case no.3 

A.3 Load case no.6 

 

Figure A-3: Force-displacement curve – load case no.3 
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Appendix B Results from Experiments 

In test case no.2, the output from the optical sensor was disturbed. An error in 

the experimental set-up allowed the screen for optical sensor to fall out of place. 

However, the more important output from force sensor is still correct. 

In some tests, two or more sudden drops in force can be observed, like in 

Figure B-6 of test case No.4. This is because it was attempted to increase the 

force slightly more after the failure in buckling occurs. This is resulted in 

additional deformation due to further buckling. 
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B.1 Test case no.1 

 

Figure B-1: Variation of force and displacement with time - test case no.1 

 

Figure B-2: Force-displacement curve - test case no.1 
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B.2 Test case no.2 

 

Figure B-3 Variation of force and displacement with time - test case no.2 

 

Figure B-4: Force-displacement curve - test case no.2 



101 

B.3 Test case no.4 

 

Figure B-5: Variation of force and displacement with time - test case no.4 

 

Figure B-6: Force-displacement curve - test case no.4 
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B.4 Test case no.5 

 

Figure B-7: Variation of force and displacement with time - test case no.5 

 

Figure B-8: Force-displacement curve - test case no.5 
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B.5 Test case no.6 

 

Figure B-9: Variation of force and displacement with time - test case no.6 

 

Figure B-10: Force-displacement curve - test case no.6 
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B.6 Test case no.7 

 

Figure B-11: Variation of force and displacement with time - test case no.7 

 

Figure B-12: Force-displacement curve - test case no.7 
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B.7 Test Case no.8 

 

Figure B-13: Variation of force and displacement with time - test case no.8 

 

Figure B-14: Force-displacement curve - test case no.8 
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B.8 Test case no.9 

 

Figure B-15: Variation of force and displacement with time - test case no.9 

 

Figure B-16: Force-displacement curve - test case no.9 
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B.9 Test case no.11 

 

Figure B-17: Variation of force & displacement with time - test case no.11 

 

Figure B-18: Force-displacement curve - test case no.11 
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B.10 Test case no.12 

 

Figure B-19: Variation of force & displacement with time - test case no.12 

 

Figure B-20: Force-displacement curve - test case no.12 
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B.11 Test case no.13 

 

Figure B-21: Variation of force & displacement with time - test case no.13 

 

Figure B-22: Force-displacement curve - test case no.13 
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B.12 Test case no.14 

 

Figure B-23: Variation of force & displacement with time - test case no.14 

 

Figure B-24: Force-displacement curve - test case no.14 
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B.13 Test case no.15 

 

Figure B-25: Variation of force & displacement with time - test case no.15 

 

Figure B-26: Force-displacement curve - test case no.15 
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Appendix C Technical Datasheets 

C.1 Optical laser sensor 

 

Figure C-1: Optical laser sensor datasheet [21] 



113 

C.2 Force sensor 

 

Figure C-2: Force sensor technical datasheet [22] 
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C.3 Adhesive 

 

Figure C-3: Adhesive material datasheet [7] 
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