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Cross-section Extended State: 

Tape Spring
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Collapsible Tubular Mast (CTM)

Coiled State

Parabolic

Circular

Background and Objectives

• Analytically model bistable configurations of thin-shelled composite booms with parabolic cross-sections

• Compare stiffness properties and stable coiled geometry between parabolic and circular booms

• Verify optimal design cases with finite element analysis (FEA) 
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Inextensional Model 
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Specify parabolic shape with 

2 independent parameters  

Yields 𝑛 circular arcs approximating 

parabola within a specified error tolerance 

Tape spring (TS) CTM boom

Sum non-dimensionalized strain energy per unit length of all segments and minimize to obtain equilibrium states
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Material Properties and Layups

[45PWC/0C/45PWC]

[45PWC/0C][45PWC/0C]

[45PWC/90C]

[45PWC/45PWC][45PWC/45PWC]

Flattened height ℎ = 130 mm

Web width 𝑤 = 4.5 mm

𝑦

𝑧

Outer 

Shell 
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Shell

[45PWC/0C/45PWC]

𝑦
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Flattened height ℎ is the parabola length 𝐿𝑝

Material properties of thin-ply composites and adhesive



Tape Spring Comparison and Optimal Design
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Polar contour plot of ෡𝑈 መ𝐶, 𝜃

Optimal design cross-section

ℎ = 92 𝑚𝑚
𝑧𝑝 = 33.44 𝑚𝑚

𝑦𝑝 = 28.5 𝑚𝑚

𝐼𝑦𝑦 = 1534 𝑚𝑚4

𝐼𝑧𝑧 = 4926 𝑚𝑚4

𝐽 = 0.117 𝑚𝑚4

∅ = 99. 11 𝑚𝑚

Parabolic tape spring has superior stiffness properties (𝐼𝑦𝑦) for larger ℎ, but 

less favorable packaged volume (∅) when compared to circular tape spring 



CTM Boom Comparison and Optimal Design
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Coiled

Extended

Stable

Unstable

Polar contour plot of ෡𝑈 መ𝐶, 𝜃

Optimal design cross-section

𝐼𝑦𝑦 = 18884 𝑚𝑚4

𝐼𝑧𝑧 = 19692 𝑚𝑚4

𝐽 = 24015 𝑚𝑚4

∅ = 153.38 𝑚𝑚

Parabola identical 

to tape spring

Parabolic CTM has superior stiffness properties (𝐼𝑦𝑦) and packaged volume (∅) 

for larger 𝐿𝑝, 𝐿 and vice versa for smaller 𝐿𝑝, 𝐿 when compared to circular CTM 

Optimal 

design



Boom length = 800 mm

Hub diameter = 140 mm

Quasi-static FEA of Boom Coiling in Abaqus/Standard

6

A

D

C

Boom

20 N

100 kPa

A

B

Hub

Stable extended state

Coiling around hub

Release after coiling

Stable coiled state

Rotate

𝑦

𝑥

𝑧

C,D

100 kPa

Flatten against hub

A

20 N

Boom

Hub

Rotate

𝑦

𝑥
𝑧

A

D

C

B
R2

R1

T1

T2

20 N

20 N

10 N

30 N

30 N

10 N

30 N

30 N

C,D

A

T1

T2

A

T1

T2

Stable extended state

Coiling around hub

Release after coiling

Stable coiled state

Flatten against hub

100 kPa

Parabolic Tape Spring Parabolic CTM Boom

Boom length = 500 mm

Hub diameter = 60 mm



FEA Results and Analytical Predictions

7

Parabolic tape spring Parabolic CTM boom FEA: Final stable coiled profiles

Model Tape Spring ∅ (mm) Tape Spring 𝑈 (J) CTM ∅ (mm) CTM 𝑈 (J)

Analytical 99.11 0.278 153.38 1.252

FEA 98.42 0.272 144.87 1.288

Percent Error 0.70% 2.16% 5.55% 2.88%



Conclusions

• Analytical approach developed to model stable coiled configuration of deployable 

composite booms with parabolic cross-sections

• Discretized parabolic section into circular segments with biarc spline interpolation

• Summed and minimized strain energy of every discretized segment to obtain equilibrium states

• Implemented for both parabolic tape spring and CTM booms

• Parabolic booms generally found to have better stiffness performance at the cost 

of larger coiled diameter when compared to circular booms

• This difference is more minor for the CTM than for the tape spring

• Finite element analysis of optimal parabolic tape spring and CTM booms verify 

analytical predictions of the stable diameter and strain energy of the coiled state

• Future work will compare these predictions with experimental measurements from 

manufactured parabolic booms at NASA LaRC
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