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1. BACKGROUND AND MOTIVATION

CONCEPT
DEPLOYABLE STRUCTURES
Structures capable of transitioning between, at least, two
configurations, adapting their shape and function to
different demands.
APPLICATION IN THE SPACE INDUSTRY
Deployable structures allow a more efficient use of the
capability of the launchers, regarding both maximum size
and mass of the payload.
SELF-DEPLOYABLE STRUCTURES

Structure capable of deploying without an actuation
mechanism. Ex: capable of deploying by releasing the
stored strain energy resulting from the retraction (folding)
process.
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1. BACKGROUND AND MOTIVATION

CONCEPT
DEVELOPMENT OF DEPLOYABLE DESIGNS
The concept of the elastic hinge has marked the use of self-deployable systems in space applications
for its use in the monopole and dipole antennas of MARSIS (Mars Advanced Radar for Surface and
Ionosphere Sounding).

Elastic hinge in a deployed, partially contracted and fully contracted
configuration (Mallikarachchi and Pellegrino, 2009).
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1. BACKGROUND AND MOTIVATION

CONCEPT
DEVELOPMENT OF DEPLOYABLE DESIGNS
The concept of the elastic hinge has marked the use of self-deployable systems in space applications
for its use in the monopole and dipole antennas of MARSIS (Mars Advanced Radar for Surface and
Ionosphere Sounding).

Representation of MARSIS (adapted from N. Grumman, 2007) and photograph of its elastic
hinges during stowage (Marks et al. 2002).
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1. BACKGROUND AND MOTIVATION

REFERENCE CASE STUDY
COMETH – ANTENNA DEPLOYMENT ARM WITH INTEGRATED ELASTIC HINGES (ARTES AT REF.5B.163)
Objective: replace a mechanical deployable antenna arm of a telecommunication satellite, with a
composite elastic hinge solution.

M

𝑁𝑓 =

𝑘
𝑚

Requirements:
- The design should not initiate damage during operation (Max. IF < 1,0);
- The first natural frequency of vibration should be larger than 1.0 Hz.
This frequency requirement is 100 times larger than the natural frequency of state-of-the-art deployable
elastic hinge solutions and 20 times larger than the natural frequency of the monopole and dipole
antennas of MARSIS (Mallikarachchi and Pellegrino, 2009; Marks et al. 2002).
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2.

DESIGN AND DEPLOYMENT OF A
SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE
▪
▪
▪
▪

2.1 Research fundamentals
2.2 Optimization process
2.3 Results
2.4 Summary

Unless stated otherwise, the contents presented in this chapter are referenced from:
- P. Fernandes et al., (2020) Design and optimization of a self-deployable composite structure.
In MAT-COMP’19 - Composites for Industry 4.0, Vigo, Spain, 2020. ISSN: 2531-0739
- P. Fernandes et al., (2021) Influence of relaxation on the deployment behaviour of a CFRP composite elastichinge. Composite Structures, 259, 113217. doi.org/10.1016/j.compstruct.2020.113217.
This results reported in this reference related to the material relaxation can be reproduced through the data
available in the following Mendeley Dataset:
- https://data.mendeley.com/datasets/wsfncdwt4t
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

RESEARCH FUNDAMENTALS
MATERIAL CHARACTERIZATION

MATERIAL RELAXATION

An experimental campaign was performed,
according
to
ASTM
standards,
to
characterize the mechanical properties of
the composite system AS4/8552.

Based on the relaxation curves of AS4/8552
composite specimens, measured at three
different temperatures, and on the timetemperature superposition principle (TTS), we
can determine the stiffness decay over time.

Elastic and strength properties determined for the
AS4/8552 composite system.

Relaxation master-curves of the Young’s modulus and shear
modulus of AS4/8552.
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

RESEARCH FUNDAMENTALS
NUMERICAL MODELLING

The numerical models were implemented using
the same procedure described in the literature,
using:
-

Dynamic analysis;
Shell elements with reduced integration;
Applying boundary conditions to recreate the
folding of the elastic-hinge;

Two-stage analysis:
-

Evaluation of the structural integrity during
folding;
Release the boundary conditions to evaluate
the deployment behavior .

Folding sequence of one elastic hinge in the numerical model
(Mallikarachchi, 2011).
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

RESEARCH FUNDAMENTALS
EXPERIMENTAL VALIDATION OF THE NUMERICAL MODELS

The experimental and numerical data were compared, indicating a good agreement between both.

Example of a setup used to measure the torque-angle curve of an
elastic hinge (based on the design proposed by Mallikarachchi and
Pellegrino, 2008).

Correlation between the experimental and numerical test
results.
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

RESEARCH FUNDAMENTALS
EXPERIMENTAL VALIDATION OF THE NUMERICAL MODELS

Comparison between the numerical model and a set of snapshots of a
typical deployment test.
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

OPTIMIZATION PROCESS
DESIGN VARIABLES
The design of the elastic hinge was defined as a function of nine variables, namely:
-

The number of plies of the composite lay-up;
The ply angle;
The internal radius of the tube (𝑅𝑖 );
The radius of two circles on the ends of the slot (𝑅1 , 𝑅2 );
Two lines connecting both circles (𝑅1𝑟 , 𝑅2𝑟 );
The length of the slot (𝑆𝐿 );
The vertical displacement of the slot (𝑆𝐷 ).

Examples of design archetypes obtained
with the design variables used.

Design variables considered in the optimization process.
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2. DESIGN AND DEPLOYMENT OF A SELF-DEPLOYABLE COMPOSITE ELASTIC HINGE

RESULTS
The optimization process did not find a suitable solution. However, it was possible to observe a pattern in the
solutions found:
•
•
•
•

The algorithm preferred solutions with larger internal radius (up to 200 mm).
Smaller slot widths were preferred (leading to less material removal).
The best solutions found share four stress concentration points.
Large slot radius were preferred (removing material near the stress concentration points).

Stress concentration points observed.
Indexes of failure of the best
solution found, with a first natural
frequency of 1.22 Hz.
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3.

LITERATURE REVIEW - REVISITED
▪ 3.1 Research paths
▪ 3.2 Summary

Unless stated otherwise, the contents presented in this chapter are referenced from:
- P. Fernandes et al., (2021) Design and optimization of self-deployable damage tolerant
composite structures: a review. Composites Part B: Engineering, 221, 109029.
doi.org/10.1016/j.compositesb.2021.109029
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3. LITERATURE REVIEW - REVISITED

RESEARCH PATHS

Composite
structures

Damage
tolerance

Elastic hinge

Topology
optimization
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3. LITERATURE REVIEW - REVISITED

SUMMARY

Venn diagram showing the number of publications on the subject of composite structures design sorted
by the methodology and use, or not, of damage tolerance.
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3. LITERATURE REVIEW - REVISITED

SUMMARY
The literature review led to two main questions:
Why is topology optimization not used to this particular application?
Could a damage tolerant elastic hinge design be a possible solution?
Why constrain its functioning to the elastic regime of the material, when:
- The structure will only perform 1 deployment in its life-cycle;
- The new paradigm of nano-satellites foresees a renewal of constellations every 2-3 years.
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4.

PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT
COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE
▪
▪
▪
▪

4.1 Research fundamentals
4.2 Performance analysis
4.3 Results
4.4 Summary

Unless stated otherwise, the contents presented in this chapter are referenced from:
- P. Fernandes et al., (2021) Performance analysis of a damage tolerant composite selfdeployable elastic-hinge. Composite Structures, 228, 115407.
doi.org/10.1016/j.compstruct.2022.115407
This results reported in this reference can be reproduced through the data available in the
following Mendeley Dataset:
- https://data.mendeley.com/drafts/dz4yr438hb
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESEARCH FUNDAMENTALS
DESIGN VARIABLES - REDEFINED
To increase the diversity of the solutions, the
design variables defined:
•
•
•
•

The points of a contour line (A – F).
The internal radius of the elastic hinge
𝑅𝑖 .
The position of the slot in relation to the
longitudinal axis 𝑆𝐷 .
A scaling factor to enable different slot
lengths 𝐿𝑓 .

To reduce the computational cost, the
following variables were not included,
maintaining the values obtained previously:
•
•

Ply orientation (set to 40º).
Ply number (set to 4 plies).

Parametrization of the design variables defining the slot of the elastic
hinge. The grey arrows indicate the direction in which the control
points are allowed to move.
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESEARCH FUNDAMENTALS
VALIDATION OF THE NUMERICAL MODEL - REVISITED
The process was repeated to account for possible scaling factors and to confirm the accuracy of the
model when predicting the stress-strain field.

Location of the seven extensometers installed in each elastic hinge.
© INEGI all rights reserved

24

4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESEARCH FUNDAMENTALS
a)

Folding rig used for larger
specimens.

b)

Illustration
of
the
experimental test, with the
folding rig installed in the
universal testing machine.

c)

Detail of the specimen with
the strain-gauges installed.
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESEARCH FUNDAMENTALS
HYPOTHESIS
A stiffer design will have an increased first natural frequency.
Damaging material causes a local reduction of the stiffness.
Does the global stiffness increase compensate the local reduction caused by the damage?
METHODOLOGY
Use a Genetic Algorithm to design two elastic hinges, maximizing their first natural frequency.
Optimize them under the same conditions, except for the Max. IF constraint.

Elastic design (conventional)
- Has a Max. IF < 1,0 (elastic regime)

Damage tolerant design (less conservative)
- Has a Max. IF < 1,1 (has initiated damage)
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

PERFORMANCE ANALYSIS
ELASTIC HINGE DESIGNS
The optimization process led to the following designs:

𝑀𝑎𝑥. 𝐼𝐹 = 1,0
𝑁𝐹 = 1,16 Hz

𝑀𝑎𝑥. 𝐼𝐹 = 1,1
𝑁𝐹 = 1,34 Hz

Representation of the elastic (a) and damage tolerant (b) designs.
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

PERFORMANCE ANALYSIS
INFLUENCE OF DAMAGE
The natural frequency analysis was repeated, considering the removal of the damaged material.

Perspective (a) and bottom view (b) of the Max. IF distribution in the damage tolerant elastic hinge.
© INEGI all rights reserved
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Expected damage propagation as a function of the ©Max.
threshold.
Removed elements are highlighted in grey.
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESULTS
PERFORMANCE EVALUATION
The damage tolerant design has a higher first natural frequency unless the damage propagates
beyond a Max. IF threshold of 0,92.

First natural frequency as a function of the Max. IF threshold.
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4. PERFORMANCE ANALYSIS OF A DAMAGE TOLERANT COMPOSITE SELF-DEPLOYABLE ELASTIC HINGE

RESULTS
PERFORMANCE EVALUATION
The damage tolerant design has a higher first natural frequency unless the damage propagates
beyond a Max. IF threshold of 0,92.

Elements removed when the Max. IF threshold = 0,92 and 0,91.
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5. DISCUSSION, CONCLUSIONS, AND FUTURE WORK

CONCLUSIONS AND FUTURE WORK
The research developed with this work focused on the design of composite deployable structures,
reaching the following main conclusions and objectives:
• The material characterization of the composite system AS4/8552.

• The validation of numerical models, capable of simulating the functioning of a composite
deployable structure, through the correlation of the strain data observed in the FEA and
experimental tests.
• The design methodologies adopted to the development of deployable structures were reviewed,
leading to the proposal of a damage-tolerant design approach.
• The evaluation of the damage-tolerant design approach, benchmarking it against the state-of-theart methodologies.
• The topology optimization of a deployable structure through the use of a genetic algorithm.
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5. DISCUSSION, CONCLUSIONS, AND FUTURE WORK

ON THE DESIGN OF COMPOSITE ELASTIC HINGES
▪ The design of elastic hinges poses two main difficulties: balancing the flexibility and stiffness
requirements, and accounting for the influence of material relaxation during the deployment.
▪ Considering the case study explored in this research, only the first challenge was not overcome
with the methodologies described in the literature.
▪ A possible point of improvement identified is the reformulation of the design variables, leading to a
larger design space. This observation leads to the hypothesis of using topology optimization in the
design process.
▪ A critique is proposed regarding the design requirements, questioning the need of constraining the
functioning of the elastic hinge to the elastic regime of the composite material. This observation
leads to the hypothesis of using a damage-tolerant elastic hinge design.
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5. DISCUSSION, CONCLUSIONS, AND FUTURE WORK

ON THE USE OF A DAMAGE-TOLERANT ELASTIC HINGE DESIGN
▪ In equal conditions, an optimization algorithm was used to design two elastic hinges: one
conventional, and one damage-tolerant.
▪ The damage-tolerant elastic hinge design had superior performance in terms of the first natural
frequency of vibration.
▪ The performance of the conventional and damage-tolerant elastic hinge designs would be equal if
the damage affected all the material with a Max. IF ≥ 0.91.

▪ The use of a damage-tolerant design requires further research and particular considerations, such
as accounting for possible release of debris.
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