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ABSTRACT

This paper presents the design, development, and
qualification of a Fixed Dual-stage Hold-down and
Release Mechanism (FDHRM) intended for constraining
and deploying awing with two panels ofa planaractive
antenna. The mechanismwas developed to meetstringent
spaceflight requirements, with primary design drivers
including load capability, cost-effectiveness, the use of
non-explosive actuators, mass efficiency, and reliability.
Spacecraft deployable structures, particularly antennas,
require precise and reliable Hold-Down and Release
Mechanisms to ensure successful deployment once in
orbit. These mechanisms must withstand significant
launch loads while maintaining structural integrity and
preventing prematurerelease. The deploymentofa wing
with two panels of a planar active antenna presents
unique challenges due to its size, mass, and structural
configuration.

Non-explosive actuators, were selected to enhance safety
and reusability while eliminating the drawbacks of
pyrotechnic solutions (shock, debris, and single-use
limitations). The structural design incorporated
lightweight, high-strength materials like titanium and
steelalloys to optimize mass and performance.

The mechanism underwent an extensive qualification
campaign, including vibration, thermal vacuum, and
deployment reliability tests, demonstrating robustness
and repeatability under space conditions. Results
confirmed that the systemmet all mission requirements,
providing a reliable and cost-effective alternative for
spacecraft deployment applications.

1 INTRODUCTION

Spacecraft deployable structures, particularly antennas
and solar panels, require precise and reliable hold-down
and release mechanisms to ensure successful deployment
once in orbit. These mechanisms must withstand
significant launch loads while maintaining structural
integrity and preventing premature release. The
deploymentofawing with two panels ofaplanaractive
antenna presents unique challenges due to its size, mass,
and structural configuration.

Traditionally, pyrotechnic actuators have been widely
used in space applications for their high-energy release
capabilities. However, they introduce risks associated
with shock, debris, and single-use limitations. In

response to these concerns, the development of non-
explosive alternatives has gained significant traction. The
presentwork focuses on the design and qualification of a
dual-stage HDRM that employs non-explosive actuators
to achieve controlled and reliable deployment while
optimizing systemmass and cost.

This paper explores the motivation for a dual-stage
approach, emphasizing the need to manage deployment
forces effectively to minimize structural stress. The
design considerations, selection of actuation technology,
and material choices arediscussed in detail. Furthermore,
the paper presents the qualification campaign undertaken
to validate the mechanism's performance in a simulated
space environment.

2  SYSTEM REQUIREMENTS AND DESIGN
DRIVERS

The development ofthe FDHRM was guided by several
essential requirements that each influenced the final
design. Load capability was a primary consideration, as
the mechanism needed to secure the wing and antenna
panels under severe launch loads, including both high
dynamic and static forces.

Cost factors were crucial in the selection of materials,
manufacturing processes, and assembly complexity,
ensuring a balance between performance and
affordability. To reduce risks associated with pyrotechnic
actuators, the systemwas designedto use non-explosive
alternatives, enhancing both safety and reusability.
Mass constraints were also critical, requiring an
optimized design that minimized added weight while
maintaining structural integrity.

Reliability was of fundamental importance, necessitating
redundancy and fault-tolerant features to ensure
successfuldeployment in a space environment.

These considerations collectively shaped the design
philosophy, resulting in a robustand efficient mechanism

3 CONCEPTUAL AND MECHANICAL
DESIGN

The dual-stage HDRM was specifically designed to
address the complex deployment requirements of the
antenna wing, consisting of two panels compactly stowed
during launch. Thesepanels, folded onto themselves, are
deployedviatwo hinges uponactivation ofthe HDRM.
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During launch, the antenna panels are tightly stowed to
maintain a compact form factor, optimizing spatial
efficiency and ensuring structural integrity. This compact
stowing configurationis crucial for maximizing available
space and preserving the antenna's stability during the
intense conditions of launch.

Figure 1 exampleof stowed antenna (2 wings with 2
panelseach)

The dual-stage deployment mechanism works by
utilizing two stages that operate in the same manner, each
stage connected to one of the antenna panels. The
deploymentofboth panels is ensured by a single actuator
that releases a preloaded tie rod. This preloaded tie rod
compresses and keeps the spherical joints of both stages
securely in place, maintaining the structural stability of
the stowed antenna panels.

Once activated, the actuator releases the tie rod, thereby
releasing the preload on the spherical joints and initiating
the deployment of the antenna panels. The first stage is
responsible for one panel, while the second stage handles
the other panel. The extractionspring and damper on the
second stage facilitate a controlled release of the tie-rod,
minimizing shock and mechanical stress on the
spacecraft and antenna components.

Figure 2 exampleofdeployed antenna (2 wings with 2
panelseach)

The dual-stage design significantly enhances reliability
and operational efficiency by reducing the number of
actuation lines needed. The confined deployment into
two stages simplifies the mechanical complexity and
decreases potential points of failure, thereby boosting the
overalldependability of the deployment system.

The mechanism's structural components are fabricated
from titanium to maximize strength-to-mass ratio,
optimizing both mass and stiffness. The integration with
the antennapanels and spacecraft was a critical aspect of
the design, featuring a compact form factor and wide
adjustability of the IF position to facilitate seamless
integration and reduce complexity during assembly and
testing.

Additionally, the actuation system incorporates a non-
explosive actuator (NEA®) provided by EBAD, selected
for their reliability, reusability, and ability to release the
load without generating debris or excessive shock loads.
NEA® devices gently release the preload, dissipating
stored energy over the release event and minimizing
shock.

NEA® devices are designed to work with existing pyro
firing circuits, with flexibility for lower firing currents if
necessary. This ensures robust integration into various
spacecraft systems.

In summary, the dual-stage HDRM is crucial in
maintaining a compact stowed configuration of the
antenna panels during launch and ensuring a reliable,
controlled deployment after reaching space, thereby
optimizing the structural integrity and deployment
efficiency of the antenna wing.

4 DEVELOPMENT APPROACH

The developmentprocess began with an extensivetrade-
off analysis to evaluate structural configurations and
facilitate the integration of various components.

Iterative design refinements were conducted through
simulations and preliminary testing to assess load-
bearing capabilities, thermal behavior, and mechanical
performance. The development approach was based on
an Engineering Qualification Model, followed by proto-
flightand flight units.

The separation joint was derived from existing and
qualified fixed Hold Down mechanisms. All elements
within the load path are based on extensive heritage, with
over 150 HRMs employing pyro mechanisms having
been launched and more than 40 single-stage HRMs with
NEA already qualified and accepted.

The main modification fromthe heritage HRMs was the



introduction of the second stage, including all relevant
adjustments.

The FDHRM unit comprises the separation joint and a
support structure, which provides suitable interfaces with
both the antenna and spacecraft. The mechanism is
designed to lock three translational degrees of freedom
while allowing rotational movement to reduce local
stressinduced by bending loads.

The main functional components of the mechanism
include:

- Fixed tripod which interfaces with the spacecraft.

- Lower mobile part which interfaces with antennapanel
one.

- Uppermobile part which interfaces with antennapanel
two.

- Cap designedto contain thereleased tie rod and absorb
the shock ofthe release.

- Tie rod with associated spring and spring guide,
instrumented with strain gauges for tie rod tensioning.

- Hemispherical heads for perfect coupling between the
mobile and fixed parts.

- NEA actuator and relevant connectors (including one
main line and one redundantline).

The DFHRM design and its main components are
illustrated in the following figure.

Upper mobile part
(2nd Stage)

Lower mobile part
(1st Stage)

Figure 3 FDHRM assembly

The load capability of the HRM joints is fundamentally
determined by the preload applied to the tie rod. To
ensure precise application and measurement of this
preload, a strain gauge systemhas been integrated into
the spring guide, which is connected in series with the
spherical joint. This systemenables real-time monitoring
of the preload during the final integration process of the
HRM.

By measuring the preload directly, the strain gauge
systemensures thatthe correct amount of forceis applied
to maintain the integrity and functionality of the HRM

joints. This critical step in the integration process helps

to guarantee that the joints will perform as expected

under the stresses and conditions encountered during
launch and deployment.

The following operations outline the release sequence:

e  Theelectrically actuated systemdisengages thetie
rod, initiating the separation process.

e  Thetierod extraction springactivates, freeing the
separationarea and allowing for the subsequent
steps.

e  Thekick spring forces apartthe spherical surfaces,
effectively preventingany potential sticking that
could hinderthedeploymentprocess.

e  Thedamperabsorbsany redundant kinetic energy
stored in the tie rod, thereby mitigating the shock
and ensuringa smoothrelease.

e  Oncetheseparationhasbeenfully achieved, the
antennas, driven by a Deployment
Mechanism/Motor, proceedto deployas planned.

The separation and release sequence of the DFHRM is
depictedin Figure4:

:

¢ Step 1: shows the DFHRM before activation of
the NEA.

e Step 2: the configuration justafter NEA firing is
presented. Once the NEA spool halves are
separated, the extraction spring brings the tie-
rod and the connected release rod to the
upward position, i.e. outside the NEA and far
away fromits holding segments. The spring
guide ride is stopped by the damper that
crashesto absorbthe released component
kinetic energy.

e Step 3: the deployment trajectory is depicted.

Figure 4 Release sequence

As the primary design drivers, in addition to
considerations  regarding accommodation and
compatibility of the dual deployment, the following
requirementsare outlined:



Mass: <1Kg

Stiffness shall be higher than:
e kX>1.0107 N/m (radial)
e kY >1.0107 N/m (radial)
e kZ>25 107 N/m (axial)

Thermal range
e Operative:-100 °C + +140 °C [T]
e Survival:-130 °C + +140 °C [T]

Static loads:
AXIS c1 Lc2 Lc3 REMARKS
X -/+8000 N Radial
Y - -/+8000 N Radial
z - - -/+10000 N Axial
Sine loads:
X, Y (/I IF) Z (LuF)

Range (Hz) |Level Range (Hz) |Level
5+25 + 11 mm 5+2126 + 11 mm
25125 259 21.26 =125 20g

Sweep rate 2 Oct/min

Random loads:

X, Y (I F) Z (LuF)
Range (Hz) | Level Range (Hz) |Level
20+150 | +6dBfoct| 20-+200 |+ 6dB/oct
150 =400 | 04 g3Hz | 200 =400 | 012 g¥Hz
400 + 2000 | - 6 dBfoct | 400 + 2000 | - 6 dBJ/oct
Global 15.8 gRMS Global §.4 gRMS
Duration 120s

Addressing these requirements ensures that the system
performs reliably and efficiently throughout its
operational life.

To design each componentofthe mechanismaccurately,
acomprehensive 3D model was developed using CATIA.
This advanced modeling software enables detailed
visualization and design of individual elements, ensuring
precise specifications and integration.

One of the key functions of the CATIA 3D model is to
simulate the kinematics of the extraction and integration
processes. By doing so, engineers can analyze and
optimize the movementand interaction of parts, ensuring
smooth and efficient operations. These simulations help
in identifying potential issues and refining the design to
achieve the desired functionality.

Additionally, the CAD model plays a crucial role in
calculating the mass and inertia properties of each
component. Furthermore, the CAD model is utilized to
generate detailed manufacturing drawings. These
drawings are vital for the production phase, providing
precise instructions and specifications necessary to
fabricate each component with highaccuracy and quality.
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Figure 5 DFHRM producttree

A dedicated Finite Element Model (FEM) was developed
to simulate the stress levels induced by environmental
loads. This modeling approach enables a detailed
analysis of the impact various external conditions have
on the structural integrity and performance of the system

Stress resulting from joint preload was analyzed using
non-linear techniques. These simulations provide a
deeper understanding of material behavior under
preloaded conditions, capturing complex interactions
that linear analysis might overlook. The stress levek
obtained fromthesesimulations were utilized to conduct
a pin-on-disk test, aimed at assessing the degradation of
mating surfaces under exposure to pressure, vibration,
and vacuumconditions.

The testing protocol was divided into three distinct sets,
each characterized by different pressure levels—ambient,
low vacuum, and high vacuum—and different numbers
of cycles. This approach ensures a comprehensive
evaluation of the material's durability and performance
under varied environmental stresses.

Piezo-actuator for fretting movement

Magnet for load application
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Figure 6 Pin-on-disk testsetup




Both linear and non-linear Finite Element Models (FE
models) were used to perform Quasi-Static, Sine, and
Random analyses. These analyses are essential for
understanding the system's response to static loads,
smooth periodic oscillations, and unpredictable, varying
forces due to launch condition.

Figure 7 Detailed FE Model

Analyses were conducted using the Nastran code,
recognized for its accuracy and reliability in finite
element analysis. Employing both linear and non-linear
techniques provides a thorough evaluation of the stress
levels and performance characteristics under different
loading conditions.

Figure 8 Deformation (30x) and Von Mises stress
contour under Y-axis shear load (undeformedin grey)

Spherical contact has been modelized using CGAP
elements providing non-linear behaviour for both
contact/separationand friction.
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Figure 10 CGAP forcedistribution under preloadand
Y-axisshear load

5 QUALIFICATION TESTING

The HDRM underwent an extensive qualification
campaign to validate its performance and readiness for
spaceflight.

The test campaign was designed to verify several critical
aspects. First, it was necessary to define the strain level
forthe target preload of thetie rod. Subsequently, quality
workmanship verification was conducted, including the
crimping of connectors and NEA workmanship.

Following this, thestructural integrity and the strength of
separation joints were assessed, along with stiffness
verification. Functional testing after the application of
static loads ensured the correct operation of the
components. The campaign also included dynamic
verification, strength verification under sine loads, and
strengthverificationunder randomloads.



An essential part of the process was the verification of
performance in vacuum conditions and during thermal
cycling, considering the survival temperature range.
Finally, functionality was reassessed in a vacuum after
cycling, evaluating performance at operative extreme
temperatures.

The complete test campaign is summarized in the
following table:

TEST LEVEL TEST EQOM | PFM | FM | Antenna level
. ] Preload/strain

Spring Guide characterization © © ©
Envelope/Mass/Grounding 0] [O] (0]
Fuse wire resistance ® ® ®
Static loads ®
Release at Ambient ®
Resonance search ®
Sine vibration at rigid
interfaces ©
Random vibration at rigid ®

DFHRM interfaces

Thermal vacuum cycling ®
Separation in vacuum with
shock recording ©
Sine vibration at antenna ®
level
Acoustic/Random vibration ®
at antenna level
Thermal vacuum cycling ®
at antenna level
Separation at Ambient ®

Table 1 Test matrix

The following images describe the test setup used for
static, dynamic and Vacuumreleasetests:

N3

Figurl

Figue 14 Release in TVAC setup

The qualification results demonstrated that the FDHRM
met all designrequirements, validating its suitability for
the intended space mission. The dual-stage approach
proved effective in managing deployment forces,
reducing mechanical shock, and ensuring controlled
release of the antenna panels.



6 CONCLUSION AND FUTURE WORK

The development and qualification of the dual-stage
hold-downand release mechanismrepresenta significant
advancement in deployable spacecraft structures. The
systemsuccessfully addresses key challenges associated
with launch loads, actuation reliability, and deployment
precision while avoiding the drawbacks of traditional
pyrotechnic solutions.

The qualification campaign confirmed the mechanisiis
robustness, with successful performance in vibration,
thermal vacuum, and load tests. The non-explosive
actuation approach proved to be a viable alternative,
offering increased safety, reusability, and reduced shock
loads.

Future workwill focus on further optimizing the system
for miniaturization, increased modularity, and mass
reduction.

A particular emphasis will be placed on replacing
materials such as titaniumand steel with more demisable
materials. Demisable materials are designed to bum up
upon re-entry into Earth's atmosphere, minimizing debris
and potential hazards. This shift aims to enhance the
sustainability and safety of spacecraft operations by
ensuring that parts do not contribute to space debris or
pose risks during disposal. It represents a forward-
thinking approach to advancing aerospace technology
while aligning with environmental and safety standard.
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