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This work presents the performance-driven design of a deployment mechanism for a
collapsible tubular mast (CTM). The CTM is coiled around a central hub, which rotates to
deploy it through a supporting device. A tensioned tape, co-wound with the CTM, is guided by
an idler and wound onto a secondary spool. Whereas the key components of the deployment
mechanism are defined, their geometric and positional parameters are left as free variables for a
refinement process focused on the structural performance of the deployed booms. The influence
of these parameters on the boom’s structural performance is investigated using a high-fidelity
finite element model of the system, including both the CTM and the deployment mechanism.

I. Introduction
Due to recent advances in high-strain composite thin shells, deployable booms, that can be compactly coiled for

launch and subsequently deployed in orbit to meet mission-specific requirements, are undergoing rapid developments. A
key enabler of their geometric transformation is the deployment mechanism, which drives the transition from stowed to
operational configuration. The design of such mechanisms is one of the most challenging aspects of deployable boom
systems. Several deployment mechanisms have been developed over the years.

In earlier missions, such as NEA Scout and LightSail 1, the deployment mechanism featured a central coiling hub,
directly engaged with a motor [1, 2]. These systems, referred to as pusher mechanisms, rotate the central hub to uncoil
the boom, effectively pushing it outward. However, this approach is vulnerable to blossoming, a phenomenon where the
coiled boom expands radially instead of extending longitudinally [3]. To prevent blossoming, the designs in Ref. [1, 2]
incorporate spring-loaded constraint rollers around the coiled boom. These rollers have proven insufficient in some
cases [4, 5].

An alternative approach, implemented in the Gossamer-1, the De-Orbit Sail, and the Advanced Composite Solar
Sail System (CS3) deployers, involves a tape co-wound with the boom [6–8]. These systems, referred to as puller
mechanisms, drive deployment by pulling the co-wound tape from the central hub onto a secondary spool, driven by a
dedicated motor. When appropriately tensioned, the tape applies a normal pressure on the coiled boom, preventing
it from blossoming. Various strategies have been implemented to maintain the required tape tension throughout
deployment and retraction. In Gossamer-1, a freewheel mechanism was used to prevent backsliding [6]. In De-Orbit
Sail, the back tension was maintained through a ratcheting mechanism with toothed elements [7]. In CS3, a spring was
coupled with the hub, but its wide angular operating range resulted in high compliance. This, in turn, limits the tape
tension and hence requires spring-loaded constraint rollers to suppress blossoming [8]. More recently, a segmented hub
design was proposed, in which a torsion spring is coupled to a gear [9]. This approach reduces the spring’s angular
displacement, thus enabling the use of a stiffer spring capable of maintaining the required tape tension.

The mechanism proposed in this study adopts a hybrid deployment approach: deployment is driven by rotating the
central hub with a main motor, following the principle of the pusher configuration, while a tensioned tape co-wound
with the boom is simultaneously drawn onto a secondary spool by a lateral motor, as in the puller configuration. This
combination aims to retain the mechanical simplicity of pusher systems while leveraging the anti-blossoming benefits of
puller-based tape tensioning. It eliminates the need for spring-loaded rollers around the coiled boom or for springs
coupled with the hub. This mechanism is being integrated for the next generation of the Caltech’s Space Solar Power
Project (SSPP) structures [10–12].

Beyond the challenges associated with achieving controlled, blossoming-free deployment, the integration of
deployable booms with the deployment mechanism can lead to significant degradation in the boom’s structural
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performance, a detrimental effect given that booms serve as a fundamental structural component in many applications.
To mitigate this performance degradation, several deployment mechanism designs have been developed to achieve
support-enhanced configurations, incorporating additional supporting devices to provide extra reinforcement to the
boom [9, 13–16]. In Ref.[13], a structural sleeve provides local support to the boom. The sleeve’s effect has been
carefully characterized in Ref.[14]. In Ref.[9] open and conformal supports are positioned at the boom’s exit from the
mechanism, and their impact on the boom stiffness has been evaluated. Similarly, in Ref.[15] truss-like elements form
an outer conformal support at an offset from the hub. Additionally, Ref.[16] introduces a floating inner core, held in
place by localized elastic deformation of the boom, which complements the outer conformal support.

Although the interaction between the booms and their support-enhanced deployment mechanisms, as well as
the structural performance of the booms has been evaluated in the aforementioned studies, the outcomes of such
assessments are typically not integrated into the design process of the mechanism and its support configuration. The
present study aims to fill this gap. To this end, we aim to evaluate the structural performance of the boom within our
support-enhanced deployment system, in relation to the geometry and positioning of the key deployment mechanism
components as well as the type of support employed. The present study is intended to drive a structurally-informed
design of the support-enhanced deployment system itself. The boom considered here is the collapsible tubular mast
(CTM), a deployable boom with a closed cross-section, which is attractive for many small satellite applications due
to its high packaging efficiency and superior structural performance compared to open-section deployable booms
[17]. Therefore, the ultimate objective of the study is to develop a deployable system comprising the CTM and
its support-enhanced deployment mechanism capable of reliably deploying and retracting, while ensuring adequate
structural support throughout deployment/retraction and operations.

The paper is structured as follows. Section II introduces the fundamental operating principle of the support-enhanced
deployment mechanism and describes its key components. For each component, the geometric and positional parameters
defining its configuration are identified, and baseline values are established for the initial design iteration. Section III
presents a high-fidelity finite element (FE) model of the deployable system, including both the boom and the support-
enhanced deployment mechanism. This model is used to investigate how variations in the geometric and positional
parameters of the mechanism’s key components affect the boom performance. The methodology and results of these
studies are presented in section IV. Finally, section V concludes the paper.

II. Mechanism Description
The deployment mechanism is shown in fig. 1. It consists of a central rotating hub driven by a central motor,

a cylindrical guiding component referred to as the idler, a secondary spool driven by a lateral motor, a supporting
device, and a tape that is co-coiled with the boom around the central hub and anchored to the secondary spool. During
deployment, the boom unwinds from the central hub and passes over the idler and the secondary spool, then continues
through the supporting device. Simultaneously, the tape unwinds from the hub. As it exits the hub, the tape is guided by
the idler and subsequently wound onto the secondary spool. Deployment of the boom is driven by rotating the central
hub clockwise through the central motor. Meanwhile, the lateral motor applies a controlled torque to tension the tape,
thus inducing a normal pressure on the coiled boom which prevents its radial expansion. Retraction is achieved by
reversing the rotation of the central hub, with the lateral motor still applying a controlled torque to maintain the tape
tension for compact coiling.

Several parameters in this mechanism can be varied without altering its operating principle. These parameters are
considered design variables and are defined in fig. 2. In this figure, the z-axis is oriented along the tangent to the hub at
its uppermost point, while the y-axis lies perpendicular to the hub at that same location. Specifically, the parameters a
and b represent the angles formed between the z-axis and the lines connecting the hub center to the idler center, and the
hub center to the spool center, respectively. Parameters c and d define the distances from the hub center to the idler and
spool centers. The parameter e denotes the radius of the idler. The parameter f specifies the position of the starting
point along the z-axis of the supporting device relative to the hub center, while the parameter g define its extension
along the z-direction. Additionally, the geometry of the supporting device itself can be varied, with two examples shown
in fig. 2 and labeled as 1 and 2. Finally, the magnitude of the tension applied to the tape, denoted by the capital letter A,
is also a design variable.
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Fig. 1 Isometric view of the deployment mechanism.
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Fig. 2 Design parameters of the deployment mechanism. Parameters 𝑎–𝑑 define the relative positions of the
idler and the spool with respect to the central hub, while 𝑒 denotes the idler radius. Parameters 𝑓 and 𝑔 specify
the location of the beginning and the extension of the supporting device. Two support geometries for the boom are
illustrated in boxes 1 and 2. The tape tension, represented by the symbol 𝐴, is also considered a design variable.
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III. High-fidelity numerical model
To assess the influence of the boom-mechanism interaction on the boom’s structural performance, a high-fidelity

finite-element (FE) model of the system was developed using the Abaqus software. The model, shown in fig. 3, includes
both the boom and the deployment mechanism. The boom’s cross-section is formed by two omega-shaped shells
denoted as the inner and outer shells, with the inner shell positioned closest to the hub. The shells are joined along flat
surfaces, referred to as webs. The deployment mechanism is as described in section II.

Idler
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Fig. 3 FE model of the deployable system, including boom and deployment mechanism.

The FE model is composed of both deformable and rigid components. The deformable parts include the boom and
the tape. The boom is modeled as a closed-shell structure having a double-omega profile. The rigid parts include the
central hub, the idler, the secondary spool, and the supports. The hub, the idler, and the spool are modeled as rigid
hollow cylinders while the supports are modeled as flat plates. The hub is connected to the inner shell of the boom via a
rough contact interaction and to the tape root edge using a tie constraint. Hard contact is enforced between selected
surface pairs to avoid interpenetration of parts.

The CTM shells are defined by two circular arc segments: a central arc with radius 𝑟1 and subtended angle 𝛼, and an
outer arc with radius 𝑟2 and subtended angle 𝛼, fig. 3. In this work, the following values were assigned: 𝑟1 = 24.5 mm,
𝑟2 = 12.5 mm, and 𝛼 = 71◦. The boom is 850 mm long. The tape has a width equal to the width of the flattened boom
and a thickness of 0.05 mm. The central hub and secondary spool have radii of 57.2 mm and 25.4 mm, respectively,
whereas the idler has radius 𝑒 = 50.8 mm. The center of the idler is located at an angular offset of 𝑎 = 52◦ from the
horizontal axis and at a linear distance of 𝑐 = 137 mm from the hub center. The spool is located at an angular offset of
𝑏 = 37◦ from the horizontal axis and at a linear distance of 𝑑 = 191 mm from the hub center. The supporting device
begins at 𝑓 = 267 mm and ends 277 mm away from the hub center along the 𝑧-axis, being its entension 𝑔 = 10 mm.

The material properties defining the boom’s constitutive behavior are taken from Ref.[18]. In particular, the in-plane
and bending stiffness matrices, A and D, are provided separately for the boom shells and the web regions, denoted by
the subscripts s and w, respectively, and are as follows:

A𝑠 =
©­­«
9702.6 615.5 0
615.5 816.5 0

0 0 409.7

ª®®¬ N/mm (1)
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D𝑠 =
©­­«
3.94 0.67 0
0.67 1.76 0

0 0 1.36

ª®®¬ Nmm (2)

A𝑤 =
©­­«
20095.3 1427.1 0
1427.1 2244.2 0

0 0 868.2

ª®®¬ N/mm (3)

D𝑤 =
©­­«
82.12 6.61 0
6.61 10.6 0

0 0 13.28

ª®®¬ Nmm (4)

The tape is made of stainless steel, with mechanical properties 𝐸 = 200 GPa and 𝜈 = 0.27.
The Abaqus analysis uses the Dynamic Implicit solver and consists of several steps. The simulation sequence

begins with the boom flattening, achieved by applying two transverse forces F at the web edges near the root, while
a uniform pressure p is simultaneously applied over the clamped region of the outer shell, fig. 4a. After the root is
fully flattened, the rigid components are moved into their final relative configuration within the deployment mechanism.
While the components are being positioned, a tensile force T is applied to the tape, fig. 4b. Then, the hub is rotated until
a quarter of turn is completed, fig. 4c, resulting in the boom being in its nearly fully deployed configuration. Next, the
leftmost and rightmost points of the web within the support region are constrained using a bilateral constraint, enforcing
a fixed distance, fig. 4d. This simulates the presence of a support that restricts the boom width at the corresponding
location. Finally, a unit force is applied at the boom tip and the resulting displacement is recorded to evaluate the
load–displacement response of the boom under two loading conditions: a horizontal force H , and a vertical force V,
fig. 4e. If additional supports are considered, an extra step is included prior to the load application.

(a) (b) (c)

(d) (e)

Fig. 4 Simulation steps: (a) boom flattening, (b) placement of the mechanism components and tensioning of the
tape, (c) quarter-turn boom coiling, (d) width constraint at the support location, (e) application of vertical and
horizontal loads at the boom tip.
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In the Abaqus simulation, two translational and rotational connectors link the right and left ends of the boom tip to
a single reference point at the cross-section center. Each connector is associated with a local reference system: one
axis along the line connecting the boom node to the reference point, one axis lying on the boom mid-plane, and the
third axis defined to complete a right-handed system. To simulate a physical connector at the tip of the boom, high
translational stiffness was applied in all directions from the start of the simulation, except along the connector axis,
while high rotational stiffness was applied in all directions except about the third axis of the previously described local
system. This effectively models a slider connecting the right and left ends of the boom tip, allowing their relative motion
only along the axis connecting them and passing through the section center. For all study cases, this relative motion is
left free during all simulation steps prior to load application, and in some cases, also during loading. In other study
cases, however, high translational stiffness is assigned to the axis connecting the boom node and the reference point
during the loading step, effectively preventing any relative motion between the boom tip ends under load.

IV. Design Space Exploration
The design space of the boom-deployment mechanism system is explored through numerical simulations. The

objective is to investigate how the geometric and positional parameters of the mechanism components influence the
boom stiffness. These studies include variations in the positions of the idler and secondary spool, as well as changes in
the support configuration in terms of both position and geometry, and are presented in detail in the following subsections.

A. Variation of Idler and Spool Positions
The positions of both the idler and the secondary spool are varied to assess their impact on the structural response of

the boom. In particular, their angular positions are modified with respect to the reference values of 𝑎 = 52◦ for the idler
and 𝑏 = 37◦ for the secondary spool. Decreasing the value of a and b corresponds to moving the idler and the secondary
spool closer to the tangent to the hub at its highest point, while increasing their values corresponds to a movement away
from the same tangent. The same variation is applied to both a and b simultaneously, ensuring that the relative position
between the idler and the secondary spool is maintained.
Prior to applying any loads, the leftmost and rightmost points of the web within the support region are constrained
enforcing a fixed distance of 97 mm. By maintaining the same boom width at the support locations across all simulations,
the analysis can focus specifically on the stiffness variations resulting from the positioning of the idler and secondary
spool. The relative motion between the right and left ends of the boom tip along the axis connecting them and passing
through the section center is left free during load application. The results of this study are presented in terms of the
load–displacement curves for horizontal and vertical loading, in fig. 5a and fig. 5b, respectively.

(a) (b)

Fig. 5 Load–displacement curves for varying angular positions of the idler and shaft under: (a) horizontal
loading, and (b) vertical loading.

Fig. 5a shows that, relative to the reference configuration, a slight displacement of the idler and secondary spool
away from the tangent direction leads to a gradual improvement in performance, up to Δ𝑎 = Δ𝑏 = 4◦. Beyond this
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value, however, a reduction in stiffness is observed, as shown by the curve describing the boom behavior with the idler
and secondary spool moved 13◦ away from the tangent. A stiffness degradation is observed when the idler and spool are
positioned too close to the tangent, with significant drops in performance even for small angular variations, such as
Δ𝑎 = Δ𝑏 = −2◦. Fig. 5b shows the same trend as in fig. 5a. However the variations in the positions of the idler and the
spool have a more pronounced effect on the boom’s performance under vertical loading than under the horizontal one.
Indeed, considering both the reference configuration and the best adjustment identified in this study (corresponding to
Δ𝑎 = Δ𝑏 = 4◦), the stiffness can be increased by approximately 21% along the horizontal axis and by as much as 57%
along the vertical axis.

B. Variation of Support Configuration
To evaluate their effect on the boom’s stiffness, both the geometry and spatial arrangement of the supports are

varied. Specifically, two distinct support strategies are investigated. In the first, the boom is constrained to adopt
a predetermined cross-sectional shape within the supported region. In the second, the supports are designed to be
conformal, providing support to the boom with minimal alteration to its its naturally deformed cross-section at the
support location. Since the cross-sectional shape of the boom within the supported region depends on both the boom
width at the support location and the width at the tip, a fixed width is imposed at both locations for all analyses.
As in Section IV.A, the boom width at the support region is set to 97 mm. The relative motion between the right and left
ends of the boom tip along the axis connecting them and passing through the section center, previously unconstrained,
has now been restricted. Specifically, a distance of 70 mm has been imposed between the tip ends and maintained
constant during load application by assigning the tip connectors high translational stiffness along the connector axis and
specifying an appropriate reference length along the same axis. Once again, this choice is made to focus the study on
the effects of the support geometry and location only.

In the case of the first support strategy, six square supports measuring 10 mm × 10 mm are considered: three for the
inner shell and three for the outer shell. Only the three supports for the outer shell are shown in fig. 6a, as those on the
inner shell are positioned following analogous criteria. One of the outer-shell supports is oriented perpendicular to the
line connecting the center of the boom to its highest point, while the remaining two are positioned along 45° directions
extending from the boom cross-section center. All supports lie on a circumference of radius 𝑟, which defines their
distance from the center of the boom cross-section. The radius 𝑟 is varied between 22, 21, and 20 mm, with smaller
radii corresponding to supports positioned closer to the center of the section. In the second case, fourteen rectangular
supports measuring 2.5 mm in width and 10 mm in length are considered. Again, only the outer shell and its supports
are shown in fig. 6b, since similar considerations apply when placing supports on the inner shell. To determine the
support locations, the deformed shape of the boom at the supporting device is retrieved from the Abaqus result file
after inserting the boom into the mechanism, performing a quarter-turn coiling, and applying the constraint at both the
support location and the tip. A total of seven nodes along the cross-sectional profile of the deformed boom mesh at the
support region are selected as locations for generating individual supports. These nodes belong to the central arc of the
boom undeformed cross-section and an odd number is selected to ensure that one support is positioned at the highest
point of the outer shell. For each node, a support is created, centered at that node and oriented perpendicular to the local
surface normal. In fig. 6a and fig. 6b, the supports are shown. There are positioned slightly farther from the boom than
their actual locations prior to load application, for clarity of illustration. Relative to the positions shown in fig. 6a and
fig. 6b, they are then moved along the normals indicated by the red arrows to come into contact with the shell.

The load–displacement curves for these various cases are reported in fig. 7a and fig. 7b for the horizontal and
vertical loading scenarios, respectively. In the horizontal loading case, when a non-conformal support is applied, a slight
decrease in stiffness is observed when moving the supports from a radius of 22 mm to 21 mm. When the supports are
moved further inward to a radius of 20 mm, the load-displacement curve becomes non linear. Considering the conformal
support configuration, an increment in stiffness is noticeable. Specifically, there is an 11% increase compared to the
best achievable result with a non-conformal support at a radius of 22 mm. In the vertical loading case, a clear increase
in stiffness is observed when reducing the support radius from 22 mm to 21 mm. Moving the supports even closer
to the center, down to a radius of 20 mm, leads to a deviation from the linear response. Using a conformal support
again results in an improvement of the load–displacement behavior. Considering the maximum value obtainable with a
non-conformal support at a radius of 21 mm, the stiffness increases by 13%.
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(a) (b)

Fig. 6 Supports geometry and location: (a) non conformal support scheme, (b) conformal support scheme.

(a) Horizontal view. (b) Vertical view.

Fig. 7 Load–displacement curves for varying geometry and position of the supports under: (a) horizontal
loading, and (b) vertical loading.
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V. Conclusion
This paper has presented the working principle and key components of a deployment mechanism for future coilable

booms. The geometric and positional parameters that can be varied without altering the fundamental operation of the
mechanism have been identified. A high-fidelity finite element model containing the boom and all the components
of the deployment mechanism has been developed. This model simulates the boom housing inside the mechanism,
its coiling process, and allows the stiffness of the boom to be evaluated as a function of the parameters defining the
deployment system. In particular, the influence of the idler and spool placement, in terms of angular position, on the
boom’s stiffness has been investigated, leading to the identification of an optimal adjustment relative to the reference
configuration that results in an increase of approximately 21% in stiffness along the horizontal axis and 57% along the
vertical axis. Furthermore, the effect of constraining the boom’s profile using supports has been investigated in two
configurations: conformal and non-conformal. Employing a conformal support resulted in significant improvements
under both horizontal and vertical loading compared to a non-conformal support. Indeed, considering the maximum
stiffness achievable with a non-conformal support, the use of conformal supports leads to an additional increase in
stiffness of more than 10% in both the loading scenarios. These studies highlight the sensitivity of the boom stiffness on
the mechanism design and indicate that these findings should be incorporated into the mechanism design to optimize the
overall system performance. Future research efforts will focus on studying longer booms, examining various stages of
deployment, and developing an experimental setup to validate and correlate the numerical findings.
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