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A B S T R A C T   

For advanced space missions, meeting the concurrent requirements of increasing payload size while minimizing 
spacecraft volume can be achieved through the utilization of deployable structures. In a previous study, we 
conducted a characterization of a thin/walled boom in terms of its interaction between attitude and elastic 
dynamics when fully deployed. In this current work, we have developed a numerical model to analyze the critical 
phase of the deployment process. We compared the model’s predictions with theoretical expectations and 
experimental data, and found a strong agreement between them. Additionally, we investigated the effects of 
bistability on the deployment process by conducting experiments on both a bistable and a monostable boom. 
Lastly, we performed deployment tests on a free-floating platform, which emulates a small satellite, to quanti
tatively measure the attitude perturbations caused by the rapid deployment of the boom.   

1. Introduction 

Since the advent of space science, the reduction of spacecraft size has 
been one of the most challenging objectives. This endeavor aims to 
utilize smaller launchers, which require less volume for the fairing, or to 
launch multiple satellites in a single launcher, resulting in cost reduction 
[1–3]. However, this requirement may conflict with the operational 
performance of certain components, making the study of deployable 
structures a necessity [4]. Deployable structures possess the ability to 
exist in either a compact or a deployed configuration. Among these 
structures, cylindrical booms are commonly used. They find numerous 
applications, such as passive attitude control systems [5], structural 
supports for thin-film antennas [6] or solar sails [7,8], and the 
distancing of sensors from the spacecraft body, as demonstrated by the 
BepiColombo magnetometer [9]. More recently, booms have been pro
posed for the design of deployable telescopes [10] and docking systems 
[11]. 

Over the years, various technological solutions have been conceived 
for the realization and deployment of booms [12–18]. Among them, 
coilable booms are thin-walled open-section structures that can be rolled 
on the short edge, providing a high packing factor. The use of composite 
materials allows to meet the requirement of lightweight yet strong boom 
structures [19]. Due to its space-engineering attractive features, this 

category is the one selected for this work. By carefully designing the 
material, it becomes possible to achieve three different types of stable 
booms: monostable, bistable, and neutrally stable. The type of stability 
depends on the number of configurations the booms can adopt: one, two, 
or infinite, respectively [20,21]. Except for the neutrally stable case, 
automatic deployment of the booms can be accomplished by harnessing 
the elastic energy accumulated in the boom during the coiling process 
[20,22]. In these situations, it is essential to incorporate a containment 
mechanism to prevent any unintended or undesired deployment [23]. 

Numerous studies have delved into the behavior of thin-walled 
deployable booms, accompanied by the development of analytical 
models that elucidate their characteristics. These models encompass 
aspects such as the existence of a coiled stable state, the energy stored 
during the folding process, and the laws governing their deployment 
[20,24–28]. Furthermore, the transition between various configurations 
stands as a pivotal facet necessitating thorough examination [29]. 
Typically, booms are manufactured in their stable deployed configura
tion, which gives rise to challenges during the coiling phase preceding 
stowage. The assurance of a secure rolling or folding of booms has 
captivated the attention of numerous researchers, who have conducted 
both experimental and numerical investigations to assess the feasibility 
of folding booms safely [16,30–32]. Moreover, the folding behavior has 
been analyzed from an analytical perspective by Liu et al.[33], who 
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devised a model rooted in Archimedes’ helix, yielding commendable 
congruence with experimental and numerical findings. 

While efforts have been made to ensure safe coiling or folding, 
relatively less attention has been dedicated to investigating the 
deployment phase and this study aims to cover this gap deepening some 
our previous research [34]. Theoretical models of the deployable phase 
have been developed [20,24–27], but they often rely on specialized 
assumptions that may not accurately represent real-world scenarios. 
However, it is essential to emphasize that the deployment phase is of 
utmost importance, as any failure during this stage can significantly 
impact the success of the boom’s mission [9,35]. 

The significance of this concern has garnered the attention of several 
authors. Strauber et al. [36] have observed that, in the absence of 
suitable countermeasures, the deployment process can become highly 
chaotic. Fernandez and Lee [37,38] assert that this issue can be effec
tively addressed by employing bistable booms, which offer a more 
controllable self-deployment in comparison to monostable ones. Further 
insights into this topic have been provided by Murphey et al.[39]. They 
elucidate the link between the presence of a second stable configuration 
and a unique kinematic path during the rolling or unrolling of the boom, 
resulting in predictable and repeatable deployment sequences. 

With these considerations in mind, our research focus has been 
directed towards the investigation of a bistable boom. The primary 
objective of this study is to conduct a comprehensive analysis of the 
deployment phase of a thin-walled bistable composite boom, employing 
a combination of numerical simulations and experimental data. Our 
overarching aim is to validate the results derived from the numerical 
model by comparing them with experimental measurements and theo
retical predictions, thus showing the possibility of using numerical 
simulations in the study of deployment. The development of reliable 
numerical simulations plays a crucial role in cases where theoretical 
models introduce approximations, and conducting experimental cam
paigns proves to be both costly and logistically challenging [40]. In this 
context, the finite element method (FEM) software Abaqus FEA has 
demonstrated success in simulating thin-walled structures in previous 
studies [41,42], making it the software of choice for this investigation. 
In addition to understanding and predicting the dynamics of the 
deployment phase, the study also focuses on investigating how the 
deployment process can interact with the satellite that hosts the boom. 
To achieve this, the researchers conducted deployment tests on a free- 
floating platform that simulates a real small satellite. The platform is 
equipped with side panels that mimic solar panels or antennas, and 
accelerometers are used to measure data during the deployment tests. 
Moreover, the study incorporates a monostable ultrathin boom from a 
previous work [43] to evaluate and compare the influence of bi-stability 
on the deployment behavior. This allows for a direct comparison be
tween the deployment characteristics of monostable and bistable booms, 
providing valuable insights into their respective performance and suit
ability for specific satellite applications. 

The work is organized as follows: section 2 describes the materials 
employed and the manufacturing process of the thin-walled bistable 
boom. Then, in section 3 the characterization of the laminate which 
constitutes the boom is described. Section 4 presents the theoretical 
model for the deployment adopted in this study, while section 5 and 6 
treat respectively the experimental deployment tests and the numerical 
model developed to describe them, with relevant results discussed in 
section 7. The free-floating platform tests are treated in section 8 before 
section 9 concludes the work, highlighting the most valuable results of 
the study. 

2. Materials and fabrication 

The bistable boom was manufactured using two layers of the 1 k 
bidirectional carbon fiber fabric with a fiber orientation angle of ± 45◦

and an epoxy resin called PRIME20LV, which is a two-component epoxy 
resin. The selection of a slow hardener was important to allow sufficient 

processing time during the construction. To achieve the deployed form 
of the boom, the fabric was molded onto a rigid cylinder coated with 
Teflon. The Teflon coating facilitated the demolding process, ensuring 
that the boom could be removed from the mold without damage. The 
composite was manufactured following the vacuum bagging technique 
(Fig. 1). 

Fig. 2 shows both the coiled and deployed configurations of the 
manufactured bistable boom, providing a visual representation of how 
the boom appears in its stored and fully extended forms. The geometric 
properties of the boom, as shown in Fig. 3, are as follows: a length (l) of 
1 m, a radius (R) of 38 mm, and a subtended angle (β) of 241◦ in the 
deployed configuration. Conversely, in the coiled configuration, it is 
characterized by a radius (r*) of 45 mm. The thickness is measured to be 
0.30 mm. 

The fiber volume fraction of thin-walled bi-stable composite boom 
has been calculated using the following equation: 

vf =
nAW

ρf t
(1) 

where n = 2 is the number of layers, AW and ρf are the areal weight 
and density of the carbon fiber fabric respectively, which are given from 
the datasheet (94 g/m2 and 1.76 g/cm3), t is the measured thickness. 
After performing the calculation, the resulting fiber volume fraction is 
found to be 0.36. 

3. Determination of the mechanical properties of laminate 

The mechanical properties of the boom laminate were determined 
through a multiscale numerical analysis. This process involved starting 
with data on the matrix and fabric and then calculating the properties of 
a single layer of the composite material, followed by analyzing the two- 
layer laminate. The Digimat software was utilized for this purpose. To 
model the single layer of the composite material, the mechanical prop
erties of both the matrix and carbon fibers (as listed in Table 1) were 
used as input. Additionally, the textile parameters of the fabric (listed in 
Table 2) were incorporated to construct the representative volume 
element (RVE). 

Fig. 4 depicts the finite element model of the RVE of the fabric. A 
voxel mesh of 3⋅105 brick elements was used, according to the guidelines 
in the software. The number of finite elements in the model was deter
mined through a convergence analysis, which aimed to calculate the 
axial Young modulus of the composite as shown in Fig. 5. The conver
gence analysis identified a threshold where further refinement of the 
mesh does not significantly improve the accuracy of the solution. This 
step ensured that the model was adequately refined to provide reliable 
results for the mechanical properties of the boom laminate. 

After completing the analysis and using the classic laminate theory to 
determine the properties of the two-layer composite with fiber orien
tation angles ±45◦ that make up the boom, the material properties are 
represented in the form of a constitutive matrix. This matrix is evaluated 

Fig. 1. The scheme illustrates the boom manufacturing process utilizing the 
vacuum bagging technique. the procedure involves the placement of fabric onto 
the mold, which is then impregnated with resin. to achieve a smooth surface, a 
peel ply layer and a breather blanket are applied. the curing process occurs 
under vacuum conditions, effectively eliminating air bubbles and enhancing the 
material’s density and strength. 
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through its 3x3 submatrices, denoted as A, B, and D (equation (2). 
The constitutive matrix, along with the density (ρ) that has been 

calculated to be 1.34 g/cm3, will now be utilized to define the material 
for the FEM finite element method (FEM) analysis. 

ABD[ + 45 ◦

/ − 45◦

] =

[
A B
B D

]

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

7658 6214 0 0 0 0
6214 7658 0 0 0 0

0 0 5949 0 0 0
0 0 0 57.4 46.6 0
0 0 0 46.6 57.4 0
0 0 0 0 0 44.6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2) 

The units for Aij are N/mm and Nmm for Dij. B results to be a null 
matrix, this means there is no coupling between bending and extension. 

Fig. 2. Thin-walled bistable composite boom in deployed (a) and coiled (b) configurations.  

Fig. 3. Geometric parameters of the deployed and coiled configurations of 
the boom. 

Table 1 
Microscopic properties of the phases constituting the laminate.  

Material Properties Value 

Resin density 1.14 g/cm3 

Young modulus 3.5 GPa 
Poisson ratio 0.35 

Fibers density 1.76 g/cm3 

axial Young modulus 233 GPa 
transversal Young modulus 23.1 GPa 
in plane Poisson ratio 0.2 
transverse Poisson ratio 0.29 
shear modulus 8.96 GPa  

Table 2 
Fabric properties.  

Yarn linear density 66 tex/km 

Fiber diameter 7 μm 
Height of yarn cross section 0.06 mm 
Width of yarn cross section 1.42 mm 
Warp/weft yarn count 7 yarns/cm 
Yarn spacing ratio 0.187 
Yarn crimp 0.5  

Fig. 4. RVE of fabric. The matrix phase is not visualized for illustra
tion purposes. 
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4. Theoretical model of the deployment phase 

The deployment process of the boom occurs from the coiled config
uration to the deployed configuration. The deployed configuration 
represents the shape given to the boom during its manufacturing, and in 
this state, no elastic energy is stored in the material. However, in the 
coiled configuration, the boom holds a positive amount of stored energy 
due to the work required to roll it into that state. A theoretical model 
capable of describing both the equilibrium configurations (coiled and 
deployed) and the deployment process was elaborated in the work by 
Iqbal and Pellegrino [20] and Guest and Pellegrino [25]. While other 
models exist in the literature, such as the beam model or the shell model 
developed by Galletly and Guest [26,27], this particular model stands 
out for its compactness and ability to analytically capture all the key 
effects and main features of the deployment problem [25]. The model 
describes the bending potential energy, possessed by the boom per unit 
length l, in terms of the curvatures Kx kx and Ky ky, considering a generic 
configuration as defined in Fig. 6. The ability to encompass both equi
librium configurations and deployment dynamics makes this theoretical 
model a powerful tool in studying and engineering the boom’s 

performance in real-world applications. 
According to this model, the elastic bending energy Ub can be written 

as: 

Ub =
βR
2

[

D11kx
2 + 2D12kx

(

ky −
1
R

)

+D22

(

ky −
1
R

)2
]

(3) 

Neglecting the mixed curvature configuration, the analysis of the 
function Ub (kx, ky,) is conducted by assuming kx = 0 and ky = 0 alter
nately. This approach helps in identifying two equilibrium configura
tions (Fig. 3). When kx = 0, the result is as follows: 

Ub =
βR
2

D22

(

ky −
1
R

)2

(4)  

∂Ub

∂ky
= βRD22(ky −

1
R
) (5)  

∂2Ub

∂k2
y

= βRD22 (6) 

The curvature at which ∂Ub
∂ky

= 0 is ky = 1/R. In this case, kx is assumed 
to be 0, making it the deployed configuration. This equilibrium config
uration is stable because the second derivative has a positive sign, which 
is a result of being the product of three positive terms. In this deployed 
configuration, the value of Ub is 0. 

For ky = 0, it results: 

Ub =
βR
2
(D11k2

x −
2D12kx

R
−

D22

R2 ) (7)  

∂Ub

∂kx
= βR(D11kx −

D12

R
) (8)  

∂2Ub

∂k2
x

= βRD11 (9) 

The curvature at which ∂Ub
∂kx

= 0 is given by kx = D12
D11

1
R, assuming ky =

0. This configuration is referred to as the coiled one. It is a stable 
equilibrium since the second derivative has a positive sign, which arises 
from being the product of three positive terms. In this coiled configu
ration, the potential energy Ub can be calculated as follows: 

Ub =
βR
2
(
D11

r
−

2D12

rR
−

D22

R2 ) (10) 

It is important to note that the boom can be coiled at any radius r, but 
the only radius that will result in a stable configuration is the one that 
satisfies the condition 

r* =
D11

D12
R (11) 

Using our design values, we determined that r* = 46.8mm. However, 
during the production of the boom, we measured r* to be 45 mm. This 
resulted in a percentage discrepancy of about 4 %, which can be 
attributed to the hand lay-up fabrication process. 

As mentioned earlier, there are other methods developed to describe 
the bistable behavior of a boom. One such method is the beam model 
[26], which considers the twist of the boom. However, in this particular 
study, we neglected the twist since it becomes significant when D13 and 
D23 are different from zero, which is not the case in our study. 

Another model, proposed by the same authors, is the shell model 
[27], which focuses on the importance of the subtended angle (β) on the 
coiled stable equilibrium configuration, especially when β has a small 
value. However, once again, in our study, the subtended angle (β) does 
not have a small value, making this model’s considerations irrelevant for 
our specific case. 

Regarding the deployment process, we can quantify the bending 

Fig. 5. Convergence analysis for RVE discretization.  

Fig. 6. Generic configuration of the boom where Kx kx and Ky ky are the 
curvatures [25]. 
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energy (Ub) as a function of the coiled length (x) using linear interpo
lation between the two extremal values found for the fully coiled and 
fully deployed configurations. The expression for Ub is given by Equa
tion (12): 

Ub =
βR
2
(
D11

r
−

2D12

rR
−

D22

R2 )x (12) 

The ejection force, which is the force responsible for the deployment, 
can be determined by taking the derivative of the bending energy with 
respect to x [44,45]. The expression for the ejection force (F) is provided 
in Equation (13): 

F =
∂Ub

∂x
=

D11β
2R

(
D22

D11
−

2R
r

D12

D11
+

R2

r2 ) (13) 

These equations help us analyze the deployment process and un
derstand the forces involved in achieving stable configurations. 

The kinetic energy owned from the boom during the deployment is 
quantified as a function of the undeployed length x: 

∊ =
1
2

m(l − x)v2 +
1
2

m(l − x)r2ω2 (14) 

Here, two components are evident: the first one is related to the 
ejection velocity (v), and the second is related to the angular speed (ω); 
where m represents the mass per unit length. Since ω = v/r, it leads to the 
following expression: 

∊ = m(l − x)v2 (15) 

This equation quantifies the kinetic energy (∊) per unit length of the 
boom during deployment. The value of l corresponds to the initial length 
of the boom when the deployment starts, and x represents the unde
ployed length. The deployment speed (v) can be determined by equating 
the kinetic energy (∊) to the work done by the net ejection force F(1-μ), 
as described in reference [44]: 

v =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
F(1 − μ)x
m(l − x)

√

(16) 

μ is a friction coefficient that has been empirically determined to 
have an adequate value of 0.6 [46]. With this information, the deploy
ment time (t) can be evaluated using the equation provided earlier: 

t =
x
v

(17) 

With this model, we are able to predict the deployment time as the 
boom proceeds through the ratio x/l as the independent variable. 
Analyzing the function F(r) given in equation (138), we can observe that 
the coiling radius at which the minimum value for the ejection force 
occurs is r = r*. This is an expected outcome, and it is anticipated that 
experimental results will validate this finding. Additionally, to account 
for the aerodynamic effects, we considered the subtraction of the aero
dynamic force from the releasing force in the model. The aerodynamic 
force Faero = 1

2 ρCDv2AF, where AF is the surface area facing the air given 
by AF = 2βRr, and CD is the drag coefficient with a value of 1.17, as per 
reference [44]. Consequently, in equation (16), we used F − Faero rather 
then F. By including the aerodynamic force, the model provides a more 
comprehensive representation of the deployment dynamics, considering 
the impact of air resistance on the ejection force during the deployment 
process. 

5. Wall-fixed experiments of deployment phase 

The experimental setup, as shown in Fig. 7, involved connecting the 
boom to a wall and testing its deployment at several values of the coiling 
radius (r). The purpose of these experiments was to empirically measure 
the influence of the coiling radius on the deployment time. By varying 
the coiling radius, the researchers sought to understand how this 

parameter affects the time it takes for the boom to deploy fully. In the 
experimental setup, the boom is rolled into a non-equilibrium state using 
a containing mechanism. This mechanism prevents the boom from being 
stored in its equilibrium-coiled configuration (Fig. 2b1d) because self- 
deployment would not occur in such a case. To enable automatic 
deployment, an unrolled end of the boom is left, which allows the boom 
to open once the containing mechanism is released. By adjusting the 
tightness of the containing mechanism, different coiling radii can be 
tested, and the mechanism is manually released to trigger the deploy
ment. In addition to testing the bistable boom’s deployment, a mono
stable boom is also tested for comparison. The monostable boom was 
produced for a previous work [43]. This comparison is carried out to 
examine how bistability influences the deployment dynamics in com
parison to the monostable counterpart. The monostable boom is made 
by one ply of a 2 × 2 twill fabric made of carbon fiber 3 K-TR30 and 
R450 epoxy. It is characterized in the deployed configuration by a radius 
R of 30 mm and a subtended angle of β of 340◦. 

By conducting these experiments with both the bistable and mono
stable booms, we can gain insights into the impact of bistability on the 
deployment process. Furthermore, it is important to note that direct 
comparisons of deployment times may carry less significance, as the two 
prototypes exhibit distinct materials and geometries. Understanding 
how the coiling radius and bistability affect deployment time and dy
namics can be crucial for optimizing boom designs for specific appli
cations, such as space missions or engineering structures. 

The connection of the boom to the wall was achieved by securing it to 
a C-shape support and then gluing the support to the wall. This method 
ensured stability and allowed for consistent positioning during the 
deployment experiments. To capture the deployment process, a camera 
with a frame rate of 30 frames per second (FPS) was used. Filming the 
deployments at this frame rate allowed for detailed analysis and 
observation of the boom’s motion as it unfolded. By recording the de
ployments using the camera, researchers were able to analyze the entire 
process frame by frame. This analysis would include measuring the time 
it took for the boom to fully deploy at various coiling radii (r) and 
comparing the deployment dynamics between the bistable boom and the 
monostable boom. 

6. Finite element analysis 

Numerical analysis was conducted using the Abaqus FEA software. 
Specifically, the Explicit Dynamic tool was employed due to its effi
ciency in handling dynamic processes with geometry changes and its 
ability to accurately capture the non-linear behavior of the problem 
[16,47]. As previously mentioned, self-deployment is facilitated by the 
energy stored during the folding phase. To simulate this process, we 

Fig. 7. Setup for the wall fixed tests.  
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defined the boom in its deployed configuration and then applied loads 
and rotations to gradually return it to the pre-deployment state. It was 
crucial to apply these loads smoothly, and to ensure accurate results, 
dissipation energy steps were incorporated before initiating the 
deployment simulation. 

By using the Explicit Dynamic tool in Abaqus, we could effectively 
model the dynamic behavior of the boom during the deployment pro
cess, considering the complex geometric changes and non-linear effects. 
This numerical approach allowed us to study and understand the self- 
deployment mechanism and the energy transfer that enables the boom 
to unfold spontaneously. 

The material properties of the boom were characterized using the 
density and the ABD matrix, as prior research has demonstrated the 
effectiveness of this approach in overcoming the limitations of the 
classic laminate theory, particularly concerning the bending properties 
of ultrathin composites [48–50]. By adopting the density and ABD ma
trix, we could accurately model and analyze the behavior of the boom 
during deployment. Similar to Section 3, we conducted a convergence 
analysis to determine the optimal mesh for the numerical simulation. In 
this process, we performed a frequency analysis, which proves to be 
highly efficient even when a large number of elements are used in the 
simulation. The results of this analysis are presented in Fig. 8. According 
to the frequency analysis, we found that a mesh with approximately 
4⋅104 elements achieves an error of approximately 1 %. This level of 
error is considered acceptable for achieving reliable and precise results 
in the subsequent numerical simulations and analyses. By using this 
well-converged mesh, we can ensure accurate representation of the 
boom’s complex behavior and dynamics during the simulation, enabling 
a comprehensive understanding of its self-deployment mechanism. 

To replicate the setup of the experimental deployment tests, we 
modeled a portion of the wall where the boom is fixed, along with the 
necessary components and constraints. To simulate the flattening pro
cess, we applied a pressure load on the internal surface of the boom and 
defined a fictitious horizontal plate. For both the wall and the plate, all 
degrees of freedom were fixed to ensure accurate simulation. The as
sembly of the parts with the highlighted constraints is depicted in 
Fig. 9a. 

To enable the interaction between surfaces, we used the General 
Contact setting. This allowed for surface-surface interaction between the 
boom and the wall/plate during the analysis. 

The analysis was divided into six different and successive steps. 
These steps include the flattening and coiling phases, which gradually 
return the boom to its pre-deployment configuration. After these steps, 
the constraints are removed, and the actual deployment process occurs. 

In Table 3, the relevant loads and boundary conditions used in the 
analysis are presented, helping to accurately simulate the experimental 
deployment setup. By meticulously defining the constraints and in
teractions between surfaces, the numerical analysis closely replicates 
the actual experimental conditions, providing valuable insights into the 
boom’s behavior during self-deployment. 

The simulation time plays a crucial role in accurately capturing the 
deployment dynamics of the boom. It, in combination with the applied 
loads and rotations, guides the evolution of the process. Therefore, 
finding the appropriate combination of these parameters is essential to 
obtain a realistic simulation of the deployment process. To correctly 
apply the loads and rotations, the “smooth step” command is used [48]. 
This command defines an application curve corresponding to a fifth- 
order polynomial with zero first and second derivatives at both the 
beginning and end of the specified time interval. This ensures a smooth 
and gradual application of loads and rotations during the simulation. 
The boundary conditions described earlier and shown in Fig. 9a remain 
active throughout all simulation steps, in addition to those specified in 
Table 3. These conditions are crucial for maintaining the integrity and 
stability of the boom during the analysis. Furthermore, three sets of 
nodes are defined to change the boom’s configuration. The set “node A” 
comprises the nodes along the free short edge of the boom, while the set 
“node B” includes the nodes along both long edges of the boom (Fig. 9b). 
Additionally, a cutting plane is defined at a distance of 100 mm from the 
constrained edge of the boom. This cutting plane is used to divide the 
part of the boom that will not be rolled from the rest, and it is repre
sented as set C (Fig. 9c). 

Fig. 8. Convergence analysis for boom discretization.  
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7. Results and discussion 

In the following sections, we present the results obtained from the 
experimental findings, numerical simulations, and the adopted theo
retical model described in Section 3. We will begin by discussing the 

experimental data and observations regarding the deployment process. 

7.1. Experimental results 

Fig. 10 and Fig. 11 illustrate the deployment sequence of the bistable 
and monostable booms, respectively. In the case of the bistable boom, it 
undergoes a gradual unrolling process, progressively reacquiring its 
cylindrical shape. The deployment is characterized by a smooth and 
controlled motion, maintaining stability throughout the unfolding 
process. 

Conversely, the monostable boom demonstrates a different deploy
ment behavior. It tends to rapidly reacquire its cylindrical shape, 
resulting in an irregular unrolling with a sudden “elbow-like” opening. 
The deployment of the monostable boom lacks the same level of 
smoothness and stability observed in the bistable boom, leading to a less 
predictable and less controlled unfolding. 

Furthermore, while the bistable boom deploys in a repetitive and 
predictable manner, the monostable boom assumes different and irreg
ular configurations in each experiment. This observation underscores 
the clear advantage of bistable booms over monostable ones, even when 
not fully coiled, due to their more manageable and consistent deploy
ment behavior. The consistent and predictable behavior of the bistable 
boom during deployment further highlights its superiority over the 
monostable boom design. 

According to the theoretical model presented in Section 43, the 
longest deployment time for the bistable boom is expected to occur in 
correspondence with the coiled stable configuration, which was pre
dicted to happen at a coiling radius of r = 45 mm. The experimental data 
from Table 4 shows that the coiling radius that actually results in the 
greatest deployment time is measured at r = 44.9 mm. The deviation of 
0.1 mm between the theoretically predicted value and the experimental 
result is relatively small and may be within the margin of error for the 
experimental measurements. 

7.2. FEM results 

The results obtained from the numerical simulations are presented in 
terms of the configurations assumed by the boom at various steps, as 
defined in Table 3. The simulation sequence begins with the boom being 
flattened by applying an internal pressure, causing it to spread out in a 
planar configuration. Subsequently, the boom is coiled by rotating the 
free short edge, which induces it to wrap around a central axis. Fig. 12 
displays the most illustrative frames obtained from the simulation, 
capturing key moments during the folding process. These frames provide 

Fig. 9. A) assembly of the boom along with the supports to model the coiling/ 
deployment sequence, with emphasis on the fixed boundary condition; b) nodes 
designated as set a + B, which are instrumental in altering the boom’s 
configuration; c) Set C, delineating the region critical for achieving the pre- 
deployment configuration. 

Table 3 
Constraints and loads applied to the boom for the dynamic analysis.  

Step Phase Applied 
loads 

Loads’ 
application 
regions 

Applied BC 

1 Flattening Internal 
pressure 
Gravity 

Boom internal 
surface 
All parts 

– 
- 

2 Coiling Internal 
pressure 
Gravity 

Boom internal 
surface 
All parts 

Rotation of Set A around 
x axis (please refer to  
Fig. 9) 

3 Energy 
dissipation 

Internal 
pressure 
Gravity 

Boom internal 
surface 
All parts 

Encastre of Set A and B 
translational and 
rotational degrees of 
freedom 

4 Adjustment Gravity All parts – 
5 Energy 

dissipation 
Gravity All parts Encastre of set C 

translational and 
rotational degrees of 
freedom 

6 Deployment Gravity All parts –  

Fig. 10. Deployment sequence of the bistable boom.  
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a visual representation of how the boom undergoes the transition from a 
flattened state to a coiled configuration and eventually to the fully coiled 
state. 

In Fig. 13, a detailed view of the coiled boom when it reaches the pre- 
deployment configuration is depicted. During this step, the inner curls of 
the boom have the opportunity to slide until the outer coiling radius is 
attained. This movement enables the boom to dissipate any residual 
excess of accumulated energy, a phenomenon also observed during the 
experimental tests. Once the pre-deployment configuration is reached, 
the boom is ready to deploy. 

In Fig. 14, the deployment sequence of the boom is illustrated, 
starting from the moment when all the constraints on the boom are 
removed. The time count begins at the initiation of the deployment step. 
The sequence starts from the pre-deployment position, and as the 
deployment proceeds, the boom progressively unrolls. During the 
unrolling process, the portion of the boom that is being released starts to 
reacquire its cylindrical shape. This behavior is a key characteristic of 
the bistable boom design, where the inherent stability ensures a 
controlled and predictable deployment. 

7.3. Results comparison 

In Fig. 15, the relative deployed length of the boom is plotted against 
time, and the results from both numerical simulations and theoretical 
predictions are compared with the experimental data. The deployment 
process initiates at approximately x/l ≅ 0.2, accounting for the initial 
dimensions of the coiled configuration. Remarkably, the experimental 
data closely mirrors the predictions of the theoretical model, repre
sented by the solid line. This congruence serves as a validation of the 
model’s accuracy in forecasting the boom’s deployment behavior. The 
disparities between experimental data and theoretical predictions do not 
exceed 9 %. This minor variation can primarily be attributed to the 
resolution of the measurements, as the frames are extrapolated from 
vide os recorded at a frame rate of 30 FPS. The uncertainty in time 
measurements is quantified as ±0.0167 s, resulting in an associated 
position uncertainty of ±2.64 cm, based on the average speed. In sum
mary, the experimental data closely aligns with the theoretical model, 
affirming the reliability and efficacy of the model in predicting the 

deployment dynamics of the bistable boom. Furthermore, the numerical 
model also faithfully replicates the phenomenon of the boom’s deploy
ment.The predicted deployment time obtained from the numerical 
model is 0.660 s for a coiling radius of r = 45 mm. On the other hand, the 
experimental measured time is t = 0.630 s, resulting in a small 
discrepancy of 4.5 % between the two values. This indicates that the 
numerical model is capable of accurately predicting the deployment 
time, and its results closely match the experimental data. 

The good agreement between the numerical model and experimental 
data is not only limited to the overall deployment time but also holds 
true for intermediate positions during the deployment process, as 
demonstrated in Fig. 15. This consistency can also be observed when 
comparing the deployment sequences in Figs. 9 and 14. 

Overall, this comprehensive comparison of the numerical simula
tions with experimental data and theoretical predictions demonstrates 
the success of the numerical model in providing reliable insights into the 
boom’s deployment process and behavior, confirming its effectiveness 
for practical applications in the field of self-deploying structures. 

Indeed, bistability plays a crucial role in achieving more regular and 
controlled deployments compared to the monostable case. The bistable 
design allows the boom to have two stable configurations, one coiled 
and one fully deployed. This characteristic ensures that the boom re
mains stable during both the coiling and deployment phases, leading to 
smoother and more predictable unfolding behavior. It was observed that 
the minimum ejection force, which is crucial for initiating the deploy
ment, is achieved at a coiling radius that corresponds to the value of the 
rolled stable configuration. This means that when the boom is stowed at 
this specific coiling radius, the deployment requires the least amount of 
force to initiate, resulting in a more efficient and controlled self- 
deployment process. However, if the boom is stowed in either a 
smaller or larger coiling radius, it will lead to faster deployments. This is 
because deviating from the optimal coiling radius increases the stored 
energy in the boom, which results in a more rapid release of energy 
during deployment, causing the boom to unroll faster. 

While faster deployments may be desirable in some applications, 
they can also lead to higher forces and perturbations during deployment, 
affecting the stability and performance of the overall system. Therefore, 
finding the right balance between deployment speed and stability is 
essential in designing self-deploying structures. 

8. Free-floating platform experiments 

In the final phase of the study, the bistable boom was connected to a 
free-floating platform, as shown in Fig. 16. The primary objective of this 
experiment was to evaluate the planar forces and solicitations induced 
by the deployment phenomenon. To achieve this, the platform was 
equipped with an accelerometer, and data were acquired during a series 
of seven deployment tests. 

The accelerometer data played a crucial role in identifying the 
different phases of the deployment process. Acceleration peaks in the 
data served as markers, demarcating the beginning and ending of the 
deployment sequence. These peaks allowed researchers to precisely 
determine when the self-deployment was initiated and when it was 
completed. 

During the experiments, the self-deployment of the bistable boom 
was triggered by an electric actuator, which unlocked the containing 
mechanism. This mechanism was responsible for holding the boom in its 
coiled configuration until it was ready to deploy. Once released, the 
boom underwent the self-deployment process as observed in previous 
tests. 

Fig. 11. Deployment sequence of the monostable boom.  

Table 4 
Measured deployment time for various radius.  

r [mm] 37.1 37.9 38.2 38.5 39.2 43.4 44.0 44.9 45.5 47.0 47.5 47.8 

t [s]  0.53  0.53  0.57  0.53  0.53  0.57  0.60  0.63  0.60  0.57  0.60  0.50  
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In all the tests conducted, a consistent and similar behavior was 
observed during the deployment of the bistable boom. The relationship 
between deployment time and coiling radius exhibited the same trend as 
seen in previous experiments. Fig. 17 illustrates the accelerometer 
measurements during a deployment test where the boom had a coiling 
radius of 45.1 mm. The data was acquired over a duration of 25 s, with a 
sampling frequency of 70 Hz. The deployment command was initiated at 
t = 5 s. 

The results in Fig. 17 show that the deployment process begins at t =
5.53 s and concludes at t = 6.16 s, with a total deployment time of 0.63 s. 
This deployment time value closely aligns with the findings from the 
fixed wall test for a similar coiling radius. However, it is noteworthy that 
a different method was employed to measure the deployment time in 
this case. Instead of relying on vide o acquisition, the beginning and 
ending of the deployment were determined based on the peaks observed 

in the axial acceleration data recorded by the accelerometer. The simi
larity in deployment behavior and the close agreement in deployment 
times across various tests further validate the reliability and consistency 
of the bistable boom’s performance. The use of accelerometer mea
surements for detecting the deployment phases provides an alternative 
and complementary approach to vide o analysis, proving to be effective 
in accurately identifying the start and end of the deployment process. 
Overall, the experimental findings from the accelerometer measure
ments reaffirm the predictability and stability of the bistable boom’s 
self-deployment, making it a viable and promising option for deploy
ment systems in practical engineering applications. 

The analysis of the measured accelerations revealed some interesting 
observations during the deployment of the bistable boom connected to 
the free-floating platform. One notable finding was the presence of a 
larger peak in the accelerations at the end of the deployment. This peak 
was attributed to the impulsive stop of the boom’s motion as it reached 
its fully deployed configuration. The sudden deceleration at the end of 
the deployment process resulted in a higher acceleration amplitude. 

Fig. 12. Flattening and coiling sequence obtained from FEM analysis.  

Fig. 13. Pre-deployment configuration of the boom.  

Fig. 14. Deployment sequence of the boom.  

Fig. 15. Deployment evolution comparison.  
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The difference in acceleration amplitudes between the x and y 
components was attributed to the positioning of the accelerometer. The 
accelerometer’s orientation made the measurement in the x- direction 
more sensitive, leading to a higher amplitude in that direction compared 
to the y-direction. 

Additionally, two unexpected phenomena were observed during the 
experiments. Firstly, the platform experienced a rotary motion around 
its z-axis. This unexpected rotation was attributed to asymmetries and 
imprecisions in the connection of the boom to the platform, which 
generated a torque during the deployment process. Secondly, the 
experiment showed the excitation of the platform’s side panels. These 
panels, being elastic structures, started to oscillate as a consequence of 
the dynamic excitation during the deployment of the boom. This 
observation highlights the importance of considering the dynamic in
teractions between the boom and other components of the system, as 
they can influence the overall stability and behavior during deployment. 
The observed phenomena demonstrate the complexity and inter
connected nature of the deployment process in real-life applications. 
They emphasize the significance of conducting comprehensive 

experimental tests to capture the dynamic behavior and solicitations 
experienced by the entire system during deployment. The observations 
from the fixed-wall tests can be extended to the boom constrained only 
to the floating platform. The end of deployment shock, characterized by 
a larger peak in accelerations, remains proportional to the deployment 
time. In other words, when the boom undergoes a faster deployment, it 
experiences a larger shock at the end of the deployment process. This 
finding highlights the importance of carefully controlling the deploy
ment process to achieve a balance between deployment speed and the 
associated shock amplitude. While faster deployments may be desirable 
in some scenarios, they can lead to higher forces and vibrations that may 
affect the stability and performance of the entire system. 

9. Conclusion 

In this study, the deployment phase of a thin-walled bistable com
posite boom was thoroughly investigated through both numerical sim
ulations and experimental tests. The results obtained from the numerical 
and theoretical analysis closely matched the experimental data for the 
bistable boom fixed to a wall. The key aspects analyzed were the 
deployment times and the dynamic behavior during the deployment 
process. A maximum difference of 4.5 % in terms of deployment time 
was observed between the numerical model and the experimental data. 
This slight deviation could be attributed to variations between the 
theoretical properties of the laminate used in the boom’s construction 
and the actual properties of the prototype, likely caused by minor in
efficiencies in the manufacturing process. Despite this discrepancy, the 
numerical model still aligned well with the theoretical predictions for 
the considered geometry and boom type. The advantage of using nu
merical finite element method predictions is that they provide more 
general solutions, as they can consider the real geometry of the boom 
without imposing any specific limitations. In contrast, analytical models 
may be limited by certain assumptions about the geometry, making FEM 
simulations a more versatile approach. 

Additionally, the deployment of the produced bistable boom was 
compared to a monostable boom from a previous work. The results 
revealed that the bistable boom exhibited a more manageable and 
controlled behavior during deployment, further confirming the superi
ority of bistable designs for self-deploying structures. Finally, the 
deployment of the bistable boom was observed while connected to a 
free-floating platform, simulating the deployment phase on a real small 
satellite. The results demonstrated that a rapid deployment phase 
induced linear acceleration and attitude perturbations of the platform, 
leading to vibrations of other flexible appendages like solar panels. The 
most significant perturbations occurred towards the end of the deploy
ment process. Acceleration peaks of 35 milli g in the x-direction and 20 
milli g in the y-direction were recorded as soon as the boom reached its 
fully deployed state. These peaks were notably larger than the ones 
detected at the beginning of the deployment, which measured at 3 milli 
g and 5 milli g in the x and y directions, respectively. Furthermore, these 
peak amplitudes exhibited an inverse relationship with deployment 
time. Additionally, it was observed that asymmetries could induce a 
rotational motion of the platform. This underscores the importance of 
considering the effects of boom deployment when designing satellite 
deployment systems. 

In conclusion, this comprehensive investigation into the deployment 
phase of the bistable boom provided valuable insights into its behavior 
and performance. The excellent agreement between numerical, theo
retical, and experimental results confirmed the accuracy of the models 
and validated the advantages of using bistable booms in various appli
cations, particularly those requiring precise and controlled self- 
deployment. 
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