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Abstract: The elastic strain energy-driven thin-walled deployable composite structures, 

characterized by their integration of structure and functionality, have attracted considerable 

attention in the field of space applications. These structures utilize the stored strain energy 

accumulated during the folding process to achieve elastic deployment. Significant progress 

has been made in the understanding of deformation mechanisms, modeling, design, 

optimization, and applications of such structures based on existing research. This review 

critically discusses over 300 papers from the past few decades, providing a comprehensive 

exploration of the development of three representative types of deployable composite 

structures: deployable composite hinges, booms, and reflectors. Specifically, it starts by 

reviewing the structural design, functional mechanisms, theories, finite element modeling 

methods and experimental investigations for these three types of structures. It then 

introduces optimization design methods and their applications in deployable composite 

structures. Additionally, specific practical application cases of deployable composite 

structures are discussed. Finally, future challenges and prospects for deployable composite 

structures are outlined. This paper serves as a valuable reference and inspiration for the 

design and application of deployable composite structures. It is expected to promote further 

advancements in this field. 

Keywords: Deployable composite structure; Thin-walled; Boom; Tape-spring; Hinge; 

Reflector; Optimization 
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Nomenclature 

A Stretching stiffness matrix 

B Coupling stiffness matrix 

D Bending stiffness matrix 

M Folding moment of the tape-spring, N·mm 

*

+M  
Steady-state moment of the tape-spring in the opposite-sense folding 

process, N·mm 

*M  
Steady-state moment of the tape-spring in the equal-sense folding process, 

N·mm 

max

+M  
Peak moment of the tape-spring in the opposite-sense folding process, 

N·mm 
maxM  Peak moment of the tape-spring in the equal-sense folding process, N·mm 

R Cross-sectional radius of the tape-spring, mm 

u Total strain energy per unit length of the tape-spring, mJ 

 Cross-sectional angle of the tape-spring, rad 

x  Curvature in the x-axis of the laminate 

y  Curvature in the y-axis of the laminate 

ACO Ant Colony Optimization 

AFRL Air Force Research Laboratory 

ANN Artificial Neural Network 

AST-6 Application Technology Satellite-6 

Bi-DCB Bistable Deployable Composite Boom 

BPNN Back Propagation Neural Network 

CFRP Carbon-Fibre-Reinforced-Plastics 

CLM Continuous Longeron Mast 

CLT Classical Laminate Theory 

CTM Collapsible Tubular Mast 

CSA Canadian Space Agency 

DCB Deployable Composite Boom 

DCH Deployable Composite Hinge 

DLR German Aerospace Center 

DOE Design of Experiment 

EBF Elliptical Basis Function 



 

 

ESA European Space Agency 

FEA Finite Element Analysis 

GD Generational Distance 

HV Hyper Volume  

IGD Inverted Generational Distance 

JAXA Japan Aerospace Exploration Agency 

JPL Jet Propulsion Laboratory 

mIGD mimicked Inverted Generational Distance 

MARSIS Mars Advanced Radar for Subsurface and Ionosphere Sounding 

MARCO Multi-Arm Radial Composite 

MOPSO Multi-Objective Particle Swarm Optimization 

MS Maximum Spread 

NASA National Aeronautics and Space Administration 

NSGA-II Nondominated Sorting Genetic Algorithm II 

OSS Oxford Space Systems 

PSO Particle Swarm Optimization 

RBF Radial Basis Function 

RF Random Forest 

RSM Response Surface Method 

SA Simulated Annealing 

SAR Synthetic Aperture Radar 

SFU Space Flight Unit 

SIASE Shanghai Institute of Aerospace System Engineering 

SQP Sequential Quadratic Programming 

STEM Storable Tubular Extendible Member 

SVR Support Vector Regression 

TRAC Triangular Rollable And Collapsible 

TRAAC Technology Research for Autonomous Aircraft Concept 

VGT Variable Geometry Truss 

 



 

 

1. Introduction 

With the development of aerospace technology, spacecraft are evolving towards increasing size 

and complexity. There is a growing demand for high-performance and highly stable deployable 

structures in various applications such as large-scale space antennas, solar sails, flexible robotic arms, 

solar power stations, and on-orbit assembly structures etc. This presents both significant challenges 

and extensive opportunities for the development of space deployable structure technology. Space 

deployable structures are compactly stowed during the launch phase to minimize their volume and 

facilitate installation. Once in the designated orbit, they are unlocked, deployed, and maintained in a 

work state according to the design requirements, forming large-scale space structures that meet the 

specified criteria. The emergence of space deployable structures resolves the contradiction between 

multifunctionality, large size, and limited storage capacity of launch vehicles. 

Currently, space deployable structures mainly include four types: mechanical, inflatable, shape 

memory alloy-driven, and elastic strain energy-driven [1-4]. Among them, the elastic strain energy-

driven deployable composite structures have the characteristics of integrated structure-function, 

utilizing stored strain energy during the folding process to achieve elastic deployment. Compared to 

other traditional space deployable structures, the elastic strain energy-driven deployable composite 

structures have advantages such as simplicity, high level of integration, excellent mechanical 

properties, high stowage efficiency, high deployment precision, and lightweight, etc [5-11]. In recent 

years, they have become a research hotspot and frontier in space deployable structures. In the past 

few decades, elastic strain energy-driven deployable composite structures have been widely applied 

in the space field, stimulating researchers to conduct more in-depth studies in this area. Fig. 1a 

visualizes the most frequently associated keywords with deployable composite structures since 1999 

using the VOSviewer tool. The size of the circles in Fig. 1a represents the frequency of occurrence of 

each keyword, the lines indicate the connections between publications, and the colors represent the 

clusters determined by the algorithm. This visualization tool provides valuable insights into the 

research focus areas, helping to gain a deeper understanding of the keywords and research trends 

related to deployable composite structures. An interesting trend has emerged since 1999, with a sharp 

increase in the number of published papers on deployable structures (shown in Fig. 1b), with over 

2300 related papers published in the past five years. This exponential growth demonstrates the 

increasing interest and recognition among researchers in the immense potential of deployable 



 

 

structures in advancing space-related technological developments. The expanding body of research 

signifies an increasing emphasis on harnessing the capabilities of deployable structures to address 

various challenges. Additionally, Fig. 1c provides a comprehensive overview of the percentage 

distribution of the four main types of deployable composite structures, based on data from Web of 

Science, highlighting the diversified structural designs aimed at specific requirements. It is worth 

noting that the inclusion of the tape-spring is commonly recognized as one of the simplest forms of 

hinges. 

This paper provides an overview of the latest advancements in the design, models, fabrication, 

experimental verification, optimization, and applications of deployable composite structures in space 

applications, as shown in Fig. 2. The structure of this paper is as follows: In Section 2, the 

development process of analytical modeling for the deployable composite tape-spring is outlined, and 

the characteristics of integral and combined deployable composite hinges are introduced. Section 3 

provides a review of the current status of deployable composite booms with different cross-sectional 

configurations and discusses the functional mechanisms of existing bistable deployable composite 

booms. Section 4 comprehensively reviews the development status of deployable composite reflector 

used for antennas. Section 5 reviews classification methods for optimization design, and introduces 

the coupling surrogate model and evolutionary algorithm technology. In addition, multi-objective 

optimization design work for deployable composite structures is also reviewed. Section 6 briefly 

describes the development process of deployable structures and various space application cases. In 

Section 7, future challenges of deployable composite structures are discussed. Finally, Section 8 

provides a summary of the entire paper. 



 

 

 

Fig. 1  Keyword analysis and publication trend of deployable composite structures: (a) Frequently 

utilized keywords (b) Distribution of publications (c) Main types of structural configurations. 

 



 

 

 

Fig. 2  Overview of design, models, fabrication, experimental verification, and applications of 

deployable composite structures. 

2. Deployable composite hinges  

2.1 Deployable composite tape-spring 

Inspired by the concept of a tape measure, researchers have developed a structure called a 

deployable composite tape-spring, which can store and release elastic strain energy [12,13]. The 

deployable composite tape-spring is a thin shell with a curved cross-section, typically exhibiting 

uniform curvature and a cross-sectional angle smaller than 180°. Due to its curved cross-section being 

capable of flattening, the deployable composite tape-spring is well-suited for folding and can achieve 

self-deployment through the stored strain energy. The folding of the deployable composite tape-spring 



 

 

can be categorized into two modes: when the longitudinal and transverse curvatures have the same 

direction, it is referred to as “equal-sense folding”; whereas when they have opposite directions, it is 

referred to as “opposite-sense folding”, as shown in Fig. 3a. Regardless of the folding mode employed, 

the deployable composite tape-spring possesses the ability to reversely rotate and lock, enabling 

important functionalities such as actuation, reverse rotation, and locking. When evaluating the folding 

behavior of the deployable composite tape-spring, the following parameters are of primary concern: 

(1) peak moment, which refers to the critical moment the deployable composite tape-spring can 

withstand when experiencing buckling instability, and serves as a measure of its ability to resist 

external disturbances. A higher peak moment indicates greater stability of the deployable composite 

tape-spring; (2) steady-state moment, which represents the moment exerted during the initial 

deployment stage after folding deformation, reflecting its capability to actuate space deployable 

structures; (3) stress level, accurately determining the stress level helps determine whether failure 

occurs and is used for strength design. 

Fig. 3b illustrates the relationship between folding moment and bending angle for the deployable 

composite tape-spring under both equal-sense and opposite-sense folding conditions. In the case of 

opposite-sense folding, starting from point O, the folding moment M shows a linear variation and 

gradually increases within a small range of bending angles. The corresponding configuration exhibits 

a smooth curvature along the longitudinal axis. As the bending angle increases, the cross-section of 

the deployable composite tape-spring gradually becomes flatter until reaching the peak moment, 

which represents the maximum value of the folding moment. Subsequently, due to the structural 

buckling, the folding moment decreases rapidly (AB). In this configuration, only the middle portion 

of the deployable composite tape-spring undergoes deformation due to folding, while the rest remains 

straight (shown in Figs. 3a and 3c). Once buckling occurs, theoretically larger bending angles do not 

alter the folding moment (BC), which is defined as the steady-state moment 
*M . During the stable 

phase, only the arc length of the folding region is affected by the variation in bending angle. In the 

deploying process of the opposite-sense folding configuration, the first part of the curve (CB) 

coincides with the loading path. However, at point B, the red curve remains unchanged until reaching 

point D, and then returns to the loading curve at point E. It subsequently linearly recovers back to 

point O (EO). In the equal-sense folding process, starting from O again, the folding moment shows a 

linear relationship with the bending angle (OF), exhibiting the same stiffness as the opposite-sense 



 

 

folding. The folding moment typically reaches its maximum value at relatively small bending angles, 

known as the peak moment during the equal-sense folding process. Then, similar to the opposite-

sense folding, the post-buckling behavior (GH) is defined by the steady-state moment 
*M . Finally, 

it is generally assumed that the unloading path of the equal-sense folding theoretically matches the 

loading path, although it may not be an exact match in practice [14,15]. 

This section aims to introduce analytical models for predicting the folding behavior of the 

deployable composite tape-spring. Currently, there are two analytical models (the elastic shell method 

and the energy method) used to describe the folding behavior of the deployable composite tape-spring, 

particularly the folding moment versus longitudinal curvature relationship. Based on the small-

deflection elastic shell theory, Wuest [16,17] first derived the folding moment versus longitudinal 

curvature curve for isotropic deployable tape-spring. This model has been widely applied and 

considered as a significant advancement. However, the model has some limitations, such as 

underestimating the peak moment and only predicting deployable tape-spring with a cross-sectional 

angle smaller than 1 radian. Seffen and Pellegrino [18] pointed out that the moment balance equation 

in the Wuest model is valid only for the flattened state of the tape-spring. To extend the applicability 

to tape-springs with larger cross-sectional angles, Seffen and Pellegrino numerically solved the 

modified integral limits of the moment balance equation. Consequently, the Wuest model has been 

further developed to apply to various materials and structural forms of tape-springs, such as off-axis 

tape-spring [19], deployable composite tape-spring [20,21], hexagon honeycomb tape-spring [22], 

star-shape tape-spring [23], auxiliary re-entrant honeycomb tape-spring [22,23], and integrated tape-

spring, etc [24]. These analytical models for different structural forms of tape-springs do not 

significantly differ in modeling approach compared to the Wuest model but consider different 

material properties. 

Shell energy minimization is another widely used method for predicting the folding moment 

versus curvature relationship of deployable tape-springs. Mansfield [25] proposed an analytical 

model for predicting the folding behavior of isotropic deployable tape-springs under large deflection 

conditions. This model considers both stretching and bending strain energy, establishes a total strain 

energy expression based on the curvature variation of the deployable tape spring during the folding 

process, and obtains the quantitative relationship between folding moment and longitudinal curvature 

through variational minimization. In addition, Mansfield derived an analytical model for the torsional 



 

 

buckling of the tape-spring, i.e., buckling occurs under equal-sense bending load without end effects. 

Yao et al. [26], combining the Wuest model and the Mansfield model, based on Calladine shell theory 

and von Karman thin plate large deflection bending theory, derived the expression for the folding 

moment versus curvature relationship of the deployable composite tape-spring using the energy 

method. This model considers the influence of transverse bending, longitudinal bending, and 

longitudinal tension on the elastic strain energy. Recently, Knott [27] and Shore [28] proposed new 

energy optimization analytical models for analyzing the folding moment versus curvature relationship 

of the deployable composite tape-spring. One key feature of this model is the use of a single path 

variable to describe the cross-section of the tape-spring. Comparative analyses have shown that the 

predictions of this method are in good agreement with the Wuest and Mansfield models [28]. The 

aforementioned analytical models have made significant progress in predicting the folding behavior 

of the deployable composite tape-spring, especially in terms of the folding moment versus curvature 

relationship. However, accurately predicting the folding behavior of these structures relies on 

determining their geometric configuration during the folding process. Iqbal et al. [29] hypothesized 

that the cross-section of the deployable composite tape-spring remains circular during the folding 

deformation. This hypothesis has also been validated by other literature [30-34]. Therefore, based on 

this assumption, it is possible to establish a new analytical model for predicting the folding behavior 

of the deployable composite tape-spring. The theoretical modeling approach for the folding behavior 

of the deployable composite tape-spring is summarized in Fig. 3d, which presents the theoretical 

framework.  

In addition, by changing the boundary conditions and loading methods of the deployable 

composite tape-spring, axial compression folding deformation can also be achieved. This folding 

method of the deployable composite tape-spring can be applied to structures such as hinge [35] and 

cabin [36]. However, there are relatively few theoretical modeling studies on this folding method. Liu 

and Bai [37] proposed an analytical model based on the Euler-Bernoulli beam theory to predict the 

load-displacement curve, shape function, and stress level during the axial compression folding of the 

deployable composite tape-spring. The study showed that the load-displacement curve exhibits a 

three-stage nonlinear behavior similar to bending folding behavior, and the model was validated 

through experimental and numerical analysis [36]. 



 

 

Based on the above summary, it can be concluded that the elastic shell method and energy 

method show a trend of evolution in the space application to the deployable composite tape-spring. 

The focus of research lies in the folding behavior of the deployable composite tape-spring, 

particularly the folding moment versus longitudinal curvature relationship. Existing analytical models 

can predict nonlinear characteristics similar to experiments, but there is a common issue of 

underestimating the peak moment. Currently, most analytical models mainly predict the opposite-

sense folding behavior of the deployable composite tape-spring since both bending and torsion occur 

during the equal-sense folding deformation [16,18]. Therefore, establishing an analytical model that 

accurately predicts the equal-sense folding behavior of the deployable composite tape-spring is one 

of the key areas for future research. 



 

 

 

Fig. 3  Folding behavior of the deployable composite tape-spring: (a) Illustration of the senses of 

folding and sign convention [14] (b) Theoretical evolution of the folding moment with the applied 

bending angle [14]  (c) Opposite-sense folding process [15] (d) Theoretical system of analytical 

models. 

2.2 Integral deployable composite hinges 

Due to simplicity and ease of use, the deployable composite tape-spring has been widely 

employed in the design of space deployable structures. However, they exhibit certain limitations in 

terms of mechanical properties, such as relatively low bending stiffness and load-bearing capacity. 



 

 

To overcome these issues, integrated Deployable Composite Hinges (DCHs) have been developed. 

An integrated DCH is a cylindrical shell structure with symmetric openings and an integral hinge 

mechanism that enables 180° folding functionality (shown in Fig. 4a) [38,39]. Due to the structural 

integrity, it possesses features like easy fabrication and fewer connection points. However, this type 

of hinge experiences stress concentration during folding and repeated folding can lead to damage or 

failure. In 2003, the European Space Agency (ESA) launched the Mars Advanced Radar for 

Subsurface and Ionosphere Sounding (MARSIS) aboard the Mars Express spacecraft, which was the 

first radar antenna employing an integrated DCH (shown in Fig. 4b) [40]. This marked the inaugural 

application of an integrated DCH in space, generating significant interest among researchers and 

driving further research and broader applications of this hinge. The folding behavior of integrated 

DCHs that needs to be focused is similar to that of the deployable composite tape-spring, including 

folding moment-bending angle curve, peak moment, steady-state moment, damage or failure, etc. 

[41-50]. Folding moment versus bending angle curve of integrated DCHs also exhibit a typical three-

stage characteristic [47], as shown in Fig. 4c. It is worth noting that most of the aforementioned 

studies are based on experimental and numerical methods because the geometric nonlinearity and 

shell contact during the folding deformation of integrated DCHs make theoretical modeling 

challenging. In addition to the folding deformation, the dynamic impact response during the rapid 

deployment process of integrated DCHs is another crucial consideration. Some literature has 

numerically modeled the deployment process of integrated DCHs and used high-speed cameras to 

measure the varying angle versus time (shown in Fig. 4d) [47,49-52]. 

Integrated DCHs typically experience maximum stress (i.e., the critical location) near the end of 

the slot [47,49,50], as shown in Fig. 5a, which is a stress concentration area. To address this issue, 

Mallikarachchi and Pellegrino [53-55], as well as Mobrem et al. [40], introduced circular cutouts at 

both ends of the slot in the integrated DCH (shown in Fig. 5b). The folding and deployment process 

of this new design was investigated through experiment and numerical simulation. The research 

revealed that the circular cutouts effectively reduce the stress level. However, in certain design 

configurations, the failure may occur at the location of the circular cutout, as shown in Fig. 5c. To 

further reduce the folding radius and stored strain energy in the integrated DCH, Sakovsky et al. 

[38,56] proposed a dual-matrix integrated DCH (illustrated in Fig. 5d). The folding and deployment 

process of this hinge was studied using experiment and numerical simulation, as shown in Fig. 5e. 



 

 

The predicted geometric configurations matched well with the actual configurations. It is worth 

noting that the aforementioned integrated DCHs are all based on a straight tube configuration. Ferraro 

and Pellegrino [57,58] introduced a novel integrated DCH with an angled shape, where two thin-

walled cylinders intersect at a 90-degree angle (shown in Fig. 5f). 

The mentioned researchers primarily conducted comprehensive studies on the folding and 

deployment behavior of symmetrically open integrated DCHs using experimental and numerical 

methods. However, they also identified stress concentration issues in these hinges during the folding 

process, which could lead to damage or failure upon repeated folding. By optimizing the shape and 

parameters of the cutout, the reliability of integrated DCHs can be improved. Future research can 

further explore the application of integrated DCHs in complex space environments and enhance their 

bending stiffness and load-carrying capacity through optimized designs. Additionally, attention 

should be given to hinge durability and damage prediction, along with exploring their potential 

application in complex folding mechanisms. 

 

Fig. 4  Folding behavior of integrated DCHs: (a) Deployed, partially folded and fully folded 

configuration [39] (b) MARSIS [41] (c) Folding moment-bending angle profile for folding and 

deployment simulation [47] (d) Comparison of snapshots from experiment and simulation [52]. 



 

 

 

Fig. 5  Folding behavior of other types of integral DCHs: (a) Strain contour plot in the folding state 

[50] (b) Integral DCH with end circular [53] (c) Failure at the end circular position after folding 

[55] (d) Dual-matrix integral DCH and folding apparatus [56] (e) Comparison of experimentally 

observed and simulated deployments of dual-matrix integral DCH [56] (f) Folding process of DCH 

with diagonal geometry and its manufacturing process with silicone molding [57]. 

2.3 Combined deployable composite hinges 

Combined DCHs have also gained increasing attention. They are typically composed of multiple 

deployable composite tape-springs arranged in opposite or back-to-back configurations. These hinges 

offer higher bending stiffness and load-carrying capacity compared to deployable composite tape-

spring alone. Furthermore, they can be structurally and material optimized to meet specific 

application requirements. Echter et al. [59] and Pellegrino et al. [60,61] proposed an opposite 



 

 

configuration for combined DCHs. In this design, two opposing deployable composite tape-springs 

are secured together using end components, as shown in Figs. 6a and 6b. Francis et al. [62,63] and 

Fosness [64] developed a back-to-back DCH (also known as an X-hinge), as depicted in Fig. 6c. 

When deployed, this hinge aims to have equal bending stiffness in two directions perpendicular to 

the longitudinal axis of the hinge. Other combined spring-based deployable hinges have also received 

attention [65-73]. Figs. 6d to 6g show several representative examples of such hinges. In 2009, the 

United States Air Force Research Laboratory [74,75] proposed a cross-shaped DCH for use in mesh 

reflector antennas (shown in Fig. 6h). When combined with support rods, this hinge can be utilized 

in the design of various one-dimensional and two-dimensional structures. 

 

Fig. 6  Folding behavior of combined DCHs: (a) CAD model of equal-type hinge [60] (b) Tape-

spring rolamite hinge [61] (c) X-shape hinge [64] (d) Hybrid intelligent hinge [66] (e) Combined 

hinge with four tape-springs [68] (f) Ultra-light deployment mechanism [72] (g) Multi-layer tape-

spring hinge [73] (h) Four-cornered hinge [74]. 



 

 

3. Deployable composite booms 

3.1 Tubular deployable composite boom 

Similar to the deployable composite tape-spring, tubular Deployable Composite Boom (DCB) 

is thin-shell structures with uniform transverse curvature. However, the cross-sectional angle is 

usually larger than 180°, enabling it to undergo coiling and folding deformation. The tubular DCB 

can be folded in two ways: equal-sense folding and opposite-sense folding, as shown in Figs. 7a and 

7b. The tubular DCB can not only be compactly packaged through folding but also restore to its initial 

configuration by releasing the stored strain energy during the folding process. It serves as fundamental 

components for constructing space deployable structures, offering advantages such as lightweight, 

high stiffness, and repeatability of deployment [76]. Additionally, it is crucial structures for space 

applications such as deployable mesh reflector antennas, deployable solar sails, thin film antennas, 

and space probes [77,78]. Regarding the folding behavior of the tubular DCB, the following 

parameters are of primary concern: (1) folding moment: This refers to the moment required to coil 

the tubular DCB from its deployed state using an auxiliary mechanism. Accurate prediction of the 

folding moment is crucial for the design of the auxiliary mechanism; (2) stored strain energy: This 

refers to the strain energy stored in the structure due to its deformation during the folding process. 

The stored strain energy significantly affects the deployment behavior of the tubular DCB; (3) stress 

level: This refers to the magnitude of stress experienced by the tubular DCB during the folding 

process. It is used for strength design considerations. 

In 1961, Klein designed the thin-walled Storable Tubular Extendible Member (STEM) for the 

communication antenna of Canada's first satellite, the Alouette. This deployable boom is folded and 

stored in corresponding constraints before launch, while being fixed to the satellite. After launch, it 

gradually extends outward until fully deployed through motor control. The successful application of 

the Alouette satellite laid the foundation for the development of tubular deployable booms. 

Subsequently, many scholars established various analytical models to describe the folding behavior 

of tubular deployable booms. Early studies focused on using isotropic materials to fabricate 

deployable booms. Based on the plate shell theory, Rimrott et al. [79-82] conducted extensive analysis 

on various mechanical behavior of deployable booms, including bending stiffness, torsional stiffness, 

ploy zone length, stress distribution, and stored strain energy. Iqbal et al. [29] proposed an analytical 

model to predict the stored strain energy of the tubular Bistable Deployable Composite Boom (Bi-



 

 

DCB) during the folding deformation process, considering the influence of stretching strain energy 

and bending strain energy. This model has been widely used and developed into various versions to 

analyze the stored strain energy, folding moment, and stress level of the tubular DCB. For example, 

Wang et al. [83] developed the Iqbal model and used the energy method to model the folding and 

deployment process of the tubular DCB. The model was used to predict the end force that the boom 

can withstand before relaxation occurs, as shown in Fig. 7c. In addition, experimental setup was 

developed to realize the folding and deployment process of the tubular DCB. The experimental results 

were compared with the predictions of the analytical model, and they showed good agreement. Liu 

and Bai et al. [84] considered the boundary conditions and geometric configurations of the tubular 

DCB under realistic working conditions, and developed a folding machine to achieve equal-sense and 

opposite-sense folding and deployment of the tubular DCB. This folding machine can measure the 

drive moment during the deformation process of the tubular DCB, including folding system, driving 

system, and data acquisition system, as shown in Fig. 7d. The folding behavior of the tubular DCB 

was analyzed through experiments and numerical simulations, and the predicted folding moment-

rotational displacement curve showed good agreement with the experiments, as shown in Fig. 7e. In 

subsequent work, based on the energy principle and two classical failure criteria, an analytical model 

was established to predict the folding moment and stress level of the tubular DCB throughout the 

entire folding process. The predictions using the analytical model were in good agreement with the 

numerical and experimental results [85], as shown in Fig. 7f. 



 

 

 

Fig. 7  Folding behavior of the tubular DCB: (a) Equal-sense folding (b) Opposite-sense folding (c) 

Folding and deploying experimental setup and tip force during blossoming [83] (d) Folding 

machine [84] (e)  Folding deformation processes of the tubular DCB through experiment and 

numerical simulation [84] (f) Folding moment versus rotational displacement curves of the DCB in 

the folding processes [85].  

3.2 No-circular cross-section deployable composite booms 

In recent years, deployable booms have undergone continuous innovation in terms of their cross-

sectional forms, attracting widespread attention. The United States Air Force Research Laboratory 



 

 

has developed a Triangular Rollable And Collapsible (TRAC) boom [86,87]. The cross-section of the 

TRAC boom consists of two arcs connected on one side, forming two curved edges and a flat belly 

plate, as shown in Fig. 8a. This boom has been used in three different solar sail missions, namely 

NanoSail-D [88], The Planetary Society's LightSail-1 [89], and LightSail-2 [90]. In all three cases, 

the TRAC boom was made of metal. Recent studies have shown that the metal TRAC boom is 

sensitive to temperature gradients. In space, when one edge faces the sun while the other remains in 

shadow, significant end deflections can occur [91]. Therefore, in recent years, extensive research has 

been conducted on TRAC boom made of carbon fiber-reinforced composites. The preparation of 

composite TRAC boom involves a secondary bonding process. First, two half-sections are cured, and 

then they are bonded together. Fig. 8b shows the fabrication process of the TRAC boom. Lecler [92] 

proposed an analytical model to predict the buckling load of the TRAC boom under pure bending and 

designed a buckling test setup (shown in Fig. 8c). Buckling modes and locations have been 

investigated through experiments, numerical simulations, and analytical models [93] (shown in Fig. 

8d). Lecler et al. [94-96] and Luo [97] analyzed stress concentration and material failure in the ploy 

zone of the TRAC boom using theoretical and numerical methods. Inspired by the design of the 

TRAC boom, Yang et al. [98,99] proposed the concepts of N-shaped and M-shaped DCBs (shown in 

Figs. 8e and 8f) and studied the strain energy stored during the folding process, as well as the peak 

bending moment. 

It is worth noting that a key characteristic of the aforementioned booms is their open cross-

section, which typically exhibits lower torsional stiffness. In 1999, the German Aerospace Center 

(DLR) first used carbon fiber-reinforced composites to fabricate a lenticular DCB, also called 

Collapsible Tubular Mast (CTM) [100]. The lenticular DCB consists of two axially symmetric Ω-

shaped carbon fiber composite shells, as shown in Figs. 9a and 9b. Due to its closed cross-section, 

the lenticular DCB has higher torsional stiffness. There are numerous space applications for the 

lenticular DCB, including rollable rib antennas developed by Oxford Space Systems Limited (OSS), 

solar sail spacecraft by the ESA and DLR, and solar sail spacecraft used by National Aeronautics and 

Space Administration (NASA) in deep space science and exploration missions, etc [101]. Bai et al. 

conducted theoretical analyses on various key performance aspects of the lenticular DCB, including 

nonlinear mechanical response during tensile and compressive flattening processes [102-104], neutral 

cross-section position in the flattened state [105], in-plane strain and interlaminar shear stress during 



 

 

folding [106], folding moment and stored strain energy [107,108]. Figs 9c to 9e respectively depict 

the tensile, compressive, and folding deformations of the lenticular DCB determined by experiment 

and numerical simulation. The deployment behavior of the lenticular DCB mainly focuses on 

buckling, stiffness and thermal effect in space environment, such as local buckling under axial 

compressive loading [109] (shown in Fig. 10a), global Euler buckling [110], nonlinear buckling and 

post-buckling under pure bending conditions [111,112], temperature field and thermal deformation in 

extreme environment [113] (as shown in Figs 10b and 10c), as well as natural frequency [114]. 

 

Fig. 8  No-circular deployable composite booms: (a) TRAC boom [86] (b) Manufacturing 

process of TRAC boom [92] (c) Bending experimental setup (The sliding end is mounted on a rail 

to allow longitudinal translation) [92] (d) Buckling modes under equal-sense and opposite-sense 

moments [93] (e)  N-shaped DCB [98] (f)  M-shaped DCB [99].  



 

 

 

Fig. 9  Lenticular deployable composite boom [108]: (a) LDCB specimens (b) Manufacturing 

process of the lenticular DCB (c) Tensile deformation process determined by the Exp. and FEA (d) 

Compressive deformation process determined by the Exp. and FEA (e)  Coiling deformation 

process determined by the Exp. and FEA.  



 

 

 

Fig. 10  Buckling and thermal behavior of lenticular DCB: (a) Subjected to axial compression [109] 

(b) Subjected to a pure bending load about y-axis [112] (c) Temperature field and thermal 

deformation in extreme environment [114].  

3.3 Bistable deployable composite booms 

The aforementioned DCBs typically have only one deployed stable state, while the folded state 

usually possesses high strain energy and cannot stay stable without external constraints (i.e., having 

self-deployability). Therefore, mechanisms are required to control the deployment process, which 

increases system mass and the risk of deployment failure. By employing suitable material and 

mechanical designs, DCBs can be designed with bistable functionality, meaning they possess two 

stable equilibrium states in both the deployed and folded configurations (shown in Fig. 11a). Bi-DCBs 

can maintain a folded stable state without any restraining devices and exhibit lower strain energy in 



 

 

the folded stable state, demonstrating more controllable self-deployment characteristics [115-117]. 

As a result, Bi-DCBs hold significant potential for a wide range of applications. 

Since the initial proposal of the tubular Bi-DCB by British scholar Daton Lovett in 1996, 

Cambridge University has been at the forefront of related research in this field. Various theoretical 

models have been developed to predict the geometrical configuration, stored strain energy, and stress 

levels of the tubular Bi-DCB in the folded stable state. Fig. 11b provides an overview of the evolution 

and development of the most representative analytical models. Based on the CLT and the principle of 

minimum potential energy, Iqbal et al. [29] successfully established a simple linear elastic analytical 

model and derived expressions for the strain energy as a function of longitudinal and transverse 

curvatures, as well as the cross-sectional angle. This model can be used to predict the cross-sectional 

radius of the tubular Bi-DCB in the folded stable state. However, the bistable behavior exhibited by 

symmetric and antisymmetric laminates cannot be distinguished in this model. Galletly and Guest 

[30] further developed a “beam model” based on the Iqbal model, considering all possible 

deformation modes, including torsion, shear, and stretch-bend coupling effects. The theoretical 

predictions are consistent with numerical simulations but show significant discrepancies with 

experimental results. In subsequent studies, Galletly and Guest [31] proposed a “shell model” that 

abandoned assumptions about cross-sectional shapes. Compared to the “beam model”, the predictive 

performance of the “shell model” is essentially the same, but still presents noticeable deviations from 

experimental results. This difference may be attributed to plastic deformation of the matrix at high 

strains, while the material is assumed to be linear elastic throughout in the analytical models. 

Additionally, Guest and Pellegrino [32] introduced a two-parameter analytical model assuming a 

uniformly distributed deformation of the shell, with zero Gaussian curvature at all times. This model 

can determine the cross-sectional radius of the tubular Bi-DCB in the folded stable state, and its 

predictions align with those of the aforementioned three analytical models. However, these four 

analytical models still cannot accurately predict the true geometrical configuration of longer tubular 

Bi-DCB in the folded stable state, as their cross-sectional geometry more closely resembles an 

Archimedes’ helix rather than a circle. Therefore, based on the works of Iqbal et al. [29] and Guest et 

al. [32], Liu and Bai et al. [118] introduced more precise geometric models to describe the folded 

stable state (arbitrary length and number of coils) of tubular Bi-DCBs. An analytical model was 

established to predict the folding behavior, including stored strain energy, geometric configuration, 



 

 

and stress levels of the tubular Bi-DCB. Based on this, Liu and Bai further analyzed the effect of 

temperature on the folded stable state through theoretical modelling and numerical simulation [119]. 

Figs 11c to 11e illustrate the modelling process of the representative Iqbal model, two-parameter 

model, and improved model proposed by Liu and Bai. 

 

Fig. 11  Tubular bistable deployable composite boom: (a) Bistable deformation process (b) 

Evolution and development process of analytical models (c) Modelling process of Iqbal model (d) 

Modelling process of two-parameter model (e) Modelling process of Liu and Bai model.  



 

 

The deployment behavior of Bi-DCBs, which are of particular interest for space applications, 

needs to be carefully examined. This includes stability [120-122], driving force [123], deployment 

speed [124], deployment deformation process [125], and viscoelastic behavior, etc [126-142]. 

Additionally, the ploy region length of Bi-DCBs should be considered, which refers to the length of 

the region between the folded state and the deployed state. The length of the ploy region can range 

from a few inches to several feet and has a significant impact on the efficiency of folding. Furthermore, 

the ploy region can potentially weaken the final structure, necessitating additional support structures 

for reinforcement. Yang et al. [143] hypothesized that longitudinal and transverse curvatures are the 

primary factors influencing the ploy region and derived a function describing the variation of energy 

with curvature along its length. They found that as the curvature approaches the final deployed 

curvature, and the total energy gradually increases. This model provides a convenient way to predict 

the ploy region length and curvature distribution. Based on the analytical model proposed by Rimrott 

et al. for isotropic tubular deployable boom, Wang and colleagues [144-146] theoretically predicted 

the ploy region length of Bi-DCBs. Rakow and Reedy [147] compared these two analytical models 

through experiments and numerical simulations and discussed the parameters influencing the ploy 

region length. These studies highlight the importance of understanding and predicting the behavior 

of the ploy region in order to optimize the design and performance of Bi-DCBs.  

Apart from the tubular Bi-DCB, several researchers have utilized the analytical model 

established by Guest and Pellegrino [32] along with numerical simulation to design various other 

configurations of Bi-DCBs. For instance, the parabolic Bi-DCB [148-150], the Bi-DCB with initial 

longitudinal curvature [151,152], the Bi-DCB with flat region [153], the lenticular Bi-DCB [149,154-

156], bistable TRAC boom [150,154], and SHEARLESS Bi-DCB [149,156].  

4. Deployable composite reflectors 

Deployable composite reflector antennas are a common type of antenna in the space field. It is 

made of composite materials and possesses high flexibility and toughness. Deployable composite 

reflector antennas find wide applications in spacecraft. For instance, they can be used as a high-gain 

antenna in communication satellites, as a radar antenna in earth observation, as a microwave 

radiometer in remote sensing, and as a radio telescope in scientific exploration. Additionally, 

deployable composite reflector antennas can also be utilized for adaptive deformation and vibration 

control of spacecraft. Based on the folding and deployment methods, deployable composite reflector 



 

 

antennas can be classified into taco-shaped type, petal-shaped type, umbrella-shaped type, and warp-

rid type. 

4.1 Taco-shaped deployable composite reflectors 

The taco-shaped deployable composite reflector antenna, also known as the spring-back reflector 

antenna, is a common type of antenna in the space field. The reflector of this antenna is made of 

composite materials and features a secondary backplane and support structure to provide deployment 

stiffness and accuracy. During launch, a restraint device is used to maintain the folded configuration. 

Once in orbit, the restraints are released, and the antenna automatically deploys. The taco-shaped 

deployable composite reflector has been successfully applied to communication antennas on the 

satellite by the Canadian Space Agency (CSA) [157], as shown in Fig. 12a. However, the deployment 

stiffness of the taco-shaped deployable composite reflector is relatively low. To address this issue, 

Tan et al. proposed a method of locally reinforcing the reflector [158,159], as shown in Fig. 12b. 

Research has shown that local reinforcement significantly increases the stiffness and accuracy of the 

reflector without adding mechanical complexity to the system. This type of reflector meets the 

stringent requirements of high-precision communication while offering advantages such as low cost, 

high dimensional accuracy, and ease of folding. For Ku-band missions, Türkmen et al. designed a 

full-sized off-axis reflector and considered different reinforcement schemes (shown in Fig. 12c) [160]. 

The study reveals that this design has advantages in terms of mass, natural frequency, number of 

components, production, and assembly. Subsequent work involved the validation of its performance 

through testing the modal behavior, folding, dynamic deployment, and surface accuracy of prototype 

samples [161]. Soykasap et al. developed a taco-shaped deployable composite reflector based on 

composite tape-springs as the supporting structure [162]. The study demonstrats that design variables 

such as initial curvature of the tape-springs, projected length, and three-dimensional folding angle 

have significant influences on its bending behavior. However, further research is needed to investigate 

the effects of the connection between the tape-springs and the reflector on the entire folding and 

deployment process. Fig. 12d illustrates the folding and deployment process of this reflector. Tan et 

al. analyzed a taco-shaped deployable composite reflector with curved reinforcing ribs [163]. It is 

found that by utilizing curved reinforcing ribs, local instability can be prevented, the maximum 

packing force required for the reflector can be increased, and its bending stiffness can be improved. 

Soykasap et al. presented a design scheme for an X-band satellite taco-shaped deployable composite 



 

 

reflector, which was experimentally validated for folding and deployment functionality (shown in Fig. 

12e) [164]. 

It should be noted that this type of deployable composite reflector also has some limitations, 

such as difficulties in controlling dimensional accuracy, lower folding efficiency, and the potential 

for sudden release of stored strain energy causing deployment shocks. These limitations restrict its 

applications. 

 

Fig. 12  Taco-shaped deployable composite reflectors: (a) Spring-back reflector in deployed and 

packaged configurations (Courtesy of the Canadian Space Agency http://www.space.gc.ca.) [157] 

(b) Stiffened spring-back reflector [159] (c) Predesign reflector made of three-ply (0/45/0) plain 

weave carbon/epoxy [160] (d) Ultra-thin shell deployable reflector based on curved large tape 

springs [162] (e) Dynamic deployment of self-deployable CFRP flexible shell reflector [164]. 

4.2 Petal-shaped deployable composite reflectors 

The petal-shaped deployable composite reflector antenna is typically composed of a reflector 

and a feed source at the focal point. The reflector features a petal-like shape, hence it is referred to as 

http://www.space.gc.ca.)/


 

 

a petal-shaped reflector [165] (shown in Fig. 13a). This type of reflector exhibits high mechanical 

complexity to achieve the required accuracy during the folding and deployment process. To meet the 

requirements of deployable antennas with aperture sizes ranging from 0.3m to 1m, Stilesh and Garrett 

[166] proposed a radial segmented winding scheme, which divides the flexible shell surface into 

multiple segments along a spiral path. Through the design of the spiral shell surface, each segment 

remains purely curved in the folded configuration, avoiding the shape accuracy variation caused by 

shear loads. To achieve synchronization during the deployment process, a scissor-hinge-like 

connection scheme is employed along the circumferential edge of each segment. However, due to the 

weak stiffness of a single shell segment, significant deformations can occur under the influence of 

gravity, thus the prototype was only subjected to deployment verification tests on a forming mold. 

Enhancing the stiffness of the individual shell segments and controlling the deployment behavior are 

important issues to be addressed for petal-shaped deployable composite reflectors. Reynolds et al. 

[167] designed a highly compact petal-shaped deployable composite reflector that can be stored 

within a 1U CubeSat. They developed a radial segmented winding method and utilized constraints to 

limit the reflector, resulting in the desired load characteristics of the planar structure. Footdale et al. 

[168] developed a Multi-Arm Radial Composite (MARCO) reflector to reduce costs (shown in Fig. 

13b). This multi-arm radial segmented coiling reflector employs segmented composite shell bodies 

as the reflector, and a simplified assembly technique to lower the costs. The deployed diameter of this 

reflector is 4m and it can be stowed within a cylindrical container with a diameter of 0.66m and a 

height of 1.1m (shown in Fig. 13c). Experimental validation was conducted to demonstrate that the 

shape and gravity-induced deformations of the reflector meet the accuracy requirements for surface 

profiles. 

Petal-shaped reflector antennas offer high gain, high directivity, wideband characteristics, 

excellent interference resistance, and a high signal-to-noise ratio. However, such reflectors require 

highly complex mechanical structures for folding and deployment to achieve the desired accuracy. 

The use of mechanical components introduces thermal deformations, which further complicate 

system design. To effectively address the limitations of petal-shaped reflector antennas, Harris 

Corporation has developed a novel type of petal-shaped deployable composite reflector antenna, also 

known as a flexible precision reflector antenna [169] (shown in Fig. 13d). This flexible precision 

reflector is composed of composite material thin shells and can be folded in an umbrella-like folded 



 

 

manner. By dividing the reflector into multiple panels, a larger diameter can be achieved while 

ensuring high precision and flatness. Harris Corporation also developed a lightweight and structurally 

simple flexible precision reflector antenna with a diameter of 0.9 meters (shown in Fig. 13e), which 

operates in frequencies above 40GHz [170]. The feasibility of this design approach has been validated 

through the fabrication and testing of a petal-shaped reflector antenna model. Dufour et al. [171] 

reported a new concept for a flexible precision reflector antenna, as shown in Fig. 13f. Compared to 

traditional fixed reflector antennas, this deployable design offers smaller folding dimensions and 

lighter weight. Additionally, the use of origami-inspired techniques enables higher surface accuracy, 

thereby improving RF performance. The reflector is suitable for antennas ranging from 0.5 meters to 

2 meters in diameter and can operate at high frequencies in the Ka-band, providing more options for 

communication and scientific missions. 

 

Fig. 13  Petal-shaped deployable composite reflectors: (a) Early reflector schematic diagram [165] 

(b) Back side of multi-arm radial composite reflector [168] (c) Folded and deployed multi-arm 

radial composite reflector [168] (d) Flexible precision reflector [169] (e) Breadboard reflector [170] 

(f) Origami deployable reflector [171]. 



 

 

4.3 Umbrella-shaped deployable composite reflectors 

Umbrella-shaped deployable composite reflector antennas are characterized by low areal density 

and compact stowage volume. They can operate in a high-frequency range and achieve a large 

deployment diameter. Compared to traditional flexible reflectors, umbrella-shaped deployable 

composite reflectors can withstand larger stowage strains without creep and maintain high accuracy 

with fewer ribs (shown in Fig. 14a) [172]. 

To meet the requirements of spaceborne Synthetic Aperture Radar (SAR) antennas, Schmid and 

Barho [173] proposed an umbrella-shaped deployable composite reflector scheme with a 3-meter 

aperture. The reflector is assembled from 30 thin shell panels, each with a thickness of approximately 

0.4mm and a surface accuracy of around 0.5mm. The weight of each panel is approximately 200 

grams. Folding and deployment of the panels are achieved by arranging radial support ribs on the 

backside. When folded, the back support ribs rotate around the axis, causing the shells to tilt and 

undergo pure bending, allowing for overlapping of adjacent panels and improving stowage efficiency. 

For example, the stowage diameter of a 3-meter aperture reflector is less than 1 meter, with a weight 

of approximately 10 kilograms. After deployment, the panels are individually formed and combined 

to form the reflector, with a gap of about 0.5mm between panels, avoiding the problem of reduced 

surface accuracy due to mismatched dimensions (shown in Fig. 14b). This scheme is suitable for X-

band frequencies and above, with an aperture range between 3 meters and 6 meters. Yoon et al. [174] 

investigated an umbrella-shaped deployable composite reflector (shown in Fig. 14c), which offers 

advantages such as lightweight, low loss, high precision, and stability. They also studied the radiation 

pattern, gain, and polarization variation effects of the antenna in the X-band by considering the 

changes in effective electrical properties affected by fiber direction. Datashvili et al. [175] designed 

a mechanically reconfigurable umbrella-shaped deployable composite reflector (shown in Fig. 14d) 

by simplifying support ribs. This reflector can achieve larger diameters and operating frequencies 

with high surface accuracy. Klimm and Kwok [176] proposed a concept for an umbrella-shaped 

deployable reflector based on composite tape-springs. The composite tape springs store strain energy 

during deployment and guide the development direction while simplifying the structure. The 

composite tape-springs in this approach closely follow the shape of the reflector and can 

independently recover their original shape (shown in Fig. 14e). Pellegrino [177] presented a design 

for a novel multifunctional deployable reflector. The reflector consists of a central deployable hub, 



 

 

several composite tape-springs connected to the hub, ribs for support, and tensioned precision 

membrane, as shown in Fig. 14f. For a deployable reflector with a 10-meter diameter and a focal 

length of 7.8 meters, a surface accuracy of approximately 2 millimeters can be achieved. Additionally, 

they introduced a proof-of-concept design with a 1.5-meter diameter and experimentally validated 

the accuracy and deployment behavior of the theoretical model. Morozov and his colleagues [178] 

introduced a novel umbrella-shaped deployable composite reflector based on anisogrid composite 

lattice spoke. This spoke takes the form of a long lattice shell, with its cross-section shaped as a 

rounded rectangle. The loads acting on the spoke are produced by the radio-reflective stretched mesh 

of the reflector when it is deployed. In the follow-up work, they proposed another umbrella-shaped 

deployable composite reflector that achieves deployment through integral deployable composite 

hinges [179]. 

 

Fig. 14  Umbrella-shaped deployable composite reflectors: (a) 1 m diameter FlexRS®-I SUTRA 

antenna in deployed and folded states [172] (b) 3 meter unfurlable CFRP skin reflector [173] (c) 

Deployable CFRP reflector for SAR [174] (d) Flexible shell-membrane reflector [175] (e) 

Deployable reflector with a continuous composite thin-shell and six tape-springs [176] (f) 

Collapsible rib-tensioned surface reflector [177]. 



 

 

4.4 Warp-rid deployable composite reflectors 

In the 1970s, the concept of a wrap-rib deployable reflector was first proposed by the Jet 

Propulsion Laboratory (JPL) of NASA and Lockheed Missiles & Space Company. It mainly consists 

of a central axis, wrap-ribs, and a mesh reflector. The wrap-ribs are hinged to the central axis and 

extend radially along the axis to support and maintain the parabolic shape of the mesh reflector. In 

the folded state, the wrap-ribs are tightly wound around the central axis in one direction. During 

deployment in orbit, the wrap-ribs rely on their own elastic potential energy to rebound and deploy. 

Therefore, the wrap-rib deployable reflector has advantages such as high stowage efficiency, simple 

folding and deployment control mechanisms, and high reliability. 

The wrap-rib deployable reflector was first installed on the ATS-6 satellite launched in 1974 

(shown in Fig. 15a). The reflector consisted of 48 wrap-ribs, with a central axis diameter of 2.0m and 

a height of 0.45m. When deployed, the effective aperture of the reflector was 9.1m. The complete 

structure weighed approximately 60kg [180]. Following this, the U.S. Department of Defense 

successfully developed a series of wrap-rib deployable reflectors. For example, a partially folded 

sector of a 55-meter reflector structure was successfully deployed on the ground in 1984 (shown in 

Fig. 15b) [181]. Urata et al. [182,183] developed a 3.6-meter diameter wrap-rib deployable reflector 

for earth observation, as depicted in Fig. 15c. OSS designed a wrap-rib deployable reflector antenna 

for X-band SAR in low earth orbit, as shown in Fig. 15d [184-186]. This antenna has a diameter range 

from 2.7 meters to 5 meters and utilizes a mesh reflector surface. It includes a central axis, multiple 

lenticular DCBs to support the reflector, and a deployable secondary composite reflector and 

supporting pole. Urate et al. [187] designed a novel wrap-rib deployable reflector, and Figs. 15e and 

15f illustrate the schematic and experimental process of the reflector deployment, respectively. 

However, wrap-rib deployable reflectors suffer from poor stiffness, vibration resistance, and 

accuracy. To improve the surface accuracy, a large number of wrap-ribs and a central axis with a 

corresponding volume are required. This significantly increases the weight of the reflector and makes 

it difficult to fold, making it unable to meet the requirements for larger apertures. 

  



 

 

 

Fig. 15  Warp-rid deployable composite reflectors: (a) D=9.5 m deployable composite reflector 

fabricated in the 1970’s [180] (b) D=55 m deployable composite reflector fabricated in the 1980’s 

[181] (c) Prototype of warp-rid deployable composite reflector [182] (d) Deployed 2.7m OSS 

warp-rid deployable composite reflector [184] (e) Conceptual mechanism [187] (f) Deployment test 

[187]. 

5.Optimization design 

5.1 Classification and optimization process 

Not only are engineers interested in designing different structural forms, but they also seek the 

optimal solution. The process of finding the best design is known as optimization and is widely 

applied in various engineering fields. The optimization design of deployable composite structures has 

been extensively reported. Design variables such as material type, geometric dimensions, number of 

layers, ply angles, and individual layer thickness can be considered as optimization parameters to 

achieve different objectives. These objectives may include maximizing natural frequency, 

maximizing stiffness, minimizing folding moment, minimizing steady-state configuration, 

maximizing buckling load, minimizing total weight, and maximizing critical buckling temperature. 

The optimization problem of deployable composite structures can be categorized based on the 

quantitative relationship between design variables and optimization objectives, objective functions, 

and attributes of design variables and constraints. The following are common classification 

approaches: 



 

 

⚫ Univariate and multivariate optimization problems: This category is based on the number of 

design variables involved. For a single design variable, it is referred to as a univariate optimization 

problem, while multivariate problems involve multiple design variables. 

⚫ Discrete and continuous optimization problems: Based on the type of value range for design 

variables, problems can be classified as discrete or continuous optimization problems. Discrete 

optimization problems refer to cases where design variables take on discrete values, such as material 

type, number of layers in laminate, and ply angles. On the other hand, continuous optimization 

problems refer to cases where design variables take on continuous values. 

⚫ Constrained and unconstrained optimization problems: Some optimization methods require 

satisfying certain constraints, such as dimensions and mass of deployable composite structures during 

folding configuration and prevention of failure during large deformation processes. These problems 

are known as constrained optimization problems, while unconstrained optimization refers to cases 

where design variables can freely vary without any constraints. 

⚫ Single-objective and multi-objective optimization problems: The classification of problems 

depends on the number of objective functions involved. Single-objective optimization problems 

evaluate the optimal solution based on a single objective function. Multi-objective optimization 

problems, based on the Pareto front, are often considered more interesting as engineers can better 

understand the design space and choose designs that match other considerations not included in the 

optimization. 

⚫ Static and dynamic optimization problems: If the optimization process depends on time and 

the performance changes after a certain period, it is referred to as a dynamic optimization problem, 

which is different from static optimization problems. In static optimization, the optimal design does 

not depend on time. 

The coupling surrogate model and evolutionary algorithm has been widely applied in the design 

of deployable composite structures. Fig. 16 presents the specific optimization process using this 

technology, as follows: 

1) A set of initial samples are collected, which can be obtained through Design of Experiment 

(DOE) or random sampling methods. These samples serve as the basis for constructing the surrogate 

model. 



 

 

2) The surrogate model is trained using the collected samples. The most common surrogate 

models include Response Surface Method (RSM), Kriging model, Elliptical Basis Function (EBF), 

Radial Basis Function (RBF), Artificial Neural Network (ANN), Support Vector Regression (SVR), 

and Random Forest (RF) [188]. 

3) The predictive capability of the surrogate model is validated using statistical error functions. 

Table 1 summarizes nine high-performance statistical error functions, and specific evaluation 

methods can be found in the original references [189-197]. 

4) The surrogate model is embedded into the evolutionary algorithm. Each individual in the 

evolutionary algorithm consists of a set of decision variables, which are inputted into the surrogate 

model to obtain the corresponding objective function value, serving as the fitness score of the 

individual. The most popular evolutionary algorithms include Genetic Algorithm (GA), Simulated 

Annealing (SA), Particle Swarm Optimization (PSO), and Ant Colony Optimization (ACO) [198,199]. 

5) In evolutionary algorithms, mechanisms such as selection, crossover, and mutation are used 

to generate new individuals, which are then evaluated for their fitness using surrogate models. These 

mechanisms are based on the principles of natural selection and evolutionary theory, mimicking the 

process of biological evolution. The new individuals replace the old ones gradually in the search 

process, aiming to optimize the value of the objective function. 

6) Repeat step 5 until a predefined termination condition is met. The termination condition can 

be reaching the maximum number of iterations or satisfying the convergence requirements of the 

objective function. In each iteration, the surrogate model is used to evaluate the fitness of each 

individual, enabling the evolutionary algorithm to further explore the solution space. Performance 

evaluation of different evolutionary algorithms and hyperparameters can be quantitatively assessed 

based on key indicators such as convergence, distribution diversity, and distribution range. Common 

quantitative evaluation methods for optimizers include Hyper Volume (HV) [200], Maximum Spread 

(MS) [201], Generational Distance (GD) [202], Inverted Generational Distance (IGD) [203], and 

mimicked Inverted Generational Distance (mIGD) [204]. 

It should be noted that although the computational process of coupling surrogate model and 

evolutionary algorithm is relatively complex, there are currently many integrated software options 

available, such as Insight, modeFRONTIER, OptiStruct, MATLAB Optimization Toolbox, ANSYS 

DesignXplorer, and OpenMDAO. These software platforms integrate different models and algorithms 



 

 

into a unified platform for design and optimization workflows. By integrating different computational 

models and tools, engineers can find optimal structural design solutions faster and more accurately. 

Table1  Statistical error functions. 
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Note: The meaning of the formula symbols in Table 1 can be found in the corresponding literatures. 



 

 

 

Fig. 16  Flowchart of coupling surrogate model and evolutionary algorithm technology for 

optimizing deployable composite structures. 

5.2 Optimization for deployable composite structures 

A brief review of existing optimization designs for deployable composite structures. Klimm et 

al. [205] investigated the influence of geometric parameters on the deployment behavior of 

viscoelastic deployable composite tape-spring using Gaussian process regression. They applied 

Nondominated Sorting Genetic Algorithm II (NSGA-II) for multi-objective optimization of residual 

deformation, strain, and mass. Su et al. [206] employed optimal Latin hypercube sampling method 



 

 

for DOE, established a surrogate model based on EBF, and then conducted sensitivity analysis. They 

achieved the optimal design of the integral DCH in terms of lightweight, peak folding moment, and 

peak torsional moment using Multi-Objective Particle Swarm Optimization algorithm (MOPSO). 

Building upon the previous works, Liu et al. [207] utilized four surrogate models and four GAs to 

optimize the integral DCH. The study reveals that the coupling RSM-NSGAIII approach is the most 

effective optimization method. Jin et al. [208] focused on the slot shape optimization problem for the 

integral DCH. They used four surrogate models and shape optimization methods to maximize the 

stored maximum strain energy during folding and the maximum bending moment during deployment. 

Li et al. [209] established an optimal model based on RSM to obtain the maximum strain energy and 

minimum peak moment for the integral DCH, ensuring stable deployment. Additionally, the Hashin 

failure criterion was adopted to examine material damage during the folding process to prevent 

failures. Inspired by the work of Mallikarachchi et al. [210] and considering the requirements defined 

in ESA's 2016 work statement [211], Fernandes et al. [212] discussed the design concept 

incorporating damage tolerance, allowing for damage initiation during the folding process for the 

integral DCH to meet stricter requirements. GAs were used to maximize the natural frequencies of 

two types of integral DCH: one operating within the elastic range with restricted design, and another 

allowing for limited damage initiation during folding. 

Yang et al. [98,213-215] performed the multi-objective optimization design of DCBs, including 

tubular DCB, TRAC boom, N-shaped DCB, and lenticular DCB. Firstly, a full factorial design 

method was employed to create sampling designs for the four types of DCBs mentioned above. 

Subsequently, efficient computational analyses were conducted on each design sample using the 

nonlinear finite element solver ABAQUS/Explicit, focusing on the deployment stiffness, folding 

behavior, and mass of the four types of DCBs. RSM and Back Propagation Neural Network (BPNN) 

were utilized to establish surrogate models for the deployment stiffness and folding behavior. Lastly, 

NSGA-II and the Sequential Quadratic Programming algorithm (SQP) were employed for multi-

objective optimization design. Similar to the optimization approach used by Yang et al., Shi et al. 

[216] optimized the M-shaped DCB using a coupling RSM and NSGA-II technique. Bessa and 

Pellegrino [217] proposed a data-driven computational framework combining Bayesian regression, 

uncertainty quantification, and multi-objective optimization for the design of the TRAC boom. The 

results show a significant increase in the ultimate buckling load and potential benefits of up to 100% 



 

 

compared to previously proposed design schemes. In addition to the single-stable DCBs mentioned 

above, recent attention has been given to the multi-objective optimization design of Bi-DCBs. Zhang 

et al. [218,219] proposed a combination of Finite Element Analysis (FEA), multi-objective 

optimization techniques, and experimental methods to determine the optimal geometric parameters 

(including cross-sectional angle, thickness, cross-sectional radius, and length) of the tubular Bi-DCB. 

An optimal Latin hypercube sampling algorithm was employed to obtain sample points for DOE. 

RSM and NSGA-II were used to obtain the Pareto front of the tubular Bi-DCB. Wu and Vinquerat 

[220] conducted natural frequency optimization design of the tubular Bi-DCB using MATLAB 

Optimization Toolbox. To achieve this, they optimized the braid angles and stacking sequences with 

the constraint of folded stable radius, while considering the maximum and minimum physically 

achievable braid angles as bounds. 

At present, there is a lack of research on multi-objective optimization design of deployable 

composite reflector antennas using the coupling surrogate model and evolutionary algorithm. Given 

the wide applications of deployable composite reflector antennas in fields such as communication, 

radar, and satellites, future research can explore the application of multi-objective optimization design 

methods to the design of deployable composite reflector antennas. This would enable a balance and 

optimization between different performance indicators. It will be a key research direction in the 

design of deployable composite reflector antennas. 

A brief review of literature on multi-objective optimization design of deployable composite 

structures reveals that most existing works utilize RSM to establish surrogate models between design 

variables and objective functions. There are several reasons for this trend. Firstly, RSM is a simple 

and widely used mathematical regression model that establishes predictive equations by statistically 

fitting the relationship between design variables and objectives [221]. Secondly, RSM exhibits high 

prediction accuracy for fitting problems with small datasets [206,207]. It is noted that most studies 

employ NSGA-II for multi-objective optimization design, which is likely due to its good performance 

as a general solver for many problems. However, it is important to consider that improving algorithm 

performance for a specific problem may inevitably lead to a decrease in performance for other types 

of problems, as stated by the “No Free Lunch” theorem. Hence, in specific cases, benchmarking 

multiple evolutionary algorithms is necessary to select the optimal algorithm and achieve the best 

https://www.sciencedirect.com/topics/engineering/braid-angle


 

 

optimization results [207]. Lastly, other surrogate models such as ANN and RF possess certain 

limitations, such as the requirement for large datasets and susceptibility to parameter influence. 

In addition, another optimization method, namely coupling analytical model and evolutionary 

algorithm, has also received some attention. For example, Liu and Bai et al. used this technique to 

solve the multi-objective optimization problems of deployable composite structures such as lenticular 

DCB [107], tubular DCB [222], and deployable composite helical antennas [223]. Analytical models 

typically have clear expressions, simple forms, and high computational efficiency. However, 

compared to surrogate models, they have a limited range of applicability. It is difficult to establish 

analytical models for some key objectives of deployable composite structures, such as natural 

frequencies, buckling, and folding behavior in the presence of contacts. 

6. Application 

In the early days, most of the deployable structures for space applications were made of metal 

materials such as titanium alloy, high-performance steel, and aluminum alloy. In the 1960s and 1970s, 

deployable booms were engineered and utilized in flight missions such as Technology Research for 

Autonomous Aircraft Concepts (TRAAC), Alouette I, and Application Technology Satellite-6 (AST-

6). With technological advancements, the use of space deployable structures has shifted from initially 

relying on metal materials to lighter-weight composite materials. The technology of Continuous 

Longeron Mast (CLM), which employs glass fiber composite materials, has been successfully applied 

in various spacecraft, including Voyager (1977), Galileo (1989), Mars Observer (1992), and the 

GOES constellation (since 1994 to now). Towards the late 1970s, Lockheed Corporation replaced the 

aluminum ribs with carbon fiber composite ribs in the design of wrap-ribs for antennas [224]. This 

section provides a review of the application of deployable composite hinges, booms, and reflectors 

in the field of space exploration. 

Deployable Composite Hinges: The concept of using deployable tape-springs as deployable 

structures can be traced back to 1968 [225], serving as an effective alternative to traditional hinge 

mechanisms. Since 1998, a series of deployable hinges have been developed, with their repeatability 

initially demonstrated in the integrated hinged optical support structure fabricated at the U.S. Air 

Force Research Laboratory. Integral DCHs have found wide-ranging applications in space missions. 

Examples include the antenna on the Mars Express spacecraft, launched by the ESA in June 2003 

[226] (shown in Fig. 17a), and the successfully tested deployable optical telescope [227]. Furthermore, 



 

 

DCHs have also led to various other design concepts and space applications, including astronomical 

telescopes depicted in Figs. 17b to 17d [72,228,229], deployable booms depicted in Fig. 17e [230], 

prism masts shown in Fig. 17f [231], and antennas illustrated in Fig. 17g [232,233]. Table 2 

summarizes the various space applications of DCHs. 

 

Fig. 17  Space applications of deployable composite hinges [226,228-232]. 

Table 2  A summary of space applications of deployable composite hinges. 

Type Application Operator Material Status 

Integral [226] Mars advanced radar ESA CFRP In-orbit 

Integral [227] 
Precision optical 

telescope mirror 
Foster Miller, Inc. CFRP In-orbit 

Combined 

[228] 

Deployable 

astronomical telescope 

Air force research 

laboratory 
CFRP Porotype 

Combined 

[72] 

20 meter aperture UV-

visible-IR telescope 
Warren et al. CFRP Porotype 

Combined 

[229] 

Deployable composite 

telescope 

Footdale and 

Murphey 
CFRP Concept design 

Combined 

[230] 

Self-contained linear 

meter-class boom 
Jeon and Murphey CFRP Concept design 

Integral [231] Roll-out solar array Inc. (DSS). CFRP Porotype 

Integral [232] 
P-band dual 

polarization antenna 
Soykasap et al. CFRP Concept design 

 

  



 

 

Deployable composite booms: In early space missions, most deployable booms were made of 

metal materials [224,234]. For example, the metal tubular boom used on the Hubble Space Telescope 

[234], as well as the metal TRAC booms used on NanoSail D2 [235], Lightsail 1 [236], Lightsail 2 

[237], CubeSail [238], and NEA Scout [239], as shown in Figs. 18a to 18f. However, the use of metal 

materials posed certain challenges due to their heavy weight and high thermal expansion coefficient. 

In response to these challenges, many research institutions have begun to focus on developing 

DCBs with superior performance. Since 1990, the German Aerospace Center (DLR) has been 

conducting research and development on the lenticular DCB with funding from the ESA. One 

successful application of the lenticular DCB in a flight mission is the jointly developed thin-film solar 

sail demonstrator by DLR and ESA, which underwent ground deployment tests [240], as shown in 

Fig. 18g. Additionally, the lenticular DCB was used for the support structure of a solar sail in the 

GOSSAMER-1 mission [241], as shown in Fig. 18h. Furthermore, various deployable structures have 

been developed based on the lenticular DCB, including radial ribs, filament-wound ribs, and Astro-

tube masts [242,243], as shown in Fig. 18i. These structures have been widely applied in practical 

space missions, such as the Space Flight Unit (SFU) developed by the Japan Aerospace Exploration 

Agency (JAXA), Muses-V, Variable Geometry Truss (VGT), solar sails, and pact-truss deployable 

antennas [244-246]. Some applications are still in the conceptual design [247] and testing stages [248]. 

Based on the successful development of TRAC booms, the NASA further developed TRAC 

booms made of composite materials. This concept was proposed by Murphey and Banik and further 

developed and applied by the Air Force Research Laboratory (AFRL). Building upon AFRL’s solar 

sail research, NASA developed the flexible unfurlable lightweight reflector, which utilizes four 

TRAC booms for the folding and deployment of the solar sail [249,250], as shown in Fig. 18j. In 

addition, the SIASAIL-I solar sail, launched with the Xiaoxiang-1 07 satellite, utilizes tubular DCBs 

for the sail deployment [251], as shown in Fig. 18k. Other forms of DCBs have also been applied, 

such as foldable masts [252] and trusses [253], as shown in Fig. 18l. 

In China, over the past decade, a research group led by Bai from Beihang University has been 

devoted to the fundamental research and engineering applications of deployable composite structures. 

They have successfully addressed key technical issues in materials, mechanics, fabrication processes, 

and experimental validation. The team has developed a series of deployable composite structures with 

excellent properties, including one of the earliest domestically developed lenticular DCB. The 



 

 

technological achievements made by Bai's team have been gradually applied in engineering models 

by institutions such as China Academy of Space Technology (CAST) and Shanghai Academy of 

Spaceflight Technology. For example, in 2019, Shanghai Institute of Aerospace Systems Engineering 

(SIASE) conducted the first technology demonstration of deployable deorbit sail on the Chinese 

micro-nano satellite “Taurus”, achieving significant sail deployment results [254]. Subsequently, 

deployable deorbit sails were also equipped on commercial satellites such as “Qilu-4”, “Foshan-1”, 

“Tianshu-1”, and “Jinzijiang-2” [255]. In 2022, a 25-square-meter deorbit sail was installed in the 

payload section of the Long March 2D Y64 launch vehicle [256]. Additionally, the AIS/VDE thin-

film antenna was used on the “Pujiang-2” satellite in 2022 [257], along with other upcoming 

applications in orbit, such as sun shields and thin-film antennas. Table 3 summarizes various space 

applications of deployable booms. 



 

 

 

Fig. 18  Space applications of deployable booms [234-242,249,251,252]. 

  



 

 

Table 3  A summary of space applications of deployable booms. 

Type Mission Application Operator Material Status 

Tubular [234] N/A 
Hubble space 

telescope 
NASA and ESA Metal In-orbit 

TRAC [235] Low earth orbit Nanosail-D2 NASA Metal In-orbit 

TRAC [236] 
Nano-solar sail 

mission 
CubeSail Surrey space centre Metal Prototype 

TRAC [237] Low earth orbit Lightsail-1 Planetary society Metal In-orbit 

TRAC [238] Low earth orbit Lightsail-2 Planetary society Metal In-orbit 

TRAC [239] 
Near earth 

asteroid scout 

NEA solar 

sail 
NASA Metal Prototype 

Lenticular 

[240] 
N/A 

ESA-DLR 

solar sail 
DLR and ESA CFRP Prototype 

Lenticular 

[241] 
Low earth orbit 

GOSSAME

R-1 
DLR and ESA CFRP Prototype 

Tubular [242] CubeSat mission ALSat-1N 
Space agencies of 

the UK and Argeria 
CFRP In-orbit 

Lenticular 

[243] 
Risk reduction  ACS3 LaRC CFRP 

Concept 

design 

Lenticular 

[244] 

Near earth 

asteroid scout 
CS3 LaRC CFRP Testing 

TRAC 

[245,246] 
N/A 

FURL solar 

sail 
NASA CFRP Prototype 

Tubular [247] 
Xiaoxiang-1 07 

satellite 

SIASAIL-I 

solar sail 
Spacety Co., Ltd. CFRP In-orbit 

Tubular [248] 

SpaceX 

commercial 

resupply 

mission 

Roll-out 

solar array 
NASA CFRP In-orbit 

TRAC [256] 
Space debris 

removal 
Deorbit sail SIASE CFRP In-orbit 

Lenticular 

[257] 

Communication 

applications 

Membrane 

array antenna 
SIASE CFRP In-orbit 

Deployable composite reflectors: Hughes Corporation (now Boeing) utilized carbon fiber 

composite materials in the design of the taco-shaped deployable reflector antenna and successfully 

achieved a flight mission on Mobile Sat-1 in 1996 [258]. Subsequently, this concept was expanded to 

the Tracking and Data Relay Satellite System (TDRSS) in the United States. The second generation 

of TDRS (TDRS I and TDRS J) was successfully used for missions in the S, Ku, and Ka bands 

between 2000 and 2002. The same concept was also applied in the third generation of relay satellites, 

which were launched successfully in 2013 and 2014 [224]. Additionally, CAST conducted ground 

tests of taco-shaped deployable reflectors [259]. 

Currently, the application of petal-shaped deployable reflector antennas is limited [260]. 

Umbrella-shaped deployable reflector antennas are more commonly used, such as the 3-meter 



 

 

diameter umbrella-shaped deployable antenna carried by technology experiment carrier SAR 

developed in Israel [261], the 0.5-meter diameter Ka-band umbrella-shaped deployable antenna 

developed by the Jet Propulsion Laboratory (JPL) in the United States [262,263], and the 4.2-meter 

diameter umbrella-shaped deployable antenna carried by Chinese relay satellites [264]. However, 

most reflector antennas currently use metallic materials. With the development of carbon fiber 

composite material technology, researchers have gradually begun to pay attention to deployable 

composite reflector antennas. However, there are still few cases of deployable composite reflector 

antenna applications, and most of them are still in the testing phase [174,175,265]. Table 4 

summarizes various space applications of deployable reflectors. 

Table 4  A summary of space applications of deployable reflectors. 

Type Mission Application Operator Material Status 

Taco-

shaped 

[224,258] 

MSAT Mobile Sat-1 
Stephen A. 

Robinson 
CFRP In-orbit 

TDRS 

mission 

TDRS-H 

TDRS-I 

TDRS-J 

TDRS-K 

NASA CFRP In-orbit 

 N/A 

 4200mm flexible 

spring-back reflector 

antennae 

CAST Xi’an Polyimide Testing 

Petal-

shaped 

[259] 

X-band 

Deployable radio 

frequency reflector 

antenna 

Footdale et al. CFRP Concept design 

Umbrella-

shaped 

[260-

264,174,1

75] 

LEO TECSAR Israel CFRP Prototype 

RainCube 

mission 

Ka-band parabolic 

deployable antenna 
JPL Metal Prototype 

Chang'e-4 

(CE-4) 
Queqiao China N/A In-orbit 

X-band 
An unfurlable skin 

antenna reflector 

Astrium 

GmbH 
CFRP Testing 

N/A 

Dual polarization of 

deployable reflector 

antennas for SAR 

Yoon et al. CFRP Testing 

Ku-band 
SMART deployable 

telescope 
Murphey et al. 

CFRS and 

CFRP 
Testing 

7. Outlook 

The current research progress and successful engineering application cases have greatly 

enhanced the understanding of deployable composite structure technology for space applications. 

However, there are still many urgent challenges that need to be addressed. Through in-depth 

investigation and analysis of a large number of references, some issues and prospects were discussed. 



 

 

We hope that these prospects will stimulate more research interest to address the current challenges 

of deployable composite structure technology. Currently, deployable composite structures face the 

following six challenges: 

7.1 Modelling of folding behavior 

Theoretical modeling and finite element modeling are the two most commonly used methods for 

analyzing deployable composite structures. There are currently multiple theoretical models available 

for predicting the folding behavior of deployable composite structures (including tape-springs, hinges, 

and various types of booms) [16-18,25,26,29,30-32,83], but there are still some issues. For example, 

the ability to describe geometric configurations in highly nonlinear or large deformation situations is 

limited [26], and the influence of boundary conditions is ignored [16,17], which significantly reduces 

the prediction accuracy of theoretical models. Liu and Bai et al. demonstrated through comparison 

with various classical theoretical models that accurately predicting the folding behavior of DCBs [85] 

and Bi-DCB [118,119] is crucial in determining their geometric configurations during the folding 

process. Further improving the model, enhancing its accuracy and applicability, will be an important 

direction for the future. In addition, the failure analysis of deployable composite structures during the 

folding process is often overlooked, and failure analysis involves the strength properties of materials 

under different environments and usage conditions, which is a key indicator in the design process of 

deployable composite structures [6,37]. 

Compared with theoretical modeling, finite element modeling is a more practical method that 

discretizes the structure into a finite number of elements and uses numerical calculation methods to 

simulate the folding process of the structure. Finite element modeling relies on input parameters such 

as material properties, geometric dimensions, and boundary conditions, and predicts structural 

deformation, stress, and energy changes by solving the equations of the discretized model. This 

modeling method can provide more detailed and accurate information, which helps evaluate the 

performance and stability of the structure under different folding states. Due to the nonlinear and 

deformation characteristics of deployable composite structures, traditional finite element modeling 

methods may not be able to effectively handle their complex behaviors. Therefore, to improve 

computational efficiency, it is necessary to explore modeling algorithms with stronger applicability 

for this special structure. These algorithms can include simplification methods based on physical 

models, model dimensionality reduction techniques, and efficient numerical solution methods. By 



 

 

selecting and optimizing these algorithms reasonably, computation time and resource consumption 

can be significantly reduced, while maintaining the accuracy of simulation results. 

7.2 Stowage and deployment behavior 

Deployable composite structures typically go through three different stages: (1) Folding stage: 

Before entering space, deployable composite structures are folded into a compact form. This process 

is a relatively slow and quasi-static process [34,85,118,119]. (2) Storage stage: During launch and 

transportation to orbit, deployable composite structures are firmly held in a folded state through a 

locking mechanism. The storage phase can last for a long time, ranging from several months to several 

years depending on the task requirements. (3) Deployment stage: Once in orbit, deployable composite 

structures can be deployed by releasing the previous locking mechanism. During the deployment 

process, the stored strain energy will be rapidly released. The deployment process is a dynamic 

process that typically completes quickly within a few seconds. The current research mainly focuses 

on the behavior of deployable composite structures during the folding stage, and the storage and 

deployment stages are equally crucial for the successful in orbit operation of the structure. Therefore, 

in future research, it is necessary to understand and address the challenges faced by deployable 

composite structures during long-term storage and deployment processes. During the storage stage, 

prolonged storage may cause changes in the aging properties of materials, such as the evolution of 

viscoelastic and plastic properties [266-271]. This may lead to changes in material properties, reduce 

the stored strain energy, and may affect the deployment ability and shape recovery accuracy of the 

structure. Therefore, in the design phase, it is necessary to consider and address the aging performance 

of materials, and take corresponding measures to avoid irreversible failure. During the deployment 

stage, plastic deformation and stress accumulation may lead to a decrease in structural performance, 

especially at the boundaries or connection points of deployable composite structures. Therefore, in 

the design phase, it is necessary to fully consider the viscoelasticity of the material and reduce the 

accumulation of plastic strain through appropriate structural design and connection methods, in order 

to ensure the reliability and accuracy of the structure during the deployment process [272-275]. 

Moreover, the utilization of advanced materials and manufacturing processes can effectively 

enhance the storage and deployment behavior. Firstly, advanced materials exhibit superior physical 

and chemical properties, such as higher strength, enhanced corrosion resistance, and reduced thermal 

expansion coefficients. These improvements in performance contribute to reinforcing the stability of 



 

 

deployable composite structures during the storage phase, mitigating material performance 

degradation triggered by environmental variations. Secondly, cutting-edge manufacturing techniques 

can optimize the microstructure of composites, minimizing internal defects and stress concentrations. 

This optimization enhances the overall performance of the materials, imparting superior durability 

and reliability throughout the storage and deployment cycles. 

7.3 Impact of extreme space environments 

In extreme space environments, deployable composite structures face various challenges, such 

as special conditions such as high/low temperatures, radiation, atom oxygen，high vacuum， and 

microgravity etc. These environmental factors may have a significant impact on the physical and 

chemical properties of materials, thereby affecting the mechanical properties, stability, and reliability 

of structures [276,277]. In response to the impact of extreme space environments, future research 

directions can focus on the following aspects: (1) Material properties in high/low temperature 

environments: In high/low temperature environments, the mechanical properties of materials such as 

strength, toughness, and stiffness may change. Therefore, it is necessary to study the stress-strain 

relationship, fracture behavior, and fatigue life of materials under high/low temperature conditions to 

ensure that deployable composite structures can maintain their design target property [278]. (2) The 

impact of radiation environment on materials: In space environment, radiation can cause damage to 

materials and may lead to material degradation and property degradation. Therefore, it is necessary 

to study the radiation failure mechanism, radiation tolerance, and mechanical property changes 

caused by radiation of materials in radiation environments to ensure the reliability and durability of 

deployable composite structures [279]. (3) Material properties and stability in vacuum environment: 

Under vacuum conditions, materials may be affected by factors such as gas escape, volatilization, and 

adsorption. Therefore, studying the gas escape characteristics, mass loss, and deformation behavior 

of materials in vacuum environments can help ensure the property stability of deployable composite 

structures after long-term vacuum condition. (4) Material properties and deployment control in 

microgravity environments: Under microgravity conditions, the deformation, deployment behavior, 

and control methods of materials may differ from those on Earth. Therefore, studying the mechanical 

response, deformation control, and structural dynamics behavior of materials in microgravity 

environments can help design and optimize the deployment process and behavior of deployable 

composite structures in space [280-283]. In summary, considering the impact of extreme 



 

 

environments on deployable composite structures is one of the important directions for future research. 

By thoroughly studying these influencing factors and optimizing the composition, structural design, 

and preparation process of materials, the performance, stability, and reliability of deployable 

composite structures in extreme space environments can be improved, thereby achieving more 

sustainable and reliable space applications. 

7.4 Structural design and space application 

One of the future works is to propose diverse types of deployable composite material structures 

to meet different space applications. Firstly, deployable composite structures with different shapes 

and sizes can be designed and developed for different task requirements and space environmental 

conditions. Through flexible and customizable design, efficient deployment and operation can be 

achieved in different task scenarios. Secondly, it is necessary to research and develop multifunctional 

deployable composite structures. For example, by combining technologies such as sensors and 

actuators, the structure can perceive the external environment and internal state, and make 

corresponding responses or adjustments. This structure can complete specific tasks after deployment, 

such as shape adjustment, deformation control, and adaptive adjustment [284-287]. New deployment 

mechanisms can also be explored, such as using shape memory composites to achieve simpler 

deployment and shape control [288-294]. In addition, new material combinations and processing 

methods can be explored to improve the behavior and reliability of deployable composite structures. 

For example, introducing nanomaterials, fiber reinforced materials, and new resin systems to improve 

the strength, stiffness, and durability of structures. In summary, future work should focus on 

proposing new deployable composite structures to meet the needs of different space applications, and 

continuously innovate and optimize in materials, structural design, and manufacturing methods. This 

will provide more possibilities and opportunities for future space exploration and applications. 

7.5 Optimization design 

There are three urgent challenges to be addressed in the multi-objective optimization design of 

deployable composite structures. (1) Choosing appropriate surrogate models and evolutionary 

algorithms: Different surrogate models (such as RSM, Kriging model, EBF, RBF, ANN, SVR, and 

RF) and evolutionary algorithms (such as GA, SA, PSO, and ACO) have been widely used, but there 

is still a lack of theoretical basis for selecting appropriate surrogate models and evolutionary 

algorithms for specific optimization problems [107]. In most cases, surrogate models and 



 

 

evolutionary algorithms are usually selected based on experience. Therefore, establishing a guide 

with theoretical basis for selecting appropriate surrogate models and evolutionary algorithms can 

greatly improve the efficiency of deployable composite structure optimization. It is necessary to 

develop new surrogate models and evolutionary algorithms suitable for specific deployable 

composite structure optimization problems, or further improve existing surrogate models and 

evolutionary algorithms to adapt to the current challenges. (2) Optimization of hyperparameters for 

surrogate models and evolutionary algorithms: The prediction accuracy and robustness of surrogate 

models are closely related to their hyperparameters. Evolutionary algorithms implement random 

global search in a defined optimization space, so the definition of hyperparameters in evolutionary 

algorithms directly affects the efficiency and convergence of optimal search in optimization problems. 

However, the selection of hyperparameters for surrogate models and evolutionary algorithms is often 

based on previous research or experience. This may result in the inability to identify the optimal 

hyperparameter settings for surrogate models and evolutionary algorithms [198,222,223]. Therefore, 

there is a great demand in the future to develop hyperparameter optimization methods suitable for 

deployable composite structures. (3) The number of design variables, objectives, and constraints: 

Deployable composite structure optimization is a complex engineering problem. Therefore, the 

number of design variables and objectives also plays a crucial role in determining the final 

optimization scheme. In most published literature, geometric parameters and layering schemes are 

the most commonly considered design variables [295,296]; Folding and deployment behavior (such 

as the required load for folding, stiffness and frequency of deployment state) are the most commonly 

considered objective functions; Non failure, geometric dimensions, and weight are the most 

commonly considered constraints. Generally speaking, the more design variables, objectives, and 

constraints considered, the closer the optimization solution is to the practical application scenarios of 

deployable composite structures. Therefore, considering more design variables, objectives, and 

constraints in future optimization models, and designing suitable surrogate models and evolutionary 

algorithms, can significantly improve the quality of optimization solutions. 

Furthermore, the emergence of advanced design methodologies, such as generative artificial 

intelligence, will provide robust support for the optimization of deployable composite structures. By 

integrating artificial intelligence algorithms with numerical simulation techniques, the design space 



 

 

can be efficiently explored, revealing novel structural forms and connection methods. This integration 

is expected to enhance the performance of structures while simultaneously reducing design costs. 

7.6 Auxiliary devices for folding and deployment 

For practical engineering applications, auxiliary devices used in deployable composite structures 

can achieve specific task objectives. A large amount of engineering practice has shown that the 

smooth deployment based on deployable composite structures is the key to the success of the entire 

system. In other words, faults are often prone to occur during the deployment process, leading to the 

inability to achieve complete tasks or even complete failures. Auxiliary devices aim to support, drive, 

and control the movement process of deployable composite structures, enabling them to smoothly 

achieve folding and deployment functions [297-299]. These auxiliary devices include mechanical 

structures, mechanisms, drivers, controllers, etc. The most representative ones include folding 

mechanisms, release devices, etc. When designing auxiliary devices, engineers not only focus on the 

behavior of the deployable composite structure, but also pay special attention to the reliability and 

deployability of the auxiliary device from the perspective of the success of the entire task. The ideal 

solution is to maximize the efficiency of deployable composite structures while minimizing the 

impact on the entire system's tasks and ensuring the achievement of critical capabilities, even in 

extreme cases where partial deployment or failure to deploy is possible. In addition, specific 

requirements and working environment conditions for deployable composite structures need to be 

considered, such as overload and vibration during launch, extreme high/low temperatures during orbit, 

vacuum, weight loss, radiation, etc. These devices must have sufficient rigidity and stability to support 

and control the movement process of deployable composite structures [300]. Meanwhile, precise 

position control capability is also essential to ensure that the structure can be accurately deployed to 

the predetermined position and retracted back into a compact form when needed [301,302]. In 

addition, auxiliary devices also need to meet the requirements of lightweight and compactness to 

adapt to the mass and volume limitations of deployable composite structures. With the continuous 

development of technology, future research can focus on the following aspects to further improve 

auxiliary devices. Firstly, according to the needs of different application scenarios, more advanced 

materials and manufacturing technologies can be explored to improve the property and reliability of 

auxiliary devices. Secondly, intelligent materials and intelligent structures can be used to achieve 

adaptive deformation and functional adjustment, enabling auxiliary devices to autonomously adjust 



 

 

according to environmental changes and operational requirements. In addition, for long-term space 

missions, the durability and maintainability of auxiliary devices are also fields that need attention. In 

summary, auxiliary devices play an important role in the research of deployable composite structures 

for space applications. Future research should focus on technological improvement, material 

innovation, new concept design, optimization, and other aspects to further enhance the functionality 

and reliability of auxiliary devices. 

8. Conclusions 

In summary, thin-walled deployable composite structures with integrated structure function 

characteristics have become an interesting and popular research topic, with more and more research 

works published and increasingly cited. In this review, a detailed exploration of different types of 

thin-walled deployable composite structures (such as hinges, booms, and reflectors) was conducted 

to gain a deeper understanding of their deformation mechanisms, theoretical modeling, design 

methods, etc. This paper provides a detailed analysis of existing multi-objective optimization design 

methods and their applications in thin-walled deployable composite structures. In addition, specific 

practical application cases and corresponding space tasks of thin-walled deployable composite 

structures were reviewed. So far, although thin-wall deployable composite structures have been 

extensively discussed and a lot of progress has been made, there are still some challenges that need 

to be overcome. This research looks forward to potential research directions for thin-walled 

deployable composite structures in the future, and looks forward to addressing these challenges. We 

believe that thin-walled deployable composite structures with better functionality and behavior will 

emerge in the future. Overall, the research findings of this paper may provide important guidance and 

inspiration for the design and application of thin-walled deployable composite structures. We firmly 

believe that with the joint efforts of our peers, we will further promote the development of this field. 

Acknowledgements 

This project was supported by the National Natural Science Foundation of China (Grant No. 

52275231), the National Key R&D Program of China (Grant No. 2022YFB4301000), the Academic 

Excellence Foundation of BUAA for PhD Students. 



 

 

References 

[1]Morozov EV, Lopatin AV, Shatov AV, et al. Composite anisogrid lattice toroidal shell: Application 

to a load-carrying rim of the spacecraft reflectarray antenna. Composite Structures, 2024, 331: 

117860. 

[2]Ramazanova RD, Alifanov MO. Promising manned spacecraft for a long-duration flight with a 

flexible inflatable shell. Journal of Space Safety Engineering, 2021, 8(4): 259-265. 

[3]Liu T, Liu L, Yu M, et al. Integrative hinge based on shape memory polymer composites: Material, 

design, properties and application. Composite Structures, 2018, 206: 164-176. 

[4]Liu TW, Bai JB, Xi HT, et al. Experimental and numerical investigation on folding stable state of 

bistable deployable composite boom. Composite Structures, 2023, 320: 117178.  

[5]Ji C, Liu J, Wu C, et al. Dynamic analysis and parametric optimization of telescopic tubular mast 

applied on solar sail. Chinese Journal of Mechanical Engineering, 2023, 36(1): 1-12. 

[6]Liu TW, Bai JB, Lin QH, et al. An analytical model for predicting compressive behaviour of 

composite helical Structures: Considering geometric nonlinearity effect. Composite Structures, 

2021, 255: 112908. 

[7]Bai JB, Liu TW, Yang GH, et al. A variable camber wing concept based on corrugated flexible 

composite skin. Aerospace Science and Technology, 2023, 138: 108318. 

[8]An N, Jia Q, Jin H, et al. Multiscale modeling of viscoelastic behavior of unidirectional composite 

laminates and deployable structures. Materials & Design, 2022, 219: 110754. 

[9]Yang H, Feng J, Liu Y B, et al. Design and kinematic analysis of a large deployable mechanism of 

the parabolic cylindrical antenna with multi tape-spring hinges. Journal of Mechanical 

Engineering, 2022, 58(3): 75-83. 

[10]Li Y, Li M, Liu X, et al. Snap-through load improvement of bistable composite shell with initial 

curvature by an adjustive angle. Composites Communications, 2022, 32: 101190. 

[11]Zhao P, Wu C, Li Y. Design and application of solar sailing: A review on key technologies. 

Chinese Journal of Aeronautics, 2023, 36(5):125-144. 

[12]Seffen KA. Folding a ridge-spring. Journal of the Mechanics and Physics of Solids, 2020, 137: 

103820. 

[13]Seffen KA. On the behavior of folded tape-springs. Journal of Applied Mechanics, 2001, 68(3): 

369-375. 



 

 

[14] Dewalque F, Collette JP, Bruls O. Mechanical behaviour of tape springs used in the deployment 

of reflectors around a solar panel. Acta Astronautica, 2016, 123:271-282. 

[15]Kwok K, Pellegrino S. Folding, stowage, and deployment of viscoelastic tape springs. AIAA 

Journal, 2013, 51(8): 1908-1918. 

[16]Wuest W. Einige anwendungen der theorie der zylinderschale. ZAMM‐Journal of Applied 

Mathematics and Mechanics/Zeitschrift für Angewandte Mathematik und Mechanik, 1954, 

34(12): 444-454. 

[17]Panovko YG, Gubanova II. Stabilities and oscillations of elastic systems: paradoxes, fallacies 

and new concepts. New York: Consultants Bureau. 1965. 

[18]Seffen KA, Pellegrino S. Deployment dynamics of tape-springs. Proceedings of the Royal 

Society of London. Series A: Mathematical, Physical and Engineering Sciences, 1999, 455(1983): 

1003-1048. 

[19]Soykasap Ö. Analysis of tape-spring hinges. International Journal of Mechanical Sciences, 2007, 

49(7): 853-860. 

[20]Yee JCH, Soykasap O, Pellegrino S. Carbon fibre reinforced plastic tape-springs. 45th 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 

2004: 1819. 

[21]Zuo Y, Jin G, Xie P. Calculative and experimental study of the CFRP tape-spring. Journal of 

Mechanical Science and Technology, 2018, 32: 3603-3609. 

[22]Yang Y, Wang F, Liu J. Application of honeycomb structures in key components of space 

deployable structures. Advances in Materials Science and Engineering, 2022:4756272. 

[23]Yang Y, Wang F, Liu J. The exact solution of the bending moment in the folding process of 

negative Poisson’s ratio honeycomb tape-spring and multi-objective optimization design. 

Aerospace, 2023, 10(5): 390. 

[24]Yee JC, Pellegrino S. Composite tube hinges. Journal of Aerospace Engineering, 2005, 18(4): 

224-231. 

[25]Mansfield EH. Large-deflexion torsion and flexure of initially curved strips. Proceedings of the 

Royal Society of London. A. Mathematical and Physical Sciences, 1973, 334(1598): 279-298. 



 

 

[26]Yao XF, Ma YJ, Yin YJ, et al. Design theory and dynamic mechanical characterization of the 

deployable composite tube hinge. Science China Physics, Mechanics and Astronomy, 2011, 54: 

633-639. 

[27]Knott G, Viquerat A. Curved bistable composite slit tubes with positive Gaussian curvature. 

AIAA Journal, 2018, 56(4): 1679-1688. 

[28]Shore J, Viquerat A, Richardson G, et al. An energy optimisation approach to modelling tape-

spring behaviour. AIAA Scitech 2020 Forum. 2020: 1184. 

[29]Iqbal K, Pellegrino S, Daton-Lovett A. Bistable composite slit tubes. IUTAM-IASS Symposium 

on Deployable Structures. Cambridge, UK, 1998. 

[30]Galletly DA, Guest SD. Bistable composite slit tubes. I. A beam model. International Journal of 

Solids and Structures, 2004, 41(16-17):4517-4533. 

[31]Galletly DA, Guest SD. Bistable composite slit tubes. II. A shell model. International Journal of 

Solids and Structures, 2004, 41(16-17): 4503-4516. 

[32]Guest SD, Pellegrino S. Analytical models for bistable cylindrical shells. Proceedings of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 2006:839-854. 

[33]Zhang Z, Wu H, He X, et al. The bistable behaviors of carbon-fiber/epoxy anti-symmetric 

composite shells. Composites Part B: Engineering, 2013, 47: 190-199. 

[34]Zhang Z, Wu H, Ye G, et al. Systematic experimental and numerical study of bistable snap 

processes for anti-symmetric cylindrical shells. Composite Structures, 2014, 112:368-377. 

[35]Boesch C, Pereira C, John R, et al. Ultra light self-motorized mechanism for deployment of light 

weight spacecraft appendages. Proceedings of 39th Aerospace Mechanisms Symposium, 2008: 

7-9. 

[36]Liu TW, Bai JB. Folding behaviour of a deployable composite cabin for space habitats - part 1: 

Experimental and numerical investigation. Composite Structures, 2022, 302: 116244. 

[37]Liu TW, Bai JB. Folding behaviour of a deployable composite cabin for space habitats - Part 2: 

Analytical investigation. Composite Structures, 2022, 297: 115929. 

[38]Sakovsky M, Pellegrino S. Closed cross-section dual-matrix composite hinge for deployable 

structures. Composite Structures, 2019, 208: 784-795. 

[39]Fernandes P, Sousa B, Marques R, et al. Influence of relaxation on the deployment behaviour of 

a CFRP composite elastic-hinge. Composite Structures, 2021, 259:113217. 



 

 

[40]Mobrem M, Adams D S. Deployment analysis of the lenticular jointed antennas onboard the mars 

express spacecraft. Journal of Spacecraft and Rockets, 2009, 46(2): 394-402. 

[41]Bowen AG, Zucco G, Weaver PM. Morphing of symmetric cross-ply cylindrical shells by 

minimising the Brazier moment: Optimised hinge folding. Thin-walled structures, 2021, 158: 

107122. 

[42]Echter MA, Gillmer SR, Silver MJ, et al. A multifunctional high strain composite (HSC) hinge 

for deployable in-space optomechanics. Smart Materials and Structures, 2020, 29:105010. 

[43]Lan X, Liu Y, Lv H, et al. Fiber reinforced shape-memory polymer composite and its application 

in a deployable hinge. Smart Materials and Structures, 2009, 18(2): 024002. 

[44]Soykasap Ö. Deployment analysis of a self-deployable composite boom. Composite Structures, 

2009, 89(3): 374-381. 

[45]Warren P, Dobson B, Hinkle J, et al. Experimental characterization of lightweight strain energy 

deployment hinges. 46th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and 

Materials Conference, 2005: 1809. 

[46]Silver M, Hinkle J, Peterson L. Modeling of snap-back bending response of doubly slit cylindrical 

shells. 45th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 

Conference, 2004: 1820. 

[47]Mallikarachchi HMYC, Pellegrino S. Quasi-static folding and deployment of ultrathin composite 

tape-spring hinges. Journal of Spacecraft and Rockets, 2011, 48(1):187-198. 

[48]Piovesan D, Zaccariotto M, Bettanini C, et al. Design and validation of a carbon-fiber collapsible 

hinge for space applications: a deployable boom. Journal of Mechanisms and Robotics, 2016, 

8(3): 031007. 

[49]Mallikarachchi H, Pellegrino S. Deployment dynamics of composite booms with integral slotted 

hinges. 50th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 

Conference, 2009: 2631. 

[50]Mallikarachchi H, Pellegrino S. Simulation of quasi-static folding and deployment of ultra-thin 

composite structures. 49th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and 

Materials Conference, 2008: 2053. 



 

 

[51]Dewalque F, Schwartz C, Denoël V, et al. Experimental and numerical investigation of the 

nonlinear dynamics of compliant mechanisms for deployable structures. Mechanical Systems 

and Signal Processing, 2018, 101: 1-25. 

[52]Mallikarachchi H, Pellegrino S. Deployment dynamics of ultrathin composite booms with tape-

spring hinges. Journal of Spacecraft and Rockets, 2014, 51(2): 604-613. 

[53]Mallikarachchi H, Pellegrino S. Optimized designs of composite booms with integral tape-spring 

hinges. 51st AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 

Conference, 2010: 2750. 

[54]Mallikarachchi H, Pellegrino S. Design and validation of thin-walled composite deployable 

booms with tape-spring hinges. 52nd AIAA/ASME/ASCE/AHS/ASC Structures, Structural 

Dynamics and Materials Conference, 2011: 2019. 

[55]Mallikarachchi HM. Thin-walled composite deployable booms with tape-spring hinges. 

University of Cambridge, 2011. 

[56]Sakovsky M, Pellegrino S, Mallikarachchi H. Folding and deployment of closed cross-section 

dual-matrix composite booms. 3rd AIAA Spacecraft Structures Conference. 2016: 0970. 

[57]Ferraro S, Pellegrino S. Self-deployable joints for ultra-light space structures. AIAA Spacecraft 

Structures Conference, 2018: 0694. 

[58]Ferraro S, Pellegrino S. Topology optimization of composite self-deployable thin shells with 

cutouts. AIAA Scitech 2019 Forum. 2019: 1524. 

[59]Echter MA, Silver MJ, D'Elia E, et al. Recent developments in precision high strain composite 

hinges for deployable space telescopes. AIAA Spacecraft Structures Conference, 2018: 0939. 

[60]Pellegrino S, Kebadze E, Lefort T, et al. Low-cost hinge for deployable structures. University of 

Cambridge, Department of Engineering, 2002. 

[61]Hogstrom K, Pellegrino S. Methods for characterizing the reliability of deployable modules for 

large optical reflectors. 3rd AIAA Spacecraft Structures Conference, 2016: 2164. 

[62]Francis W, Lake M, Mallick K, et al. Development and testing of a hinge/actuator using elastic 

memory composites.44th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and 

Materials Conference, 2003: 1496. 



 

 

[63]Barrett R, Francis W, Abrahamson E, et al. Qualification of elastic memory composite hinges for 

spaceflight applications. 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, 

and Materials Conference, 2006: 2039. 

[64]Fosness E, Carpenter B, Tupper M, et al. Development of low shock deployment devices for 

aerospace applications using shape memory and elastic memory composites. AIAA Space 2003 

Conference and Exposition, 2003: 6246. 

[65]Wang C, Wang Y. The mechanical design of a hybrid intelligent hinge with shape memory 

polymer and spring sheet. Composites Part B: Engineering, 2018, 134: 1-8. 

[66]Hoffait S, Brüls O, Granville D, et al. Dynamic analysis of the self-locking phenomenon in tape-

spring hinges. Acta Astronautica, 2010, 66(7-8): 1125-1132. 

[67]Jeong JW, Yoo YI, Shin DK, et al. A novel tape spring hinge mechanism for quasi-static 

deployment of a satellite deployable using shape memory alloy. Review of Scientific Instruments, 

2014, 85(2):025001. 

[68]Givois D, Jacques S, Mazoyer T. A low cost hinge for appendices deployment: design, test and 

applications. 9th European Space Mechanisms and Tribology Symposium. 2001, 480: 145-151. 

[69]Sicre J, Givois D, Emerit A. Application of "MAEVA" hinge to myriade microsatellites 

deployments needs. 11th European Space Mechanisms and Tribology Symposium, 2005, 591: 

243-250. 

[70]Eigenmann M, Schmalbach M, Schiller M, et al. Ultra-light deployment mechanism (UDM) for 

sectioned large deployable antenna reflectors. Proceeding of the 14th European Space 

Mechanisms and Tribology Symposium, 2011. 

[71]Zajac K, Schmidt T, Schiller M, et al. Verification test for ultra-light deployment mechanism for 

sectioned deployable antenna reflectors. 15th European Space Mechanisms and Tribology 

Symposium, 2013. 

[72]Warren PA, Silver MJ, Dobson Jr BJ, et al. Experimental characterization of deployable outer 

barrel assemblies for large space telescopes. UV/Optical/IR Space Telescopes and Instruments: 

Innovative Technologies and Concepts VI, 2013, 8860: 49-61. 

[73]Kim DY, Choi HS, Lim JH, et al. Experimental and numerical investigation of solar panels 

deployment with tape spring hinges having nonlinear hysteresis with friction compensation. 

Applied Sciences, 2020, 10(21): 7902. 



 

 

[74]Straubel M, Block J, Sinapius M, et al. Deployable composite booms for various gossamer space 

structures. 52nd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 

Conference, 2011. 

[75]Murphey TW, Footdale JN. Deployable structures with quadrilateral reticulations. U.S. Patent 

8,384,613. 2013-2-26. 

[76]Mchale C, Telford R, Weaver PM. Morphing lattice boom for space applications. Composites 

Part B: Engineering, 2020, 202:108441. 

[77]Seefeldt P, Grundmann JT, Hillebrandt M, et al. Performance analysis and mission applications 

of a new solar sail concept based on crossed booms with tip-deployed membranes. Advances in 

Space Research, 2020, 67(9):2736-2745. 

[78]Takao Y, Mori O, Kawaguchi J. Analysis and design of a spacecraft docking system using a 

deployable boom. Acta Astronautica, 2021, 179:172-185. 

[79]Rimrott FPJ. Self-extension of an open section tube. Theory Shells, 495–508. 

[80]Rimrott FPJ, Fritzsche G. Fundamentals of STEM mechanics. Springer Netherlands, 2000. 

[81]Rimrott FPJ. Storable tubular extendible member. Machine Design, 1965, 37(28):156-165. 

[82]Rimrott, FPJ. Two secondary effects in bending of slit thin-walled tubes. Journal of Applied 

Mechanics, 1966, 33(1):75. 

[83]Wang S, Schenk M, Jiang S, et al. Blossoming analysis of composite deployable booms. Thin-

Walled Structures, 2020, 157: 107098. 

[84]Liu TW, Bai JB, Fantuzzi N, et al. Folding behavior of thin-walled tubular deployable composite 

boom for space applications: Experiments and numerical simulation. Acta Astronautica, 2023, 

209: 159-171. 

[85]Liu TW, Bai JB, Fantuzzi N. Analytical models for predicting folding behaviour of thin-walled 

tubular deployable composite boom for space applications. Acta Astronautica, 2023, 208: 167-

178. 

[86]Banik J, Murphey T. Performance validation of the triangular rollable and collapsible mast. 2010. 

[87]Leclerc C, Pellegrino S. Ultra-thin composite deployable booms. Proceedings of IASS Annual 

Symposia, 2017(13): 1-9. 

[88]Johnson L, Whorton M, Heaton A, et al. NanoSail-D: A solar sail demonstration mission. Acta 

astronautica, 2011, 68(5-6): 571-575. 



 

 

[89]Biddy C, Svitek T. LightSail-1 solar sail design and qualification. Proceedings of the 41st 

Aerospace Mechanisms Symposium, 2012: 451-463. 

[90]Betts B, Spencer DA, Nye B, et al. Lightsail 2: Controlled solar sailing using a CubeSat. The 4th 

International Symposium on Solar Sailing, 2017. 

[91]Stohlman OR, Loper ER. Thermal deformation of very slender triangular rollable and collapsible 

booms. 2016 AIAA SciTech Conference, 2016. 

[92]Leclerc C. Mechanics of ultra-thin composite coilable structures. California Institute of 

Technology, 2020. 

[93]Leclerc C, Pellegrino S. Nonlinear elastic buckling of ultra-thin coilable booms. International 

Journal of Solids and Structures, 2020, 203: 46-56 

[94].Leclerc C, Pedivellano A, Pellegrino S. Stress concentration and material failure during coiling 

of ultra-thin TRAC booms. 2018 AIAA Spacecraft Structures Conference. 2018: 0690. 

[95]Leclerc C, Pellegrino S. Reducing stress concentration in the transition region of coilable ultra-

thin-shell booms. AIAA Scitech 2019 Forum. 2019: 1522. 

[96]Hasanyan A D, Leclerc C, Pellegrino S. Interface failure analysis of triangular rollable and 

collapsible (TRAC) booms. AIAA Scitech 2020 Forum. 2020: 0694. 

[97]Luo W, Pellegrino S. Propagating instabilities in coilable booms. AIAA SCITECH 2022 Forum. 

2022: 0407. 

[98]Yang H, Lu F, Guo H, et al. Design of a new N-shape composite ultra-thin deployable boom in 

the post-buckling range using response surface method and optimization. IEEE Access, 2019, 7: 

129659-129665. 

[99]Yang H, Guo H, Wang Y, et al. Analytical solution of the peak bending moment of an M boom 

for membrane deployable structures. International Journal of Solids and Structures, 2020, 206: 

236-246. 

[100]Herbeck L, Leipold M, Sickinger C, et al. Development and test of deployable ultra-lightweight 

cfrp-booms for a solar sail. Spacecraft Structures, Materials and Mechanical Testing. 2001, 468: 

107. 

[101]Yoshiro OGI, Reveles J, Fraux V, et al. Deployable wrap-rib assembly. U.S. Patent Application. 

2019-11-28. 



 

 

[102]Bai JB, Chen D, Xiong JJ, et al. A corrugated flexible composite skin for morphing applications. 

Composites Part B: Engineering, 2017, 131: 134-143. 

[103]Bai JB, Chen D, Xiong JJ, et al. A semi-analytical model for predicting nonlinear tensile 

behaviour of corrugated flexible composite skin. Composites Part B: Engineering, 2019, 168: 

312-319. 

[104]Liu TW, Bai JB, Li SL, et al. Large deformation and failure analysis of the corrugated flexible 

composite skin for morphing wing. Engineering Structures, 2023, 278: 115463. 

[105]Wang LW, Bai JB, Shi Y. Simplified analytical model for predicting neutral cross-section 

position of lenticular deployable composite boom in tensile deformation. Materials, 2021, 14(24): 

7809. 

[106]Bai JB, Xiong JJ, Gao JP, et al. Analytical solutions for predicting in-plane strain and 

interlaminar shear stress of ultra-thin-walled lenticular collapsible composite tube in fold 

deformation. Composite Structures, 2013, 97: 64-75. 

[107]Liu TW, Bai JB, Fantuzzi N. Folding behavior of the thin-walled lenticular deployable 

composite boom: Analytical analysis and many-objective optimization. Mechanics of Advanced 

Materials and Structures, 2022: 1-19. 

[108]Bai JB, Chen D, Xiong JJ, et al. Folding analysis for thin-walled deployable composite boom. 

Acta Astronautica, 2019, 159: 622-636. 

[109]Bai JB, Xiong JJ. Temperature effect on buckling properties of ultra-thin-walled lenticular 

collapsible composite tube subjected to axial compression. Chinese Journal of Aeronautics, 2014, 

27(5): 1312-1317. 

[110]Yao Z, Li D, Zhu S, et al. Analysis of buckling characteristics and parameter influence of 

composite thin-walled lenticular boom structures. E3S Web of Conferences. EDP Sciences, 2021, 

233: 04009. 

[111]Jia Q, An N, Ma X, et al. Exploring the design space for nonlinear buckling of composite thin-

walled lenticular tubes under pure bending. International Journal of Mechanical Sciences, 2021, 

207: 106661. 

[112]Jia Q, An N, Ma X, et al. A dynamic finite element procedure for bending collapse of composite 

thin-walled lenticular tubes. Composite Structures, 2022, 287: 115364. 



 

 

[113]Bai JB, Shenoi RA, Xiong JJ. Thermal analysis of thin-walled deployable composite boom in 

simulated space environment. Composite Structures, 2017, 173: 210-218. 

[114]Williams RB, Agnes G, Crumb D. Lightweight deployable sunshade concepts for passive 

cooling of space-based telescopes. 49th AIAA/ASME/ASCE/AHS/ASC Structures, Structural 

Dynamics, and Materials Conference, 2008: 1774. 

[115]Zhang Z, Li Y, Yu X, et al. Bistable morphing composite structures: A review. Thin-walled 

structures, 2019, 142: 74-97. 

[116]Schultz MR, Hulse MJ, Keller PN, et al. Neutrally stable behavior in fiber-reinforced composite 

tape springs. Composites Part A: Applied Science and Manufacturing, 2008, 39(6): 1012-1017. 

[117]Fernandez JM, Viquerat A, Lappas VJ, et al. Bistable over the whole length (BOWL) CFRP 

booms for solar sails. Advances in solar sailing, 2014: 609-628. 

[118]Liu TW, Bai JB, Wang ZZ, et al. Determining folded stable state of bistable deployable 

composite boom: An improved two-parameter analytical model. Acta Astronautica, 2023, 213: 

507-515. 

[119]Liu TW, Bai JB, Xi HT, et al. Temperature effect on large deformation of bistable deployable 

composite boom. Composite Structures, 2023, 318: 117090. 

[120]Wu C, Viquerat A, Aglietti G. Natural frequency optimization and stability analysis of bistable 

carbon fiber reinforced plastic booms for space applications. 3rd AIAA Spacecraft Structures 

Conference, 2016: 1472. 

[121]Wu C, Viquerat A. Computational and experimental study on dynamic instability of extended 

bistable carbon/epoxy booms subjected to bending. Composite Structures, 2018, 188: 347-355. 

[122]Wu C. Dynamic analysis of extended bistable reeled fibre-reinforced composite booms for space 

applications. University of Surrey, 2017. 

[123]Kajihara S, Yokozeki T, Aoki T. Dimension effects on the stowability and self-deployment 

behavior of CFRP bistable open-section semi-cylindrical beam. Composite Structures, 2023, 307: 

116628. 

[124]Wang S, Xu S, Lu L, et al. Roll-out deployment process analysis of a fiber reinforced polymer 

(FRP) composite tape-spring boom. polymers, 2023, 15(11): 2455. 

[125]Fujioka E, Yokozeki T, Watanabe A, et al. Analysis on temperature-dependent deployment 

behavior of bi-stable composite rods. Advanced Composite Materials, 2019, 28(3): 245-257. 



 

 

[126]Yang C, Wang B, Zhong S, et al. On tailoring deployable mechanism of a bistable composite 

tape-spring structure. Composites Communications, 2022, 32: 101171. 

[127]Mao H, Shipsha A, Tibert G. Design and analysis of laminates for self-deployment of 

viscoelastic bistable tape springs after long-term stowage. Journal of Applied Mechanics, 2017, 

84(7): 071004. 

[128]Mallol P, Mao H, Tibert G. Experiments and simulations of the deployment of a bistable 

composite boom. Journal of Spacecraft and Rockets, 2018, 55(2): 292-302. 

[129]Shen Z, Liu C, Li H. Viscoelastic analysis of bistable composite shells via absolute nodal 

coordinate formulation. Composite Structures, 2020, 248: 112537. 

[130]Shahryarifard M, Golzar M, Tibert G. Viscoelastic bistable tape spring behavior modeled by a 

two-dimensional system with rigid links, springs and dashpots. Composite Structures, 2021, 258: 

113181. 

[131]Mao H, Ganga PL, Ghiozzi M, et al. Deployment of bistable self-deployable tape spring booms 

using a gravity offloading system. Journal of Aerospace Engineering, 2017, 30(4): 04017007. 

[132]Brinkmeyer A, Pellegrino S, Weaver PM. Effects of long-term stowage on the deployment of 

bistable tape springs. Journal of Applied Mechanics, 2016, 83(1): 011008. 

[133]Kwok K. Viscoelastic analysis of stowage and quasi-static deployment of composite tape 

springs. 2018 AIAA Spacecraft Structures Conference, 2018: 0940. 

[134]Zhang Z, Li Y, Wu H, et al. Viscoelastic bistable behaviour of antisymmetric laminated 

composite shells with time-temperature dependent properties. Thin-walled Structures, 2018, 122: 

403-415. 

[135]Shahryarifard MM, Golzar M, Tibert G. Modeling bistable behaviors in exposure of thermo-

viscoelastic conditions by link-spring-dashpot structures. Modares Mechanical Engineering. 

2021;21(9):589-600 

[136]Ding S, Sun M, Li Y, et al. Novel deployable panel structure integrated with thick origami and 

morphing bistable composite structures. Materials, 2022, 15(5): 1942. 

[137]Lakshmi SS, Varsha M, Krishnaa GMS, et al. Thermo-structural analysis of deployable 

composite booms with slotted hinges for space applications. Materials Today: Proceedings, 2022, 

56: 3564-3570. 



 

 

[138]Roh JH, Bae JS. Softenable composite boom for reconfigurable and self-deployable structures. 

Mechanics of Advanced Materials and Structures, 2017, 24(8): 698-711. 

[139]Zhang Z, Xiong L, Sun M, et al. Bistable characteristics of deployable carbon 

fiber/bismaleimide resin composite shells in megathermal environments. Mechanics of 

Advanced Materials and Structures, 2022: 1-12. 

[140]Iqbal K, Pellegrino S. Bi-stable composite shells. 41st Structures, Structural Dynamics, and 

Materials Conference and Exhibit, 2000: 1385. 

[141]Long Y, Rique O, Fernandez JM, et al. Simulation of the column bending test using an 

anisotropic viscoelastic shell model. Composite Structures, 2022, 288: 115376. 

[142]Kwok K, Pellegrino S. Micromechanics models for viscoelastic plain-weave composite tape 

springs. AIAA Journal, 2017, 55(1): 309-321. 

[143]Yang LY, Tan HF, Cao ZS. Modeling and analysis of the ploy region of bistable composite 

cylindrical shells. Composite Structures, 2018, 192:347-354. 

[144]Wang B, Seffen KA, Guest SD. Folded strains of a bistable composite tape-spring. International 

Journal of Solids and Structures, 2021, 233: 111221. 

[145]Wang B, Seffen KA, Guest SD. Shape of a bistable composite tape-spring in folding. AIAA 

Scitech 2019 Forum, 2019: 2276. 

[146]Seffen KA, Wang B, Guest SD. Folded orthotropic tape-springs. Journal of the Mechanics and 

Physics of Solids, 2019, 123: 138-148. 

[147]Rakow AS, Reedy R. Predicting ploy length of high-strain composite slit-tubes and tape-springs. 

AIAA SCITECH 2022 Forum, 2022: 2266. 

[148]Lee AJ, Fernandez JM, Daye JG. Bistable deployable composite booms with parabolic cross-

sections. AIAA SciTech 2022 Forum, 2022: 2264.  

[149]Knott GP. New forms of bistable composite slit tube. University of Surrey (United Kingdom), 

2018. 

[150]Lee A, Fernandez JM. Mechanics of bistable two-shelled composite booms. 2018 AIAA 

Spacecraft Structures Conference, 2018: 0938. 

[151]Yao Y, Ambruso A, Fernandez JM, et al. A multifunctional bistable ultrathin composite boom 

for in-space monitoring of deployment dynamics. AIAA Scitech 2023 Forum, 2023: 2400. 



 

 

[152]Liu TW, Bai JB, Xi HT, et al. A curved bistable composite slit tube for deployable membrane 

structures. Composites Communications, 2023: 101648. 

[153]Liu TW, Bai JB, Xi HT, et al. Bistable behaviour of deployable composite boom with central 

flat region. Engineering Structures, 2023, 290: 116357. 

[154]Lee AJ, Fernandez JM. Inducing bistability in collapsible tubular mast booms with thin-ply 

composite shells. Composite Structures, 2019, 225: 111166. 

[155]Fernandez JM, Lee AJ. Bistable collapsible tubular mast booms. International Conference on 

Advanced Lightweight Structures and Reflector Antennas, 2018. 

[156]Fernandez JM. Advanced deployable shell-based composite booms for small satellite structural 

applications including solar sails. International Symposium on Solar Sailing, 2017. 

[157]Tan LT, Pellegrino S. Ultra thin deployable reflector antennas. 45th 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics & Materials Conference, 2004: 

1730. 

[158]Tan LT, Pellegrino S. Thin-shell deployable reflectors with collapsible stiffeners: experiments 

and simulations. AIAA journal, 2012, 50(3): 659-667. 

[159]Soykasap O, Tan LT. High-precision offset stiffened springback composite reflectors. AIAA 

Journal, 2011, 49(10): 2144-2151. 

[160]Türkmen D, Soykasap Ö, Karakaya Ş. Development of full-scale ultrathin shell reflector. 

International Journal of Antennas and Propagation, 2012, 2012. 

[161]Soykasap O, Karakaya S, Kaplan E. Self-deploying composite shell reflector antenna for ku-

band missions: 1.5 m diameter demonstrator. 6th International Conference on Recent Advances 

in Space Technologies (RAST), 2013: 631-636. 

[162]Soykasap Ö, Karakaya Ş, Türkmen D. Curved large tape springs for an ultra-thin shell 

deployable reflector. Journal of reinforced plastics and composites, 2012, 31(10): 691-703. 

[163]Tan LT, Soykasap O, Pellegrino S. Design & manufacture of stiffened spring-back reflector 

demonstrator. 46th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and 

Materials Conference, 2005: 2048. 

[164]Soykasap O, Karakaya S, Gayretli A, et al. Preliminary design of deployable flexible shell 

reflector of an x-band satellite payload. 2nd AIAA Spacecraft Structures Conference, 2015. 



 

 

[165]Mikulas MM, Lou MC, Withnell PR, et al. Deployable concepts for precision segmented 

reflectors. JPL D-10947, June, 1993. 

[166]Stiles L, Garrett J. Development of deployable aperture concepts for CubeSats. 51st 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 

2010. 

[167]Reynolds W, Murphey T, Banik J. Highly compact wrapped-gore deployable reflector. 52nd 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 

2011. 

[168]Footdale JN, Peterson M, Griffee JC. Flexible composite shell design for the MARCO 

deployable reflector. AIAA Scitech 2019 Forum, 2019. 

[169]Allen B, Willer F, Harless I, et al. Compactly stowable thin continuous surface-based antenna 

having radial and perimeter stiffeners that deploy and maintain antenna surface in prescribed 

surface geometry. U.S. Patent 6,344,835. 2002-2-5. 

[170]Keller P, Lake M, Codell D, et al. Development of elastic memory composite stiffeners for a 

flexible precision reflector. 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural 

Dynamics, and Materials Conference, 2006: 2179. 

[171]Dufour L, Datashvili L S, Guinot F, et al. Origami deployable reflector antenna for cubesats. 

AIAA Scitech 2021 Forum, 2021: 1703. 

[172]Datashvili L, Maghaldadze N, Baier H, et al. Enabling technologies and architectures at LSS 

GmbH for European large deployable and reconfigurable reflector antennas. Deutsche 

Gesellschaft für Luft-und Raumfahrt-Lilienthal-Oberth, 2017. 

[173]Schmid M, Barho R. Development summary and test results of a 3 meter unfurlable CFRP skin 

antenna reflector. 10th European Space Mechanisms and Tribology Symposium, 2003. 

[174]Yoon SS, Lee JW, Lee TK, et al. Insensitivity characteristics in the dual polarization of 

deployable CFRP reflector antennas for SAR. IEEE Transactions on Antenna and Propagation, 

2018, 66(1): 88–95. 

[175]Datashvili L, Baier H, Wehrle E, et al. Large Shell-Membrane Space Reflectors. 51st 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 

2010.  



 

 

[176]Klimm W, Kwok K. Surface accuracy of viscoelastic composite thin-shell deployable reflector 

antennas. AIAA Scitech 2020 Forum, 2020. 

[177]Pellegrino S. Deployable membrane reflectors. 2nd World Engineering Congress, 2002: 1-9. 

[178]Morozov EV, Lopatin AV, Khakhlenkova AA. Finite-element modelling, analysis and design of 

anisogrid composite lattice spoke of an umbrella-type deployable reflector of space antenna. 

Composite Structures, 2022, 286: 115323. 

[179]Lopatin AV, Morozov EV, Kazantsev ZA, et al. Deployment analysis of a composite thin-walled 

toroidal rim with elastic hinges: Application to an umbrella-type reflector of spacecraft antenna. 

Composite Structures, 2023, 306: 116566. 

[180]Murphey T. Historical perspectives on the development of deployable reflectors. 50th 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 

2009: 2605. 

[181]Freeland RE, Helms RG, Mikulas MM. The applicability of past innovative concepts to the 

technology for new extremely large space antenna/telescope structures. SAE Transactions, 2006: 

160-173. 

[182]Urata KN, Sri Sumantyo JT, Santosa CE, et al. Development of an L-band SAR microsatellite 

antenna for earth observation. Aerospace, 2018, 5(4): 128. 

[183]Chandra M, Kumar S, Chattopadhyaya S, et al. A review on developments of deployable 

membrane-based reflector antennas. Advances in Space Research, 2021, 68(9): 3749-3764. 

[184]Angevain J C, Ihle A, Rodrigues G, et al. Large deployable spaceborne reflector antennas in 

Europe: progress status and perspectives. 13th European Conference on Antennas and 

Propagation, 2019: 1-5. 

[185]Angevain J, Ihle A, Rodrigues G, et al. Present status and future outlook of the large deployable 

space borne reflector antennas in Europe. Proceedings of the 3rd International Conference, 2018: 

13-22. 

[186]Κάνε Τ. Topology optimisation and structural analysis of a deployable antenna of umbrella type 

rib for 3D-printing. 2022.  

[187]Urate KN, Sumantyo JTS, Santosa CE, et al. A compact C-band CP-SAR microsatellite antenna 

for earth observation. Acta Astronautica, 2019, 159: 517-526. 



 

 

[188]Forrester AIJ, Keane AJ. Recent advances in surrogate-based optimization. Progress in 

Aerospace Sciences, 2009, 45(1-3): 50-79. 

[189]Choi HS, Shin MS. Hydrodynamics study of two different inverse fluidized reactors for the 

application of wastewater treatment. Korean Journal of Chemical Engineering, 1999, 16(5):670-

676. 

[190]Malik MH, Arif A. ANN prediction model for composite plates against low velocity impact 

loads using finite element analysis. Composite Structures, 2013, 101:290-300. 

[191]Hussain S, Gul S, Khan H, et al. Modeling of photolytic degradation of sulfamethoxazole using 

Boosted regression tree (BRT), artificial neural network (ANN) and response surface 

methodology (RSM); energy consumption and intermediates study. Chemosphere, 2021: 130151. 

[192]Foroutan R, Mohammadi R, Ramavandi B. Waste glass catalyst for biodiesel production from 

waste chicken fat: Optimization by RSM and ANNs and toxicity assessment. Fuel, 2021, 

291:120151. 

[193]Prabhu MV, Karthikeyan R. Comparative studies on modelling and optimization of 

hydrodynamic parameters on inverse fluidized bed reactor using ANN-GA and RSM. Alexandria 

Engineering Journal, 2018, 57(4)：3019-3032. 

[194]Degtyarev VV. Neural networks for predicting shear strength of CFS channels with slotted webs. 

Journal of Constructional Steel Research, 2020, 177: 106443. 

[195]Yang H, Deng ZQ, Liu RQ, et al. Optimizing the qusai-static folding and deploying of thin-

walled tube flexure hinges with double slots. Chinese Journal of Mechanical Engineering, 2014, 

27(2):279-286. 

[196]Willmott CJ, Ackleson SG, Davis RE, et al. Statistics for the evaluation and comparison of 

models. Journal of Geophysical Research, 1986, 33(3):250. 

[197]Onu CE, Nwabanne JT, Ohale PE, et al. Comparative analysis of RSM, ANN and ANFIS and 

the mechanistic modeling in eriochrome black-T dye adsorption using modified clay. South 

African Journal of Chemical Engineering, 2021, 36:24-42. 

[198]Wang ZZ, Sobey A. A comparative review between Genetic Algorithm use in composite 

optimisation and the state-of-the-art in evolutionary computation. Composite Structures, 2020, 

233: 111739. 



 

 

[199]Fernandes P, Pinto R, Correia N. Design and optimization of self-deployable damage tolerant 

composite structures: A review. Composites Part B: Engineering, 2021, 221: 109029. 

[200]While L, Bradstreet L, Barone L. A fast way of calculating exact hypervolumes. IEEE 

Transactions on Evolutionary Computation, 2012, 16(1):86-95. 

[201]Zitzler E, Deb K, Thiele L. Comparison of multiobjective evolutionary algorithms: empirical 

results. Evolutionary Computation, 2000, 8(2):173-195. 

[202]Elarbi M, Bechikh S, Said L B. On the importance of isolated infeasible solutions in the many-

objective constrained NSGA-III. Knowledge-Based Systems, 2021, 227: 104335.  

[203]Cheng S, Zhan H, Shu Z, et al. Effective optimization on Bump inlet using meta-model multi-

objective particle swarm assisted by expected hyper-volume improvement. Aerospace Science 

and Technology, 2019, 87:431-447. 

[204]Wang Z, Bai J, Sobey A, et al. Optimal design of triaxial weave fabric composites under tension. 

Composite Structures, 2018, 201: 616-624. 

[205]Klimm WJ, Ozdemir VB, Kwok K. Multiobjective optimization of deployable viscoelastic tape 

springs under uncertainty. AIAA Aviation 2020 Forum, 2020: 3166. 

[206]Su L, Zhang Y, Sun B. Multi-objective optimization of deployable composite cylindrical thin-

walled hinges with progressive damage. Structural and Multidisciplinary Optimization, 2020, 

61: 803-817. 

[207]Liu TW, Bai JB, Fantuzzi N, et al. Multi-objective optimisation designs for thin-walled 

deployable composite hinges using surrogate models and Genetic Algorithms. Composite 

Structures, 2022, 280: 114757. 

[208]Jin H, Jia Q, An N, et al. Surrogate modeling accelerated shape optimization of deployable 

composite tape-spring hinges. AIAA Journal, 2022, 60(10): 5942-5953. 

[209]Li B, Ye H, Zhang Y. Failure analysis of composite tube hinge and optimization design. IOP 

Conference Series: Materials Science and Engineering., 2019, 531(1): 012062. 

[210]Mallikarachchi H, Pellegrino S. Design of ultrathin composite self-deployable booms. Journal 

of Spacecraft and Rockets, 2014, 51(6): 1811-1821. 

[211]https://artes.esa.int/funding/antenna-deployment-arm-integrated-elastic-hinges-artes-ref-

5b163-expro 

https://artes.esa.int/funding/antenna-deployment-arm-integrated-elastic-hinges-artes-ref-5b163-expro
https://artes.esa.int/funding/antenna-deployment-arm-integrated-elastic-hinges-artes-ref-5b163-expro


 

 

[212]Fernandes P, Pinto R, Ferrer A, et al. Performance analysis of a damage tolerant composite self-

deployable elastic-hinge. Composite Structures, 2022, 288: 115407. 

[213]Yang H, Guo HW, Liu RQ, et al. Coiling and deploying dynamic optimization of a C-cross 

section thin-walled composite deployable boom. Structural and Multidisciplinary Optimization, 

2020, 61: 1731–1738. 

[214]Yang H, Liu L, Guo HW, et al. Wrapping dynamic analysis and optimization of deployable 

composite triangular rollable and collapsible booms. Structural and Multidisciplinary 

Optimization, 2019, 59: 1371–1383. 

[215]Yang H, Fan S, Wang Y, et al. Novel four-cell lenticular honeycomb deployable boom with 

enhanced stiffness. Materials, 2022, 15(1): 306. 

[216]Shi J, Qi J, Wang Y, et al. Analysis and optimization of M-shaped boom based on response 

surface method. Polymer Composites, 2022, 43(7): 4327-4338. 

[217]Bessa MA, Pellegrino S. Design of ultra-thin shell structures in the stochastic post-buckling 

range using Bayesian machine learning and optimization. International Journal of Solids and 

Structures, 2018, 139: 174-188. 

[218]Zhang Z, Zhou H, Ma J, et al. Space deployable bistable composite structures with C-cross 

section based on machine learning and multi-objective optimization. Composite Structures, 2022, 

297: 115983. 

[219]Zhang Z, Liao C, Chai H, et al. Multi-objective optimization of controllable configurations for 

bistable laminates using NSGA-II. Composite Structures, 2021, 266: 113764. 

[220]Wu C, Viquerat A. Natural frequency optimization of braided bistable carbon/epoxy tubes: 

Analysis of braid angles and stacking sequences. Composite Structures, 2017, 159: 528-537. 

[221]Zhang LF, Long ZL, Cai JD, et al. Multi-objective optimization design of a connection frame in 

macro–micro motion platform. Applied Soft Computing, 2015, 32:369-382. 

[222]Bai JB, You FY, Wang ZZ, et al. An efficient multi-objective optimization framework for thin-

walled tubular deployable composite boom. Composite Structures, 2023: 117713. 

[223]Bai JB, Liu TW, Wang ZZ, et al. Determining the best practice - Optimal designs of composite 

helical structures using Genetic Algorithms. Composite Structures, 2021, 268: 113982. 

[224]Murphey TW, Francis W, Davis B, et al. High strain composites. 2nd AIAA Spacecraft 

Structures Conference, 2015: 0942. 



 

 

[225]Vyvyan WW. Self-actuating, self-locking hinge. U.S. Patent 3,386,128. 1968-6-4. 

[226]Marks GW, Reilly MT, Huff RL. The lightweight deployable antenna for the MARSIS 

experiment on the Mars express spacecraft. 36th Aerospace Mechanisms Symp, 2002: 183-196. 

[227]Domber JL, H   inkle JD, Peterson LD, et al. Dimensional repeatability of an elastically folded 

composite hinge for deployed spacecraft optics. Journal of Spacecraft and Rockets, 2002, 39(5): 

646-652. 

[228]Maji AK, Harris M, Garcia D, et al. Feasibility assessment of deployable composite telescope. 

Journal of Aerospace Engineering, 2011, 24(1): 12-19. 

[229]Footdale J, Murphey T. Structural design of a CubeSat-based diffractive optic telescope. 52nd 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 

2011: 1729. 

[230]Jeon S, Murphey T. Design and analysis of a meter-class CubeSat boom with a motor-less 

deployment by bi-stable tape springs. 2nd AIAA/ASME/ASCE/AHS/ASC Structures, 2011: 

1731. 

[231]Yang H, Guo HW, Wang Y, et al. Design and experiment of triangular prism mast with tape-

spring hyperelastic hinges. Chinese Journal of Mechanical Engineering, 2018, 31(1): 1-10. 

[232]Soykasap Ö, Pellegrino S, Howard P, et al. Folding large antenna tape spring. Journal of 

Spacecraft and Rockets, 2008, 45(3): 560-567. 

[233]Footdale J, Banik J, Murphey T. Design developments of a non-planar deployable structure. 51st 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 

2010: 2608.  

[234]Foster CL, Tinker ML, Nurre GS, et al. Solar-array-induced disturbance of the Hubble space 

telescope pointing system. Journal of Spacecraft and Rockets, 1995, 32(4): 634-644. 

[235]Vulpetti G, Johnson L, Matloff GL, et al. The NanoSAIL-D2 NASA Mission. Solar Sails: A 

Novel Approach to Interplanetary Travel, 2015: 173-178. 

[236]Ridenoure RW, Munakata R, Wong SD, et al. Testing the lightsail program: Advancing solar 

sailing technology using a cubesat platform. Journal of Small Satellites, 2016, 5(2): 531-550. 

[237]Spencer DA, Betts B, Bellardo JM, et al. The LightSail 2 solar sailing technology demonstration. 

Advances in Space Research, 2021, 67(9): 2878-2889. 



 

 

[238]Lappas V, Adeli N, Visagie L, et al. CubeSail: A low cost CubeSat based solar sail demonstration 

mission. Advances in Space Research, 2011, 48(11): 1890-1901. 

[239]Lockett T R, Johnson C, Stewart E R. Lessons learned from the flight unit testing of the near 

earth asteroid scout flight system. International Symposium on Solar Sailing, 2019. 

[240]Sickinger C, Herbeck L, Breitbach E. Structural engineering on deployable CFRP booms for a 

solar propelled sailcraft. Acta Astronautica, 2006, 58(4): 185-196. 

[241]Seefeldt P, Spietz P, Sproewitz T, et al. Gossamer-1: Mission concept and technology for a 

controlled deployment of gossamer spacecraft. Advances in Space Research, 2017, 59(1): 434-

456. 

[242]Reveles JR, Lawton M, Fraux V, et al. In-orbit performance of AstroTube: AlSat Nano’s low 

mass deployable composite boom payload. 31th Annual AIAA/USU Conference on Small 

Satellites, 2016. 

[243]Chen W, Fang G, Hu Y. An experimental and numerical study of flattening and wrapping process 

of deployable composite thin-walled lenticular tubes. Thin-Walled Structures, 2017, 111: 38-47. 

[244]Lemak M, Banerjee A. Comparison of simulation with test of deployment of a wrap-rib antenna. 

Guidance, Navigation, and Control Conference, 1994: 3577. 

[245]Greschik G, Park K, Natori M. Unfurling of a rolled-up strip into a helically curved tube. 35th 

Structures, Structural Dynamics, and Materials Conference, 1994: 1472. 

[246]Tanaka H. Design optimization studies for large-scale contoured beam deployable satellite 

antennas. Acta Astronautica, 2006, 58(9): 443-451. 

[247]Fernandez JM, Rose G, Stohlman OR, et al. An advanced composites-based solar sail system 

for interplanetary small satellite missions. 2018 AIAA Spacecraft Structures Conference, 2018: 

1437.  

[248]Fernandez JM, Rose GK, Younger CJ, et al. NASA's advanced solar sail propulsion system for 

low-cost deep space exploration and science missions that use high performance rollable 

composite booms. International Symposium on Solar Sailing, 2017.  

[249]Murphey TW, Turse D, Adams L. TRAC boom structural mechanics. 4th AIAA Spacecraft 

Structures Conference, 2017: 0171.  



 

 

[250]Banik J, Ardelean E. Verification of a retractable solar sail in a thermal-vacuum environment. 

51st AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 

Conference, 2010: 2585.  

[251]Liu J, Zhao P, Wu C, et al. SIASAIL-I solar sail: from system design to on-orbit demonstration 

mission. Acta Astronautica, 2022, 192: 133-142. 

[252]Chamberlain MK, Kiefer SH, LaPointe M, et al. On-orbit flight testing of the Roll-Out Solar 

Array. Acta Astronautica, 2021, 179: 407-414.  

[253]Takano T, Natori M, Ohnishi A, et al. Large deployable antenna with cable net composition for 

satellite use. Electronics and Communications in Japan (Part I: Communications), 2000, 83(8): 

105-115. 

[254]Fu Y, Peng F, Zhang C, et al. Multi-faceted simulation of atomic oxygen erosion of deorbit sail 

for cleaning space debris. Acta Astronautica, 2021, 187: 61-69. 

[255]https://m.thepaper.cn/baijiahao_18982027. 

[256]Yun WD, Fang GQ, Fu YL, et al. The progress and applications of deployable membrane sail 

for space debris removal. Space Debris Res, 2021, 21(3): 20-28. 

[257]Xie C, Zhang E, Yan B, et al. Configuration Design and Demonstration of a Spaceborne 

Deployable Membrane Array Antenna. Journal of Mechanical Engineering, 2023. 

https://link.cnki.net/urlid/11.2187.TH.20231018.1102.004 

[258]Baier H, Datashvili L, Nathrath N, et al. Technical assessment of high accuracy large space 

borne reflector antenna. Final report of ESA contract, 2004. 

[259]Ma XF. Design and modeling of flexible spring-back antenna. Ph.D. thesis, China Academy of 

Space Technology, 2002. 

[260]Footdale JN, Banik J. Design and deployment testing of the multi-arm radial composite 

(MARCO) reflector antenna. 3rd AIAA Spacecraft Structures Conference, 2016: 0700. 

[261]Sharay Y, Naftaly U. TECSAR: design considerations and programme status. IEE Proceedings-

Radar, Sonar and Navigation, 2006, 153(2): 117-121. 

[262]Sauder J F, Chahat N, Hirsch B, et al. From prototype to flight: qualifying a Ka-band parabolic 

deployable antenna (KaPDA) for CubeSats. 4th AIAA Spacecraft Structures Conference, 2017: 

0620. 



 

 

[263]Chahat N, Sauder J, Thomson M, et al. Ka-band deployable mesh reflector antenna compatible 

with the deep space network. 11th European Conference on Antennas and Propagation, 2017: 

546-548.  

[264]Tang Y, Wu W, Qiao D, et al. Effect of orbital shadow at an Earth-Moon Lagrange point on relay 

communication mission. Science China Information Sciences, 2017, 60: 1-10. 

[265]Datashvili L, Baier H, Schimitschek J, et al. High precision large deployable space reflector 

based on pillow-effect-free technology. 48th AIAA/ASME/ASCE/AHS/ASC Structures, 

Structural Dynamics, and Materials Conference, 2007: 2186. 

[266]Chen CP, Lakes RS. Analysis of high-loss viscoelastic composites. Journal of materials science, 

1993, 28: 4299-4304.  

[267]Kang JH, Hinkley JA, Gordon KL, et al. Viscoelastic characterization of polymers for 

deployable composite booms. Advances in Space Research, 2021, 67(9): 2727-2735. 

[268]Roh JH, Kim HI, Lee SY. Viscoelastic effect on unfolding behaviors of shape memory 

composite booms. Composite Structures, 2015, 133: 235-245. 

[269]Kwok K, Pellegrino S. Viscoelastic effects in tape-springs. AIAA/ASME/ASCE/AHS/ASC 

Structures, Structural Dynamics and Materials, 2011: 2022. 

[270]Hamillage MY, Leung C, Kwok K. Viscoelastic modeling and characterization of thin-ply 

composite laminates. Composite Structures, 2022, 280: 114901. 

[271]Khan AI, Borowski EC, Soliman EM, et al. Examining energy dissipation of deployable 

aerospace composites using matrix viscoelasticity. Journal of Aerospace Engineering, 2017, 

30(5): 04017040. 

[272]Borowski EC, Soliman EM, Khan AI, et al. Stowage and deployment of a viscoelastic 

orthotropic carbon-fiber composite tape spring. Journal of Spacecraft and Rockets, 2018, 55(4): 

829-840. 

[273]Adamcik B, Firth J, Pankow M, et al. Impact of storage time and operational temperature on 

deployable composite booms. AIAA Scitech 2020 Forum, 2020: 1183.  

[274]Guo R, Jin X, Jia Q, et al. Folding, stowage, and deployment of composite thin-walled lenticular 

tubes. Acta Astronautica, 2023, 213: 567-577.  



 

 

[275]Deng J, An N, Jia Q, et al. Deployment analysis of composite thin-walled lenticular tubes with 

effect of storage time and temperature. Chinese Journal of Aeronautics, 2023. 

https://doi.org/10.1016/j.cja.2023.05.011. 

[276]He Y, Suliga A, Brinkmeyer A, et al. Durability of composite materials in deployable structures 

for space applications. ECCM 2018-18th European Conference on Composite Materials, 2020. 

[277]Grossman E, Gouzman I. Space environment effects on polymers in low earth orbit. Nuclear 

Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and 

Atoms, 2003, 208: 48-57. 

[278]De Zanet G, Viquerat A. Thermal response of CFRP deployable tubes in the space environment. 

AIAA Scitech 2020 Forum, 2020: 1439. 

[279]Rojdev K, O’Rourke MJE, Hill C, et al. Radiation effects on composites for long-duration lunar 

habitats. Journal of Composite Materials, 2014, 48(7): 861-878. 

[280]Amamoto T, Sakamoto H, Furuya H, et al. Modeling of composite booms’ deployment dynamics 

under microgravity based on ground tests. 2018 AIAA Spacecraft Structures Conference, 2018: 

1435. 

[281]Furuya H, Yashima K, Yokomatsu T, et al. Micro-gravity testing of boom-membrane integrated 

deployable structures for micro-satellites. 4th AIAA Spacecraft Structures Conference, 2017: 

0618. 

[282]Sarantinos N, Loginos P, Charlaftis P, et al. Behavior of photopolymer fiber structures in 

microgravity. SN Applied Sciences, 2019, 1: 1-10. 

[283]Chae S, Oh YE, Lee SY, et al. Deployment behaviors of CFRP reflector under zero-gravity 

environment. International Journal of Aerospace System Engineering, 2020, 7(1): 1-6. 

[284]Wang W, Rodrigue H, Ahn S H. Deployable soft composite structures. Scientific reports, 2016, 

6(1): 20869. 

[285]Daton-Lovett AJ, Compton-Bishop QM, Curry RG. Deployable structures using bistable reeled 

composites. Smart Structures and Materials 2000: Active Materials: Behavior and Mechanics. 

SPIE, 2000, 3992: 636-646. 

[286]Tarazaga P, Inman D, Wilkie W. Control of a space rigidizable-inflatable boom using embedded 

piezoelectric composite actuators. 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural 

Dynamics, 2006: 1976. 

https://doi.org/10.1016/j.cja.2023.05.011


 

 

[287]Laurenzi S, Rufo D, Sabatini M, et al. Characterization of deployable ultrathin composite boom 

for microsatellites excited by attitude maneuvers. Composite Structures, 2019, 220: 502-509. 

[288]Liu Y, Du H, Liu L, et al. Shape memory polymers and their composites in aerospace 

applications: a review. Smart materials and structures, 2014, 23(2): 023001. 

[289]Santo L, Quadrini F, Accettura A, et al. Shape memory composites for self-deployable structures 

in aerospace applications. Procedia Engineering, 2014, 88: 42-47. 

[290]Margoy D, Gouzman I, Grossman E, et al. Epoxy-based shape memory composite for space 

applications. Acta Astronautica, 2021, 178: 908-919. 

[291]Li F, Liu Y, Leng J. Progress of shape memory polymers and their composites in aerospace 

applications. Smart Materials and Structures, 2019, 28(10): 103003. 

[292]Mu T, Liu L, Lan X, et al. Shape memory polymers for composites. Composites Science and 

Technology, 2018, 160: 169-198. 

[293]Xia Y, He Y, Zhang F, et al. A review of shape memory polymers and composites: mechanisms, 

materials, and applications. Advanced materials, 2021, 33(6): 2000713. 

[294]Xin X, Liu L, Liu Y, et al. Mechanical models, structures, and applications of shape-memory 

polymers and their composites. Acta Mechanica Solida Sinica, 2019, 32: 535-565. 

[295]Ferraro S, Pellegrino S. Topology and shape optimization of ultrathin composite self-deployable 

shell structures with cutouts. AIAA Journal, 2021, 59(9): 3696-3709. 

[296]Wu J, Li J, Yan S. Design of deployable bistable structures for morphing skin and its structural 

optimization. Engineering Optimization, 2014, 46(6): 745-762. 

[297]Zhang D, Liu L, Xu P, et al. Ancient papyrus scroll-inspired self-deployable mechanism based 

on shape memory polymer composites for Mars explorations. Composite Structures, 2023, 304: 

116391. 

[298]Bai J, Bu G. Progress in 4D printing technology. Journal of Advanced Manufacturing Science 

and Technology, 2022, 2(1): 2022001-2022001. 

[299]Hu J, Zhu Y, Huang H, et al. Recent advances in shape–memory polymers: Structure, 

mechanism, functionality, modeling and applications. Progress in Polymer Science, 2012, 

37(12): 1720-1763. 

[300]Chu ZY, Lei YA. Design theory and dynamic analysis of a deployable boom. Mechanism and 

Machine Theory, 2014, 71: 126-141. 



 

 

[301]Chu ZY, Hu J, Yan SB, et al. Experiment on the retraction/deployment of an active–passive 

composited driving deployable boom for space probes. Mechanism and Machine Theory, 2015, 

92: 436-446. 

[302]Santiago-Prowald J, Baier H. Advances in deployable structures and surfaces for large apertures 

in space. CEAS Space Journal, 2013, 5: 89-115. 


