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Abstract. Spacecrafts such as satellites consume large amounts of electrical energy to carry out 
their missions in space. Due to the limited weight and space constraints, solar arrays become a top 
priority to meet the long-term operation of high-power loads. The widespread use of solar arrays is 
one of the necessary tools for sustainable development, which is not only related to the study of 
materials but also to explore more possibilities of utilization in conjunction with deployable structures. 
Based on the theoretical kinematic analysis and the scissor structure, this study puts forward a solar 
array mechanism of the scissor structure and revolute joints in the several regular polygons that 
connected each other. It comprises a sizeable octagonal loop and four medium-sized hexagonal 
rings. Because the simplified structure uses fewer rods, the failure rate is lower. A specific input 
angle can determine the configuration. A powerful and efficient solar array mechanism based on 
deployable structure was designed. 
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1. Introduction 

The field of deployable structures has experienced significant advancements in recent decades, 

with extensive research conducted in various aerospace applications. The primary goals of this field 

are to attain flexibility, large-scale capabilities, and efficient space utilization, along with dimensional 

expansion. So far there are many aerospace technologies have been created, for instance, space 

antennas [1], deployable solar arrays [2], and solar sails [3]. 

Spacecraft such as satellites consume large amounts of electrical energy to carry out their missions 

in space. Due to the limited weight and space constraints, solar arrays become a top priority to meet 

the long-term operation of high-power loads. With the development of spacecraft, the increase in 

electrical energy consumption and the higher requirements for satellite mass and space utilization has 

led to the development of deployable solar arrays. Figure 1. is a fully deployed square solar array. 

 

Figure 1. Fully deployed solar array. [4]. 

The U.S. Vanguard I spacecraft was successfully launched in March 1958, marking the first-ever 

utilization of solar arrays in aerospace applications. At that time, solar arrays were configured in a 

body-mounted arrangement, primarily used in microsatellites. Subsequent rigid unfolded solar arrays 

apply to most of the Earth exploration satellites. Flexible unfolded solar arrays are used on space 

stations and Mars landers because of their advantages of high specific power. Figure 2 shows an 

example of the body-mounted solar array, the rigid unfolding solar array, and the flexible unfolding 

solar array. 

Numerous deployable structures-based solar arrays have been proposed and developed for 

aerospace applications, including zigzag, fan, and origami-style mechanisms. The fan mechanism 
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finds prominent applications in the solar arrays of satellites and landers, such as NASA's Lucy and 

NASA's Insight Mars Lander, as shown in Figure 3 and Figure 4, respectively. Notably, Lucy is 

equipped with two large circular solar cells, measuring 14.25 meters in width when unfolded, with 

an effective area of 51 square meters. This unique solar installation is crucial for meeting Lucy's 

power requirements in the challenging environment near Jupiter's Trojan belt, where sunlight 

intensity is less than 3% of that on Earth. Despite the weak sunlight, this solar panel can generate 500 

watts of power, while Lucy's power needs are only 82 watts, ensuring ample energy for all its 

operations. 

 

Figure 2. A body-mounted solar array, A rigid unfolding solar array, and A flexible unfolding solar 

array [6]. 

          

Figure 3. NASA’s Lucy [7].                      Figure 4. NASA's Insight Mars Lander [8]. 

Motors can control the deployment of solar arrays with hinge mechanisms. Hinge mechanisms can 

be categorized as rigid and soft hinges [9]. The material of solar panels can be chosen as membrane 

structures. Membrane structures use membrane as the prime material and have a certain degree of 

stiffness through prestressing force or self-hardening to achieve and realize a given function. 

Depending on the type of support, they can be divided into air-supported and tensioned membrane 

structures. Considering the crease and effective area of the membrane material, the authors propose 

a simple unfolding structure that is easier to fabricate and connect. The deployable method by using 

a scissor structure to connect several approximate circular polygons is studied to support the four 

outer rings using retractable rods. The deployment of solar array mechanism is prevalent in 

constructing and power supplying for gigantic satellite institutions owing to their structural simplicity, 

lightweight, and innovative deployment methods that have better symmetry and stiffness. When the 

mechanism is subjected to bending moment due to celestial gravity and inertial forces, each part of 

the mechanism is stressed equally, thus ensuring stability. 

In Section 2, a deployable model for the design of a solar array will be presented, along with 

theoretical foundation and kinematic relationships analysis. Section 3 will provide a detailed 

description of the deployable form of solar array mechanism, including discussions on relevant 

properties and kinematic relationships analysis with single input variable 𝜃 in the deploying phase. 

Finally, the conclusion and future work will be presented in Section 4. 
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2. Methods 

2.1. Design and analysis of model 

The author utilized the scissor structure to unfold the mechanism into a plane from a dense state 

by a central drive force. The conceptual design starts with analysis of the fully expanded status of the 

expandable structure. According to Reference [10], the author designed to use a regular octagon to 

be the core component. In comparison, the octagon is close to a circle than other polygons and saves 

more joints. The structure can be designed by adding outer ring’s structure and connecting them. The 

structure's design determines the deployable machinery's stiffness, precision, and motion. The 

connection of each ring and the design of the intersection of a pair of elements with the plane also 

need to be considered [10]. 

2.1.1. Vertical view of the deployable truss 

The vertical view of the deployable structure is shown in figure 5 and consists of a large loop (i.e., 

a positive octagonal shape) and four smaller rings (i.e., positive hexagonal shapes). The regular 

octagon contains one large and one small loop, each of which shares a pair of scissor elements with 

the other so that the four outer regular hexagonal rings can be deployed together by driving the center 

regular octagonal ring. 

Intersection angles and points of intersection are labeled in figure 5, which will be referred to 

below. Based on the design of the regular octagonal inner ring, the interior angle 𝛼 is angle of 45°. 

And the angle 𝛽 of the regular hexagonal outer ring is angle of 60°. 

 

Figure 5. Vertical view of the solar array mechanism. 

2.1.2. Internal, intermediate, and external connecting rods layout 

Figures 6,7, and 8. respectively show the designs of the internal, intermediate that only show one 

side, and external connecting rods for two different kinds of links and the long-side connecting rods 

design of the trapezoid. Connecting rods with different lengths are marked in a, b, c, and d. Single 

one input variable θ is an independent variable that is a stochastic set in the deployable truss design. 

Meanwhile, θ is the angle between two connecting rods in each internal, intermediate, or external 

vertical plane. Moreover, all the intersection points of two connecting rods in these vertical planes 

are on the identical plane. 

https://dictionary.cambridge.org/dictionary/english/interior
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Figure 6. Internal, intermediate, and external connecting rods are designed in the link of polygon. 

 

Figure 7. Internal, intermediate, and external connecting rods are designed in the link of the 

hexagon. 

 

Figure 8. Border connecting rods are designed in the link of a trapezoid. 

The scissor structure is crucial to the deployable mechanism. Space-developable mechanisms are 

multi-body systems that consist of several mechanical parts and connections, such as links and 

kinematic joints, which impose specific kinematic constraints or limitations on the relative motion of 

neighboring links [11]. Scissor constructions typically only have one degree of freedom (DOF). 

However, they might have additional independent mechanism modes because of the kinematic 

split that occurs when they fully fold or deploy [12]. An example of a symmetric transitional scissor 

connection that may be entirely folded into a small bundle is one made of identical bars joined at their 

midpoints. As the end nodes of the bars align with the scissor hinge in this state, the linkage may 

become trapped. Likewise, when fully deployed, the linkage reaches its bifurcation point. In addition 

to the bifurcation caused by the linkage type, it can also happen because of joint clearance or bar 

deflection when a load is applied to the structure [13]. 

The bifurcation may not be preventable if the scissor structure consists of various multi-DOF 

scissor links. However, it might be advantageous because it enables modifying the mobility of 

structures with a single DOF. The deployable scissor structures are lightweight, portable, and 

temporary devices that can be used on a small or big scale in the architectural, engineering, and design 

fields [14]. The huge scale covers retractable roofs, deployable solar panels, and stages for mobile 

events [15]. Deployable structures have drawn increased attention in the aerospace sector due to 

developments in aircraft technology [16]. 

2.2. Kinematic Analysis 

2.2.1. Theoretical Foundation 

In calculating the mobility of the deployable solar array mechanism, the author simplified the 

motion of the spherical mechanisms and mainly analyzed the motion of the planar mechanisms that 

the trajectories of all pivots on its links and the axes of rotation of all revolute joints are parallel to a 
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plane. Figures 6 and 7 have shown that each inner ring consists of four parts of a scissor structure. 

Each part consists of two rigid bars(links) and five spherical pivots. Figure 8 has shown that each 

border connecting rod consists of four rigid bars and eight spherical pivots. The mobility of a 

deployable mechanism is an important aspect that can confirm the mechanism's motion if mobility is 

one of the scissor-like rings. Actuating central spherical pivots caused the entire mechanism to follow 

only one kinematic trajectory change. The ratio of each part of the rod’s length according to the above 

Figures 5, 6, 7, and 8 also needs to be calculated. 

According to Figure 5, equation (1) showed the relationship of rod’s length based on the vertical 

view design in the regular octagon. 

2AD sin
𝛼

2
= CD − A𝐵                             (1) 

 

According to the internal, intermediate, and external connecting rods are designed in the link of 

the octagon in Figure 6, the length of AB, CD, and AD. can be expressed as equation (2) to equation 

(4), and equation (4). 

AB = 2𝑎 sin
𝜃

2
                                (2) 

 

CD = 2𝑏 sin
𝜃

2
                                (3) 

 

AD = (𝑎 + 𝑏) sin
𝜃

2
                              (4) 

 

Computing equation (1) to equation (4), we can get: 

 

𝑏

𝑎
=

1+sin
𝛼

2

1−sin
𝛼

2

                                 (5) 

 

According to figure 5, equation (6) showed the relationship of rod’s length based on the vertical 

view design in the regular hexagon. 

 

2ED sin
𝛽

2
= DG − EF                             (6) 

 

According to the internal, intermediate, and external connecting rods are designed in the link of 

the hexagon in figure 7, the length of EF, DG, and ED can be expressed as equation (7) to equation 

(9). 

EF =  2𝑐 sin
𝜃

2
                                (7) 

 

DG = 2𝑏 sin
𝜃

2
                                (8) 

 

ED = (𝑏 + 𝑐) sin
𝜃

2
                              (9) 

Computing equation (7) to equation (9), we can get: 

 

𝑏

𝑐
=

1+sin
𝛽

2

1−sin
𝛽

2

                                (10) 

 

According to Figure 5, equation (11) showed the relationship of rod’s length based on the vertical 

view design in the trapezoid. 

2GD sin(
π

2
− 𝛾) = GH − CD                           (11) 
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According to the internal, intermediate, and external connecting rods are designed in the link of 

the trapezoid in Figure 8, the length of GH can be expressed as equation (12). 

 

GH = 2(𝑏 + 𝑑) sin
𝜃

2
                            (12) 

 

Based on equation (8), equation (11), and equation (12), the relationship between b and d can be 

calculated using equation (13). 
𝑏

𝑑
=

1

2 sin(
π

2
−𝛾)

                                (13) 

 

The ratio of the connecting rod’s length is dependent upon the layout of the ring and the angle 

of 𝑎, 𝑏 and 𝛾. The scissor structure allows the mechanism to fold into a compact bundle when pivoting 

at angle  𝜃 = 0  making it ideal for applications like solar arrays that need to utilize the space 

effectively. For instance, in order to support the beam to carry more compressive forces, the most 

effective constraint against buckling is achieved for a ratio near one [10]. 

2.2.2. Kinematic Relationships Analysis 

Solar array mechanism based on the deployable structure design is assumed to be implemented in 

the satellite and spacecraft. In addition, kinematic analysis of the relationship among the parameters 

for each component and their relations with others that only depend on a single input variable 𝜃 is 

also significant. 

Equation (14) can be applied to compute the vertical view area of the entire mechanism. The sector 

area of the overall mechanism of the solar array, the central octagon loop, four hexagon rings, and 

four trapezoids in the border are defined as S, 𝑆𝑙𝑜𝑜𝑝, 𝑆𝑟𝑖𝑛𝑔, 𝑎𝑛𝑑 𝑆𝑡𝑟𝑎𝑝𝑒𝑧𝑜𝑖𝑑, respectively. 

 

𝑆 = 𝑆𝑙𝑜𝑜𝑝 + 4 × 𝑆𝑟𝑖𝑛𝑔 + 4 × 𝑆𝑡𝑟𝑎𝑝𝑒𝑧𝑜𝑖𝑑                          

= (2 + 2√2)(2𝑏 sin
𝜃

2
)2 + 4 ×

3√3

2
(2𝑏 sin

𝜃

2
)2 + 4 ×

2𝑏 sin
𝜃

2
cos(

π

2
−𝛾)[2𝑏 sin

𝜃

2
+4 sin(

π

2
−𝛾)+2]𝑏 sin

𝜃

2
)

2
  

= 𝑏2[8 + 8√2 + 24√3 + 16 cos(
π

2
− 𝛾) + 16 sin(

π

2
− 𝛾) cos(

π

2
− 𝛾)](sin

𝜃

2
)2    

 (14)
 

= 81.06𝑏2(sin
𝜃

2
)2                                  

 

Due to the limited space available for satellites and spacecraft, it is necessary to analyze the 

supreme length of the entire mechanism when folded into a compact bundle, which depends on the 

longest bar of the peripheral ring in the regular octagon. Based on the design of the peripheral 

elements 𝑏 shown in figure 7, the supreme length of the deployable solar array mechanism can be 

computed by equation (15). 

𝐻𝑏 = 2𝑏 cos
𝜃

2
                                (15) 

 

Specifically, this study emphasizes how the solar array can be unfolded from a compact bundle to 

an astronomical plane, and the transforming of the mechanism will be analyzed below to depict the 

space utilization volume that the unfolding method will take up as it unfolds. In calculating this, the 

authors simplified the mechanism by replacing it with a combination of one octagonal prism (central 

loop) and four hexagonal prisms (four small rings) that transform with the single input variable 

expressed in equation (16). 

𝑉 = 𝑆 × 𝐻𝑏                                    

= 81.06𝑏2(sin
𝜃

2
)2 × 2𝑏 cos

𝜃

2
                        (16) 

= 162.12𝑏3(cos
𝜃

2
)(sin

𝜃

2
)2                              
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Set the number of sides of the polygon to be n and the degree of the central angle in the different 

sectors to be a. The relationship between a and b is expressed by Equation (17) determined by the 

authors' design. Figure 9 depicts the length ratio according to equations (5) and (10). 

 

α =
2π

𝑛
                                   (17) 

 

Figure 9. showed that 𝑛 = 8 with 
𝑏

𝑎
= 2.239 and 𝑛 = 8 with 

𝑏

𝑐
= 3. 

 

Figure 9. Relationship between the number of sides of the polygon and length ratio 

3. Results 

3.1. Deployable form of solar array mechanism 

 

Figure 10. Completely folded compact bundle when pivoting at angle 𝜃 = 0 

 

Figure 11. Side view of the whole mechanism. 
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Figure 12. SolidWorks mechanism when    Figure 13. Completely deployable mechanism      

pivoting at angle 𝜃 = 120°.                  when pivoting at angle 𝜃 = 180°. 

3.2. Analysis of mechanical properties 

According to figure 5, the length ratios of this mechanism are b/a = 2.239 and b/c = 3. In addition, 

the angles are 𝛼 = 45°, 𝛽 = 60° and 𝛾 = 70°. Combining equation 5 and equation 10, the design 

parameters  𝑏 = 2.239𝑎, 𝑐 = 0.7466𝑎 and 𝑑 = 1.531𝑎 are obtained by assuming that a is a unit 

length. 

Based on the analysis above the solar array mechanism has only one degree of freedom and the 

single input variable 𝜃 is to change the central angle in the middle of each scissor structure in order 

to determine a configuration of the solar array mechanism. When the central angle is changed, the 

mechanism follows a constant trajectory. 

3.3. Kinematic relationships analysis with single input variable 𝜽 

The mechanism parameters are determined at the beginning of the design. Besides, the area of 

vertical view is proportional tosin2 θ

2
 in equation (14) as the central angle is varied with θ. The 

relationship is also depicted in figure 14. As the input variable θ is increased to around 90°, the 

mechanism unfolds faster and is slowest at the initial phase when it is folded and deployed. 

 

Figure 14. The vertical view area of the mechanism changing relationship with input variable θ. 

The supreme length of the solar array mechanism is proportional to cos
𝜃

2
 in equation (15) as the 

supreme length is varied with θ. Figure 15 depicts that the supreme height diminishes in pivoting 

angle θ changed unfolding from a compact bundle to deployment to a plane. The unfolded area can 

be further increased to provide more energy and thus improve the spacecraft's performance. 
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Figure 15. The supreme length of the mechanism changing relationship with the input variable θ. 

The volume of the the solar array mechanism is proportional to sin2 θ

2
cos

𝜃

2
 in equation (16) as it 

is varied with θ similar to a parabola. Figure 16 depicts that the maximum volume is 700.366𝑎3, 

which occurs at 𝜃 = 109°, indicating that how much space will be occupied also needs to be noticed 

when the mechanism unfolds from a compact bundle to deployment to a plane. 

 

Figure 16. The volume of the mechanism changing relationship with the input variable θ. 

4. Conclusion and Future Work 

Based on the theoretical kinematic analysis and the scissor structure, this study puts forward a 

solar array mechanism of the scissor structure and revolute joints in the several regular polygons that 

connected each other. A powerful and efficient solar array mechanism based on deployable structure 

was designed. The designed structure method can solve the actual needs to complete the application 

by changing the value of a. For limited space and other requirements, also make the corresponding 

measurement criteria. This structure has only one degree of freedom due to the special feature of the 

scissor structure and the polygon unfolding method. The failure rate is low because few rods are used 

in the comparison. 

In the future, combined with membrane structure and research in solar panel conversion efficiency 

will be more practical applications. Meanwhile, it is possible to consider increasing the number of 

outer rings and changing the degree of the central angle to augment the number of scissor structures 

to disperse the mechanical pressure more efficiently. 
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