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Abstract. Solar panels are made by absorbing Sunlight , which will Solar radiation energy 
through Photovoltaic effects or Photochemical effects directly or indirectly into Electrical energy 
to a device that is the central part of a solar power system and is often used in spacecraft. 
Spacecraft allow for large energy requirements, and solar panels require a larger area to meet the 
spacecraft's needs. Origami is an ingenious solution to this problem by reducing the size of solar 
panels needed for launch by specific folding methods, such as Miura-ori, which is a rigid origami 
paper in which each parallelogram remains unbent and flat during the smooth unfolding of the 
paper. Therefore, this paper investigates the geometric configuration and kinematic behaviour of 
Miura-ori based on Miura-ori units with rigid folding properties. 
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1.  Introduction 
From the early days when man named the stars, mankind has never given up the exploration of the 
universe. With the majestic development of the world civilization and technology, the countries of the 
world began to explore towards the stars step by step, and in this process energy became a huge problem. 
In order to carry out their missions, spacecraft such as satellites need to consume a lot of energy to keep 
working. The main sources of energy currently used by spacecraft include solar energy, nuclear energy, 
and the high-pressure gas stored in the launch Pressure vessel high-pressure gases in them, etc. In order 
to be able to work during the launch phase and during the ground shadow, various batteries are equipped, 
but within the constraints of limited launch weight, solar cells are the most logical choice in order to 
meet the long-term operation of high-powered loads. In fact, solar power accounts for the majority of 
spacecraft in orbit today, reaching 90% of power generation [1]. Solar cells on early spacecraft were set 
on the surface of the spacecraft and were mainly used on many of the earlier smaller satellites. Such 
satellites were generally of relatively low power requirements and were spin-stable. Solar panels in this 
case are poorly utilised and have a maximum power output limit, but such solar panels are relatively 
simple to deploy and present little or no danger compared to the deployable variety. 

With the development of spacecraft, the increase in energy consumption and the demand for greater 
mass utilisation of satellites, expandable solar panels were developed. This design is also known as a 
space expandable structure and when the spacecraft is in space we want to make these space expandable 
results take up as little space as possible and can be released as large as possible once in orbit [2]. 
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Typically, the folding solar panels are distributed on either side of the satellite along the direction of 
orbital flight and unfolded horizontally when required. 

The Miura-ori structure is an origami superstructure [3], which was proposed by the Japanese 
astrophysicist Koryo Miura at the University of Tokyo. It has a series of excellent properties such as 
multi-stability and high load-bearing capacity, facilitating a variety of functions such as pre-burial, 
negative expansion, energy absorption and thermal insulation [4]. The research was originally aimed at 
solving the problem of folding maps, and was later applied to the antennae and solar panels of satellites. 
By folding the solar panels, the size of the panels is reduced, thus saving the energy required for the 
launch of the satellite, and by unfolding a large area after the launch into the intended orbit, the solar 
panels are able to provide the satellite with the required energy in time. 

2.  Miura-ori 

2.1.  Geometry of the Miura-ori 
Miura-ori origami is made up of a series of parallelogram units arranged according to certain rules, with 
the horizontal and vertical folds formed at the joints of each unit, the horizontal folds are straight and 
the vertical folds are jagged in the fully unfolded state. The angle between the peak and the valley line 
in the fully unfolded state cannot be a right angle, otherwise the model cannot be unfolded at once by 
tensioning the diagonal, nor can the angle be too small, otherwise the model will take up too much space 
in the fully folded state and will not reflect its space-saving advantages [5]. As shown in Figures 1 and 
2, the peaks are represented by solid lines, the valleys by dashed lines, and the repeated basic units are 
marked with red lines. Fold the pattern shown in Fig.1 along the given crease to form the partially folded 
state in Fig. 1 set𝑚 be the number of peaks in the crease pattern, and𝑛 is the number of valley lines, for 
the Miura-Ori structure [6], which has four folds per unit structure, i.e.: 

𝑚+ 𝑛 = 4 (1) 

Miura-Ori units also need to meet the requirement of having three peak folds and one valley fold per 
unit, or three valley folds and one peak fold. 

The origami pattern is widely known and used for its excellent and practical mechanical properties 
such as foldable and expandable planes, single degree of freedom, negative Poisson's ratio and 
repeatability of the mosaic. The basic unit is shown in Figures 2-3 and 2-4. Figure 2-3 shows the planar 
state of the basic unit, which is made up of four identical parallelograms stitched together, so its basic 
shape can be determined by the side length 𝑎 , the𝑏 and the angle between𝜙 ∈ [0, 90∘] The basic shape 
can be determined by the lengths of the sides , and the angles. Figure 2-4 shows the semi-folded state of 
the unit shown in Figure 2-3, at which point its form can be determined by the angle parameter𝜂 , , 
and	 𝛾 , , and𝜙 and the length𝑤 ,𝑙 ,𝑣 , , andℎ are determined, and the following relationships exist for 
these parameters: 

	(1 + cos 𝜂)(1 − cos 𝛾) = 4 cos" 𝜙 (2) 

cos 𝛾 =
sin" 𝜙 cos" @𝜃2B − cos

" 𝜙

sin" 𝜙 cos" @𝜃2B + cos
" 𝜙

(3) 

Cos 𝜂 = sin" 𝜙 cos" E
𝜃
2
F + cos" 𝜙 (4) 

𝑤 = 2𝑏 sin @
𝜂
2B

(5) 

𝑙 = 2𝑎 sin @
𝛾
2B

(6) 
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𝑣 = 𝑏 cos @
𝜂
2B

(7) 

ℎ = 𝑎 cos @
𝛾
2B

(8) 

It follows that seven mutually independent equations are established between the ten Miura-ori 
parameters [7], in addition to which the number of peak and valley folds is addedm  andn  two 
parameters make up the Miura-ori. Where the basic shape of the Miura-oir is determined, i.e. the side 
lengths a, b and the angle of the parallelogram forming the Miura-ori θ The coefficients of the peak and 
valley lines are also independent of the folding state and remain constant. The remaining seven 
parameters are collectively referred to as folding variables because they change when the folding state 
of the same folding unit is changed. So the seven equations in the unknown, only need to know any one 
of the remaining parameters can be found out, that is, its space folding form can be by𝜃 ∈ [0∘, 180∘] 
,𝜂 ∈ [0∘, 2𝜙] , and𝛾 ∈ [180∘ − 2𝜙, 180] , and𝑤 , and𝑙, and 𝑣 , andℎ obtained by calculating any one 
of them, which also directly confirms the previous finding that Miura-ori has a single degree of freedom. 
Here, we uniformly use the folded dihedral angle𝜃 as the basis for calculating the remaining parameters 
when𝜃 =0∘ when the Miura unit is fully collapsed, and when𝜃 =180∘ The Miura-ori plate has identical 
Miura cells, so that its geometric properties are essentially determined by the Miura cells and are 
consistent throughout. 

 
 

Figure. 1. Miura-ori origami plane state. Figure.2.Miura-ori origami partially folded state. 

 

 

Figure 3. Miura-ori unit plane state. Figure 4. Miura-ori unit partially collapsed. 

2.2.  Flat foldable condition 
For rigid origami, the question of whether an origami pattern can be folded flat has always been a major 
concern. Planar foldability is interpreted as being both unfoldable into a plane and foldable into a plane. 
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This study is an important branch of mechanics [8] and requires the determination of vertex positions, 
types of folds, number and distribution of folds, etc. The Miura-ori unit is relatively straightforward, 
being a simple origami pattern containing only one origin (i.e. all folds compared to the same point) and 
for which it has only four folds, and its conditions are correspondingly simple. 

In traditional origami, we start with a flat sheet of paper, the structure of which contains the spreading 
condition, and the Miura-Ori unit structure consists of four quadrilateral faces along the crease. The 
spreading condition constrains the four quads to be in the same plane, and the angle of the four folds 
around the vertices in the Miura-Ori unitary structure satisfies. 

𝛼# + 𝛽# + 𝛼" + 𝛽" = 2𝜋 (9) 

Maekawa's theorem 40: The number of valley lines at the same vertex is denoted M, V respectively, 
and the difference between the two must only be±2 , which can be expressed as [9]: 

𝑚− 𝑛 = ±2 (10) 

As mentioned above, for the Miura-Ori structure, each cell has four folds and each cell has either 
three peaks and one valley, or three valleys and one peak. 

For zero-thickness origami structures, the flat fold condition means that all planes of the structure 
are coplanar in the fully folded state. 

Kawasaki presented a flat-folding theorem for single-vertex multifold origami. For the four-fold 
Miura-Ori, it is necessary to Meet [10]: 

𝛼# + 𝛽# = 𝛼" + 𝛽" = 180∘		𝛼# + 𝛼" ≥ 𝛽# + 𝛽" (11) 

2.3.  The kinematics of Miura-ori 
The single vertex Miura-ori structure is extended as shown in Figure 5. The equivalent linkage structure 
is shown in Figure 6, with joints of the same subscript aligned and combined to give a combination of 
four spherical 4R mechanisms. Joints a1 and a2 in linkage A overlap with joint b1 in linkage B and joint 
d2 in linkage D respectively. Joints c3 and c4 in linkage C coincide with joint d3 in linkage D and joint 
b4 in linkage B respectively. Thus, the joints 12 (or 41) of linkage A and 41 (or 12) of linkage B have 
the same angle of rotation, and𝜃#$ = 𝜃#% and, by the same token, we have𝜃"$ = 𝜃"& , 	𝜃'% = 𝜃'(  and𝜃)( =
𝜃)& . 

 
 

Figure 5.The single vertex miura-ori structure. Figure 6. The equivalent linkage structure. 
Since the thick plate model has rotational symmetry, only the common folds a1 (b1), a2 (d2 ), b4 (c4 

) and c3 (d3 ) need to be transformed at their respective nodes to obtain the transformation matrix and 
closure relations as follows: 
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	%𝐓$ = Rot	(𝑍#$, 𝜋 − 𝜃'$)Trans	(0,0, 𝑙$%)Rot	(𝑋#% , 𝜋)

= Z

− cos 𝜃'$ −sin 𝜃'$ 0 0
sin 𝜃'$ −cos 𝜃'$ 0 0
0 0 1 𝑙$%
0 0 0 1

[ Z

1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 1

[

= Z

cos 𝜃'$ sin 𝜃'$ 0 0
− sin 𝜃'$ cos 𝜃'$ 0 0

0 0 −1 𝑙$%
0 0 0 1

[

(12) 

	%𝐓$%"𝐓%#	%)𝐓%"	%'𝐓%)	(𝐓%	(#𝐓('	("𝐓(#	()𝐓("	&𝐓( 	&'𝐓&)	&#𝐓&'	&"𝐓&#	$𝐓&	$)𝐓$"	$'𝐓$)	$#𝐓$' = 𝐈 

(1) 

𝐓$# = Z

cos 𝜃# −sin 𝜃# 0 0
cos 𝛼#," sin 𝜃# cos 𝛼#," cos 𝜃# −sin𝛼#," 0
sin 𝛼#," sin 𝜃# sin 𝛼#," cos 𝜃# cos 𝛼#," 0

0 0 0 1

[ (14) 

𝐓%#	%)𝐓%"	%'𝐓%) = 	%#𝐓%'	+# (15) 

	(#𝐓('	("𝐓(#	()𝐓(" = 	('𝐓()	+# (16) 

	&'𝐓&)	&#𝐓&'	&"𝐓&# = 	&)𝐓&"	+# (17) 

	$)𝐓$"	$'𝐓$)	$#𝐓$' = 	$"𝐓$#	+# (18) 

All coordinate systems form a closed-loop system, and the above equation gives a closed-loop 
equation for all transformation matrices in Eq. 

	%𝐓$	%#𝐓%'	+#(𝐓%	('𝐓()	+#&𝐓( 	&)𝐓&"	+#$𝐓&	$"𝐓$#	+# = 𝐈 (20) 

The left-hand side of the above equation is a matrix containing only the variables and the right-hand 
side of the equation is a unit matrix𝐈 ; by the equality of the elements corresponding to the two ends of 
the equation, a system of equations equal in number to the number of folds can be obtained. Using 𝜃# 
as the input angle, the range of variation is0∘ ∼ 180∘ , the curve of change of the fold angle with respect 
to the input angle can be obtained. 

 
Figure 7. Homemade miura-ori model. 
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3.  Conclusion 
This paper analyses in detail the geometric design and motion analysis of the Miura-ori structure. Firstly, 
the geometric structure of the basic folding unit is established, seven equations are obtained for the 
twelve folding variables and the positions of the vertices of the basic folding unit are determined. Based 
on the basic folding unit, Miura-ori is equated to a simple 4R mechanism or a combination of four 
spherical 4R mechanisms, and a coordinate system is established by applying the D-H parameter 
method.0∘ ∼ 180∘ The Miura-ori is shown to be fully foldable with symmetric motion. Finally the solid 
model is folded. 

Miura-ori is characterised by its simple geometry, good mechanical properties and single degree of 
freedom, as well as a series of excellent properties such as multi-stability and high load-bearing capacity, 
but it also has some minor drawbacks: firstly, the folding and unfolding process is relatively complex, 
and the second folding requirement is also high, and the angle must not be too small, otherwise the 
model will take up too much space in the fully folded state and will not be able to Otherwise, the model 
would take up too much space in its fully folded state and would not be able to demonstrate its space-
saving advantages. The performance of the structure itself will certainly be affected by the surrounding 
environment and boundary conditions, and Miura-ori still requires considerable consideration in 
practical applications. 
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