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Abstract In this paper, the origami membrane is modeled

as a flexible multibody system and its deployment is sim-

ulated based on the absolute nodal coordinate formulation.

The nonlinear anti-deployment effect of crease is integrated

into the multibody system via the virtual work principle. The

facet is modeled by the thin shell element and the crease is

constructed as a nonlinear torsional spring with specific po-

sition and gradient constraints. The behavior of the crease is

parameterized based on the experimental data. The model-

ing approach is verified by the numerical/experimental refer-

ence of the Z-folding structure in the existing literature. For

the multi-crease origami membrane model considering the

crease effect, a form-finding method to obtain the initial con-

figuration of the flexible origami is proposed based on the

principle of minimum potential energy. The deployment of

the classical Miura-ori unit membrane structure is analyzed.

The magnitude of driving force is estimated based on the

force analysis of rigid deployment. Based on the simulation

result of flexible deployment, the driving force is planned to

achieve a stable deployment with a constant increase speed
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in the deployment ratio. This work is expected to provide

a reference for the design of space membrane structure, the

estimation of driving force, and optimizing the deployment

strategy of an origami membrane.

Keywords membrane deployment · origami · crease · Z-

folding · Miura-ori · absolute nodal coordinate formulation

1 Introduction

Space tasks such as the deep space exploration and high-

resolution Earth imaging propose the requirement of large

solar sail and antenna. This enlarges the conflict between the

volume/weight of spacecraft and the limited payload capa-

bility of launch vehicle. With the advantages of light weight

and high stowing efficiency, the deployable space membrane

has become the development trend of the large-sized struc-

ture of the space equipment. Whether the folded membrane

can be successfully deployed on orbit is a key factor that

determines the success or failure of the space mission. Re-

searchers have paid much attention to the deployment of the

folded/origami membrane structure.

To date, the analysis method of the membrane de-

ployment can be classified into two types, i.e., the

analytical/quasi-analytical method and the finite element

method. Okuizumi et al. [17] simplified the membrane

structure to a mass-spring system. Furuya et al. [9] treated

the uniformly loaded Z-folding membrane structure as a

one-dimensional structure and analyzed it based on the

curved elastic beam theory. Xia et al. [30,31], Satou et

al. [22], and Dharmadasa and Jiménez [3] also proposed

several beam-theory-based models for the Z-folding struc-

ture. Schenk et al. [23,14,10,33] used the so called bar-

hinge method that analyzes the origami structure as an

equivalent pin-jointed truss frame. This method models



2 Tengfei Wang et al.

crease as a bar element with a spring hinge. The behav-

ior of the origami is represented by the rotation along the

hinge axis. For the dynamic modeling, the inertia is dis-

tributed on the vertices. The above methods are classified as

the analytical/quasi-analytical methods. These methods lead

to a significant simplification of the origami structure with

a sacrifice in the detailed description of the facet. Specif-

ically, the inertia, bending behavior, and the large defor-

mation of the facet cannot be well represented. With re-

spect to the finite element (FE) method, the facets in the

origami are modeled with the beam element [5], the thin

shell/membrane element [1,2,18,19], and solid element [29,

6,21,22]. Specifically, beam FE models can hardly describe

multi-crease origami structure besides the Z-folding struc-

ture. In the existing literature, the solid FE models are usu-

ally used as an initial reference for the verification or used

for the parameter determination of other more computation-

ally efficient methods [29], and the analyzed structure is usu-

ally the simple Z-folding structure [26]. In summary, the thin

shell/membrane FE model draws the most attention among

the adopted FEs to numerically simulate the deployment of

an origami membrane. Compared with the beam and solid

FE, the thin shell/membrane FE can simulate the deploy-

ment of a relatively sophisticated structure with a moder-

ately low computational cost.

The existing thin shell/membrane FE models consist of

two groups depending on how to consider the effect of

crease. Cai et al. simulated the crease via the effective modu-

lus method. The crease region is implicitly represented from

the view of equivalent material behavior. While the other

method is inspired by the bar-hinge method and the crease is

explicitly modeled as a nonlinear equivalent torsional spring

connecting the adjacent facets, which are modeled by thin

shell/membrane element. Most of the thin shell/membrane

FE models are constructed using the conventional FE and

the analyses are performed in the commercial FE software

ABAQUS [1,4,26]. The thin shell/membrane FE models are

not limited to simple Z-foliding structures and extend to

complex folding structures including the Miura-ori folding

structures [26] and some solar sail [2]. However, the above

researches did not present dynamic analysis. A relatively

dense mesh is used, which brings a demerit in the compu-

tational efficiency.

Compared with the conventional FE, the absolute nodal

coordinate formulation (ANCF) exhibits an outstanding ca-

pability in the analysis of problem with large deforma-

tion and large reference motion [24], which makes it a

good vehicle for the simulation of membrane deployment.

Using the components of the deformation gradient as the

nodal coordinates, the ANCF method imposes no restric-

tions on the magnitude of the deformation or rotation within

the FE. With a global-frame-based kinematic representa-

tion, the ANCF method is straightforward to implement

in a multibody system dynamic analysis and the corre-

sponding constant mass matrix results in a concise equa-

tion of motion (EoM). Due to its consistency with strain

and stress measures from general continuum mechanics,

the ANCF method has been widely applied in various

nonlinear static/dynamic problems [27,28,11,12]. Luo et

al. [15] and Yuan et al. [34,35] analyzed a spinning de-

ployable solar sail, a leaf-in origami membrane, and a leaf-

out origami membrane respectively using the thin ANCF

shell/membrane element. These researches did not consider

the anti-deployment effect of the crease. Later, Tao et al.

presented some derivations to integrate the crease effect into

the ANCF thin shell model via the Lagrange equation. But

the corresponding numerical simulations are not presented.

Additionally, the stiffness of the connecting rotational spring

is constant and independent of the crease deployment angle.

Satou et al. [21] pointed out that the crease plays an impor-

tant role in the deployment of the membrane. The crease ex-

hibits a highly nonlinear behavior associated with the plas-

tic deformation near the crease [13,1,8]. In summary, the

ANCF method is a promising approach to simulate the de-

ployment of the folded membrane structure. However, anal-

yses accounting for the nonlinear crease effect based on the

ANCF method are still rare.

The objective of this paper is to develop an approach to

simulate the deployment of the origami membrane consider-

ing the nonlinear anti-deployment effect of crease based on

the absolute nodal coordinate formulation. To achieve this,

the nonlinear anti-deployment property of the crease is pa-

rameterized based on the experiment in [26]. The crease ef-

fect is integrated to a multibody system modeled with the

ANCF thin shell element via the virtual work principle. The

approach is verified by the experimental/numerical refer-

ence of the Z-folding structure in [26]. The approach extends

to the analysis of a Miura-ori membrane structure and the

driving force is planned based on the simulation result. The

research is to explore an approach to simulate the membrane

deployment with moderate accuracy by exploiting the merit

of ANCF method in a nonlinear analysis and by consider-

ing the anti-deployment effect of the crease. It is expected

to provide suggestions for the design of space membrane

structure, the estimation of driving force, and optimizing the

deployment strategy of an origami membrane.

The remainder of the paper is organized as follows: In

Section 2, the method to integrate the nonlinear crease ef-

fect into the origami membrane multibody system model

and the calculation of the crease anti-deployment moment

are presented. Section 3 shows how to model the Miura-ori

origami unit including the initial configuration finding pro-

cedure and the special constraints in the flexible multibody

system model. Section 4 presents quasi-static and dynamic

analysis of the Z-folding and Miura-ori membrane deploy-

ment. Based on the simulation result, the driving force of
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the membrane deployment is planned to achieve a stable

deployment and the corresponding simulation is conducted.

Section 5 offers the authors’ conclusions.

2 Multibody system modeling accounting for the

anti-deployment effect of crease

This section presents the multibody system modeling

method of the origami membrane structure. The nonlinear

behavior of crease in deployment is parameterized and inte-

grated into the multibody system model. Then, the specific

modeling method of the flexible multibody system based on

the ANCF thin shell element is proposed.

2.1 Modeling of the nonlinear behavior of crease

The folding and deployment process of a membrane is

shown in Figure 1. A crease is created by bending the mem-

brane to a tight status so that the distance between the facet

and the symmetric plane decreases to a small value 𝑑, which

is usually comparable with the membrane thickness. During

the folding process, permanent deformation appears in the

narrow region connecting two facets. We call this region as

crease. Once the pressing force is removed, the folded mem-

brane will bounce to an equilibrium state with a unilateral

deployment angle 𝜑0 and most region in the facet keep flat

and straight as shown in Step 2. Under the effect of dragging

force, the folded membrane is gradually deployed. The bi-

lateral and unilateral deployment angle are denoted as 𝜃 and

𝜑 respectively as shown in Step 3 Figure 1.

d

φ 

F

Step 1: folding

Step 2: release Step 3: deployment

 

crease

symmetric plane

φ0 

Fig. 1: Folding and deployment of a membrane

In the deployment process, the crease exhibits a nonlin-

ear behavior with increase in the dragging force. According

to [3], the effect of a crease can be characterized as a vir-

tual torsional spring. The nonlinear relationship between the

anti-deployment moment 𝑀 and the unilateral-deployment

angle 𝜑 based on experiment is employed in this paper.

In the simulation, the crease is characterized as the virtual

torsion spring, whose behavior is parameterized using the

experiment-based curve 𝑀-𝜑 in [26].

2.2 Integration of the crease behavior into the multibody

system model

To integrate the nonlinear behavior of a crease into the multi-

body system model, the virtual work principle in the case of

the dynamic modeling [20,25] is used as shown in Eq.(1).

𝛿𝑊𝑖 = 𝛿𝑊𝑠 + 𝛿𝑊𝑐 + 𝛿𝑊𝑒 (1)

where 𝛿𝑊𝑖 is the virtual work of inertial force, 𝛿𝑊𝑠 is the

virtual work of elastic force that appears in a flexible model

and vanishes in a rigid multibody system model, 𝛿𝑊𝑐 is the

virtual work of the anti-deployment moment provided by the

crease, and 𝛿𝑊𝑒 is the virtual work of the external force.

Recall that the bilateral deployment angle 𝜃 = 2𝜑, the virtual

work 𝛿𝑊𝑐 is written as

𝛿𝑊𝑐 = −2𝛿

∫ 𝜑

𝜑0

𝑀 (𝜑)𝑑𝜑 = −𝛿

∫ 𝜃

𝜃0

𝑀 (𝜃)𝑑𝜃 (2)

where 𝑀 (𝜑) is obtained from the experiment curve 𝑀-𝜑

in [26]. Based on Eq.( 1) and Eq.(2), the equation of motion

considering the crease effect can be obtained.

2.3 Flexible multibody system model based on ANCF thin

shell element

Similar to reference [26], the thin shell element is used in

the flexible multibody system model to avoid numerical in-

stability. The thin plate/shell element proposed by Dufva et

al. [7] is used in this work to model the origami structure.

As shown in Figure 2, the facets are meshed separately,

and connected via the constraints and the virtual torsional

springs on the crease node couples.

i
j

i

ii

j

j
j

dc

Fig. 2: Diagram of flexible multibody system model based

on ANCF thin shell element

Normally, the crease region is very narrow and Shen et

al. [26] set the distance between the coupled nodes 𝑑𝑐 as the
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thickness of the membrane. In this work, 𝑑𝑐 = 0 is used. The

constraints on the node couple 𝑖 and 𝑗 are

r𝑖 = r 𝑗 , r𝑖,𝛼 = r
𝑗

,𝛽
(3)

where r𝑘 , 𝑘 = 𝑖, 𝑗 are the position vectors of node 𝑖 and 𝑗 , the

subscript following a comma denotes partial differentiation

with respect to that variable, and 𝛼, 𝛽 = 𝑥, 𝑦 indicate the ma-

terial coordinate parallel to the crease in the corresponding

element in each connected facet. Depending on the element

coordinate used in each facet, 𝛼 is not necessarily same with

𝛽 in the constraints Eq.(3). The anti-deployment moment of

the crease is provided by the virtual torsional spring placed

on each node couple. Recalling Eq.(2), the corresponding

generalized force Q𝑐 is obtained as the derivative of the vir-

tual work𝑊𝑐 with respect to the corresponding system nodal

coordinate e. With respect to the multibody system, Q𝑐 is

treated as the internal force and 𝛿𝑊𝑐 = −QT
𝑐𝛿e.

Q𝑐 = −
𝜕𝑊𝑐

𝜕e
= 𝑀 (𝜃)

𝜕𝜃

𝜕e
(4)

where the moment associated with the deployment angle 𝜃

is obtained from the experiment-based 𝑀-𝜑 curve in [26].

The deployment angle is related with the angle between the

normal surface vectors n𝑖 , n 𝑗 at the two crease couple nodes

𝑖 and 𝑗 , i.e., 𝛾 =< n𝑖 ,n 𝑗 >. By defining the normal surface

vectors of involved facets in the same direction beforehand,

the deployment angle is obtained as 𝜃 = 𝜋 − 𝛾, and further

related with the nodal coordinates at node 𝑖 and 𝑗 by

cos𝜃 = −cos𝛾 = −n̂𝑖 · n̂ 𝑗 (5)

where the unit normal vectors at crease couple nodes 𝑖 and

𝑗 are

n̂𝑘
=

n𝑘

|n𝑘 |
=

r𝑘,𝑥 × r𝑘,𝑦

|r𝑘,𝑥 × r𝑘,𝑦 |
𝑘 = 𝑖, 𝑗 (6)

Based on Eq.(5) and Eq.(6), the derivative of 𝜃 with respect

to the system nodal coordinate e is

𝜕𝜃

𝜕e
=

1

sin𝜃

[(
𝜕n̂𝑖

𝜕e

)T

n̂ 𝑗 +

(
𝜕n̂ 𝑗

𝜕e

)T

n̂𝑖

]

(7)

where the intermediate derivative in Eq.(7) is

𝜕n̂𝑘

𝜕e
=

1

|n𝑘 |

𝜕n𝑘

𝜕e
−

n𝑘

|n𝑘 |2

(
𝜕 |n𝑘 |

𝜕e

)T

𝑘 = 𝑖, 𝑗 (8)

where the derivatives of the unit normal vectors and their

magnitude on the two couple nodes 𝑖 and 𝑗 are

𝜕 |n𝑘 |
𝜕e

=
1

|n𝑘 |

(
𝜕n𝑘

𝜕e

)T

n𝑘 , 𝑘 = 𝑖, 𝑗

𝜕n𝑘

𝜕e
=
[
03×𝑘𝑠𝑡 t𝑘

3×6
03×(𝑛 𝑓 −𝑘×𝑛𝑐𝑝𝑛)

]

t𝑘 =



0 r𝑘,𝑦 (3) −r𝑘,𝑦 (2) 0 −r𝑘,𝑥 (3) r𝑘,𝑥 (2)

−r𝑘,𝑦 (3) 0 r𝑘,𝑦 (1) r𝑘,𝑥 (3) 0 −r𝑘,𝑥 (1)

r𝑘,𝑦 (2) −r𝑘,𝑦 (1) 0 −r𝑘,𝑥 (2) r𝑘,𝑥 (1) 0






(9)

where the subscript in the second equation in Eq.(9) indi-

cates the dimension of the matrix, 𝑘𝑠𝑡 = (𝑘 − 1) × 𝑛𝑐𝑝𝑛 + 3,

𝑛𝑐𝑝𝑛 is the number of coordinate per node, and 𝑛 𝑓 is the to-

tal number of system degrees of freedom (DOFs). The col-

umn sequence of the intermediate matrix t𝑘 corresponds to

those of the gradient components of node 𝑘 . The generalized

force Q𝑐 can be obtained, based on Eq.(4∼9). In the differ-

ential equation solver, the tangential stiffness matrix of Q𝑐

need be obtained and is calculated as

𝜕Q𝑐

𝜕e
=
𝜕𝑀

𝜕𝜃

𝜕𝜃

𝜕e

(
𝜕𝜃

𝜕e

)T

+𝑀
𝜕2𝜃

𝜕e2
(10)

where

𝜕𝑀

𝜕𝜃
=
𝜕𝑀

𝜕𝜑

𝜕𝜑

𝜕𝜃
=

1

2

𝜕𝑀

𝜕𝜑
(11)

The second derivative of 𝜃 with respect to e is

𝜕2𝜃

𝜕e2
=

1

tan𝛾

𝜕𝜃

𝜕e
(
𝜕𝜃

𝜕e
)T −

1

sin𝛾

𝜕2 (n̂𝑖Tn̂ 𝑗 )

𝜕e2
(12)

where the intermediate derivatives are

𝜕2 (n̂𝑖Tn̂ 𝑗
)

𝜕e2
=

𝜕
𝜕e

[(
𝜕n̂𝑖

𝜕e

)T

n̂ 𝑗

]
+ 𝜕

𝜕e

[(
𝜕n̂ 𝑗

𝜕e

)T

n̂𝑖

]

𝜕
𝜕e

[(
𝜕n̂𝑘

𝜕e

)T

n̂𝑙

]
=

𝜕
𝜕e

[
∑

3

𝑚=1

𝜕n̂𝑘
(𝑚)

𝜕e n̂𝑙 (𝑚)

]

=
∑

3

𝑚=1

[
𝜕n̂𝑘

(𝑚)
𝜕e

(
𝜕n̂𝑙

(𝑚)
𝜕e

)T

+ n̂𝑙 (𝑚)
𝜕2n̂𝑘

(𝑚)

𝜕e2

]




(13)

where 𝑘, 𝑙 = 𝑖, 𝑗 , 𝑘 ≠ 𝑙, 𝜕n̂𝑘 (𝑚)/𝜕e and 𝜕2n̂𝑘 (𝑚)/𝜕e2 are the

first and second derivative of 𝑚 th component of the unit

normal vectors with 𝑘 = 𝑖, 𝑗 and 𝑚 = 1,2,3. The first deriva-

tive 𝜕n̂𝑘 (𝑚)/𝜕e can be obtained from Eq.(8). The second

derivative 𝜕2n̂𝑘 (𝑚)/𝜕e2 is

𝜕2n̂𝑘
(𝑚)

𝜕e2
=

1

|n𝑘 |

𝜕2n𝑘 (𝑚)

𝜕e2
−

n𝑘 (𝑚)

|n𝑘 |2
𝜕2 |n𝑘 |

𝜕e2

− 1

|n𝑘 |2

[
𝜕n𝑘 (𝑚)

𝜕e

(
𝜕 |n𝑘 |
𝜕e

)T

+
𝜕 |n𝑘 |
𝜕e

(
𝜕n𝑘 (𝑚)

𝜕e

)T

−
2n𝑘 (𝑚)

|n𝑘 |

𝜕 |n𝑘 |
𝜕e

(
𝜕 |n𝑘 |
𝜕e

)T
]

(14)

where the first derivative of 𝑚 th component of normal vec-

tor 𝜕n𝑘 (𝑚)/𝜕e can be obtained from Eq.(9). The second

derivative of 𝑚 th component of normal vector is denoted

as 𝜕2n𝑘 (𝑚)/𝜕e2
= A𝑘

𝑚. The dimension of A𝑘
𝑚 is 𝑛 𝑓 ×𝑛 𝑓 and

the only non-zero terms in A𝑘
𝑚 are

A𝑘
1
(𝑘𝑠𝑡 +2, 𝑘𝑠𝑡 +6) = A𝑘

1
(𝑘𝑠𝑡 +6, 𝑘𝑠𝑡 +2) = 1

A𝑘
1
(𝑘𝑠𝑡 +3, 𝑘𝑠𝑡 +5) = A𝑘

1
(𝑘𝑠𝑡 +5, 𝑘𝑠𝑡 +3) = −1

A𝑘
2
(𝑘𝑠𝑡 +1, 𝑘𝑠𝑡 +6) = A𝑘

2
(𝑘𝑠𝑡 +6, 𝑘𝑠𝑡 +1) = −1

A𝑘
2
(𝑘𝑠𝑡 +3, 𝑘𝑠𝑡 +4) = A𝑘

2
(𝑘𝑠𝑡 +4, 𝑘𝑠𝑡 +3) = 1

A𝑘
3
(𝑘𝑠𝑡 +1, 𝑘𝑠𝑡 +5) = A𝑘

3
(𝑘𝑠𝑡 +5, 𝑘𝑠𝑡 +1) = 1

A𝑘
3
(𝑘𝑠𝑡 +2, 𝑘𝑠𝑡 +4) = A𝑘

3
(𝑘𝑠𝑡 +4, 𝑘𝑠𝑡 +2) = −1
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The stiffness matrix of Q𝑐 is obtained based on Eq.(10∼13).

Considering the virtual displacement is arbitrary, the equa-

tion of motion is obtained based on the virtual work princi-

ple Eq.(1)

M¥e+Q𝑠 +Q𝑐 = Q𝑒 (15)

where the elastic force Q𝑠 is

Q𝑠 = ℎ

∫

𝐴0

(
𝜕𝜺

𝜕e

)T

E𝜺𝑑𝐴0 +
ℎ3

12

∫

𝐴0

(
𝜕𝜿

𝜕e

)T

E𝜿𝑑𝐴0 (16)

where ℎ is the thickness of the thin shell, 𝐴0 is the element

area in the reference configuration, 𝜺 is the Green-Lagrange

strain in the Voigt form, and 𝜿 is the curvature vector defined

as follows

𝜺 = [𝜀11, 𝜀22, 𝜀12]
T

𝜿 = [𝜅11, 𝜅22, 𝜅12]
T

}

(17)

where the components of the strain and curvature vector are

𝜀11 =
1

2

(
rT
,𝑥r,𝑥 − rT

0,𝑥
r0,𝑥

)
𝜅11 = rT

,𝑥𝑥 n̂− rT
0,𝑥𝑥

n̂0

𝜀22 =
1

2

(
rT
,𝑦r,𝑦 − rT

0,𝑦
r0,𝑦

)
𝜅22 = rT

,𝑦𝑦n̂− rT
0,𝑦𝑦

n̂0

𝜀12 = rT
,𝑥r,𝑦 − rT

0,𝑥
r0,𝑦 𝜅12 = 2

(
rT
,𝑥𝑦n̂− rT

0,𝑥𝑦
n̂0

)




(18)

where the “0" in the subscript indicates the variable is as-

sociated with the reference configuration, the unit normal

vector is defined as Eq.(6), r,𝛼𝛽 , 𝛼, 𝛽 = 𝑥, 𝑦 are the second

derivatives of r. The constitutive matrix in the plane stress

case is

E =
𝐸

1− 𝜈2



1 𝜈 0

𝜈 1 0

0 0
1−𝜈

2



where 𝐸 is the Young’s modulus and 𝜈 is the Poisson’s ratio.

One can refer to [27,32] for details on the stiffness matrix

of the elastic force 𝜕Q𝑠/𝜕e.

3 Modeling of a Muria-ori origami membrane

Miura-ori is a classical origami structure, which is usually

used for for small volume folding and large-area deployment

of a flat membrane [16]. The four-crease unit of the Miura-

ori origami structure in the flat and folding/deployment con-

figuration are shown in Figure 3.

As shown in the flat configuration of the structure in Fig-

ure 3, set the intersection point as the original point o, and

build the axis 𝑥𝑖 along the creases, where the cyclic index

𝑖 = 1,2,3,4. The direction of axis 𝑧𝑖 is defined by the cross

product of direction vectors along 𝑥𝑖 and 𝑥𝑖+1, and direction

of axis 𝑦𝑖 is determined by the right-hand rule. The global

x0, x

x

x

x

o

y0

A

B

C

D

E F

GH

x0
y0

z0

o
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D

x1

x

x

x

Fig. 3: Miura-ori origami unit

coordinate frame 𝑥0𝑦0𝑧0 coincides with the frame 𝑥1𝑦1𝑧1 in

the flat configuration. The angle between 𝑥1 and 𝑥4, or 𝑥2

is 𝛾0. The Miura-ori structure consists one mountain fold

and three valley folds represented using solid and dash lines

respectively in the flat configuration in Figure 3. The fold-

ing/deployment status of Miura-ori membrane is also shown

in Figure 3. To remove the rigid motion modes in the numer-

ical simulation, the constraints are applied as follows. The

position of origin 𝑜 is fixed, the position component along

axis 𝑦0 of node 𝐴 and 𝐶 is fixed considering the symmetry,

and the position component along axis 𝑧0 of node 𝐵 is fixed.

With three valley folds and one mountain fold, the Miura-ori

origami unit has only one mechanism DOF. Therefore, the

above five constraints and one given actuator can fully deter-

mine the configuration of the Miura-ori origami unit. In the

following deployment simulation, the deployment angle 𝜃1

associated with crease one is used as the actuator variable.

Accounting for the anti-deployment moment provided

by the crease, the initial equilibrium configuration of the

structure need be calculated beforehand. To this end, the

equilibrium configuration in the case of rigid folding should

be obtained at the beginning, which is used as the initial

configuration to iteratively determine the equilibrium con-

figuration of the corresponding flexible structure by static

analysis via Newton-Ralphson iteration.

3.1 Initial equilibrium configuration in the case of rigid

folding

The initial configuration in the case of rigid folding is stud-

ied in this section. Denote the angle between axis 𝑥1 and

𝑥0 as 𝛾1, and the angle between axes 𝑥𝑖 , 𝑖 = 2,3 and −𝑥0 as

𝛾𝑖 , 𝑖 = 2,3 as shown in the folding/deployment configuration

in Figure 3. The deployment angle associated with crease 𝑖

is 𝜃𝑖 , 𝑖 = 1,2,3,4, and 𝜃2 = 𝜃4 due to the symmetry. To obtain

the relationship between different angles, the tetrahedron is

constructed as shown in Figure 4.

As shown in Figure 4, connect 𝐸𝐻, and make perpendic-

ular lines towards 𝑜𝐴 from point 𝐸 and 𝐻, which coincide at
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Fig. 4: Geometric analysis of rigid Miura-ori origami unit

point 𝐽. Denote the midpoint of 𝐸𝐻 as 𝐼, and make the con-

necting line 𝐼 𝐴 and 𝐼𝐽 in the two isosceles triangles 𝐸𝐴𝐻

and 𝐸𝐽𝐻. As a result, line 𝐼 𝐴 and 𝐼𝐽 are the midperpen-

diculars of line 𝐸𝐻. Correspondingly, ∠𝐸𝐽𝐻 = 2∠𝐸𝐽𝐼 = 𝜃1,

and line 𝐸𝐼 is perpendicular to plane 𝐴𝐼𝐽. The projection

of line 𝐸𝐴 and 𝐸𝐽 on plane 𝐴𝐼𝐽 is line 𝐼 𝐴 and line 𝐼𝐽,

respectively. According to the law of sine in solid geom-

etry, sin∠𝐸𝐴𝐼 = sin∠𝐸𝐽𝐼sin∠𝐸𝐴𝐽, where ∠𝐸𝐴𝐽 = 𝜋 − 𝛾0.

Because line 𝐼 𝐴 is parallel to axis 𝑥0 and line 𝐸𝐴 is parallel

to line 𝑜𝐵, ∠𝐸𝐴𝐼 = 𝛾2. The law of sine in solid geometry is

written as

sin𝛾2 = sin(𝜃1/2)sin𝛾0 (19)

According to the minimum angle theorem, cos∠𝐸𝐴𝐽 =

cos∠𝐼 𝐴𝐽cos∠𝐸𝐴𝐼, where ∠𝐼 𝐴𝐽 = 𝛾1 because line 𝐼 𝐴 is par-

allel to axis 𝑥0. The minimum angle theorem is written as

cos𝛾0 = −cos𝛾1cos𝛾2 (20)

Similarly, connect 𝐵 and 𝐷, and make perpendicular

from 𝐵 and 𝐷 towards line 𝑜𝐶, which coincide at point 𝐾

due to symmetry. Denote the midpoint of line 𝐵𝐷 as 𝐿, and

make connect line 𝐿𝑜 and 𝐿𝐾 in the two isosceles triangles

𝐵𝑜𝐷 and 𝐵𝐾𝐷. Thus, line 𝐿𝑜 and 𝐿𝐾 becomes the mid-

perpendiculars of line 𝐵𝐷. The corresponding deployment

angle 𝜃3 = ∠𝐵𝐾𝐷 = 2∠𝐵𝐾𝐿. Since line 𝐵𝐿 is perpendicular

to plane 𝑜𝐿𝐾 , the projection of line 𝐵𝑜 and 𝐵𝐾 on plane

𝑜𝐿𝐾 is line 𝐿𝑜 and 𝐿𝐾 . According to the law of sine in

solid geometry and the minimum angle theorem, sin∠𝐵𝑜𝐿 =

sin∠𝐵𝐾𝐿sin∠𝐵𝑜𝐾 , cos∠𝐵𝑜𝐾 = cos∠𝐿𝑜𝐾cos∠𝐵𝑜𝐿. These

two equations can be written as

sin𝛾2 = sin(𝜃3/2)sin𝛾0

cos𝛾0 = −cos𝛾3cos𝛾2

}
(21)

Comparing Eq.(19∼21), we have 𝜃1 = 𝜃3 and 𝛾1 = 𝛾3.

Recalling 𝜃2 = 𝜃4, we only need find out the relationship

between 𝜃1 and 𝜃2. To this end, we turn to the normal surface

vector of facet 1 and 2, 𝑖.𝑒., n1 = i1 × i2 and n2 = i2 × i3,

where i 𝑗 , 𝑗 = 1,2,3,4 are the unit vectors along the axis 𝑥𝑖 .

The normal vectors are

n1 = [−sin𝛾1sin𝛾2 − sin𝛾1cos𝛾2 cos𝛾1sin𝛾2]
T

n2 = [sin𝛾1sin𝛾2 sin𝛾1cos𝛾2 cos𝛾1sin𝛾2]
T

}
(22)

According to Eq.(20), the norm of the normal vectors |n1 | =

|n2 | = sin𝛾0. The angle between two normal vectors is

cos < n̂1, n̂2 >= n̂1 · n̂2 =
cos(2𝛾1) − cos2𝛾1cos2𝛾2

sin2𝛾0

(23)

Considering the deployment angle associated with crease

two 𝜃2 = 𝜋− < n̂1, n̂2 > and substituting Eq.(20) to Eq.(23)

cos𝜃2 =
cos2𝛾0 − cos(2𝛾1)

sin2𝛾0

(24)

Now all the angles have been related with the actuator an-

gle 𝜃1. Accounting for the anti-deployment effect of crease,

the initial equilibrium configuration can be obtained accord-

ing to the principle of minimum potential energy. The initial

configuration must be at the beginning elastic stage of de-

ployment. According to the experiment curve 𝑀-𝜑 in [26],

the anti-deployment moment is approximately linear to the

deployment angle, which indicates the stiffness of the vir-

tual torsion spring is almost constant at the beginning elastic

stage. Denote the spring stiffness as 𝑘𝑐, the corresponding

potential of the whole structure is written as Eq.(25) recall-

ing 𝜃1 = 𝜃3 and 𝜃2 = 𝜃4.

𝑈 =

4∑︁

𝑚=1

1

2
(𝜃𝑚− 𝜃0)

2
= 𝑘𝑐 (𝜃1 − 𝜃0)

2 + 𝑘𝑐 (𝜃2 − 𝜃0)
2 (25)

The system potential𝑈 reaches extremum at the initial equi-

librium configuration. Therefore, the derivative of 𝑈 with

respect to 𝜃1 is zero.

𝑑𝜃2

𝑑𝜃1

= −
𝜃1 − 𝜃0

𝜃2 − 𝜃0

(26)

At the same time, recalling Eq.(24), Eq.(20), and Eq.(19)

𝑑𝜃2

𝑑𝜃1

=
cos2𝛾1sin𝜃1

cos2𝛾2sin𝜃2

(27)

Comparing Eq.(26) and Eq.(27), the actuator angle 𝜃1 asso-

ciated with the initial equilibrium configuration is obtained

by solving the following equation

(𝜃1 − 𝜃0)cos2𝛾2sin𝜃2 + (𝜃2 − 𝜃0)cos2𝛾1sin𝜃1 = 0 (28)

Referring to [26], the angle associated with zero anti-

deployment moment is 𝜃0 = 9.4◦. This zero-moment angle

𝜃0 is used as the initial value of 𝜃1 to start the Newton-

Ralphson iterative solver of Eq.(28) to obtain the initial

equilibrium configuration of rigid folding e𝑟
0
. The actuator

angle associated with the initial equilibrium configuration is

obtained as 𝜃1 = 11.04
◦, and the corresponding 𝜃2 = 2.679

◦.

It is clear that the deployment angle of each crease in the

equilibrium configuration deviates slightly from the zero-

moment angle.
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3.2 Flexible multibody system modeling

The flexible model is shown in Figure 5. Position constraints

r𝑖 = r 𝑗 and gradient constraints are applied on the crease

node couples. As shown in Figure 5, constraints r𝑖,𝑥 = r
𝑗
,𝑥

are applied for the node couple (𝑖, 𝑗) on crease 𝑥1 and 𝑥3 and

r𝑖,𝑦 = r
𝑗
,𝑦 for crease 𝑥2 and 𝑥4. The same constraints used in

the rigid deployment analysis that remove the rigid motion

modes are adopted. The position of node o is fixed, the posi-

tion component of node A and C along 𝑦0 direction is fixed,

and the position component of node B along 𝑧0 direction is

fixed.

x
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Fig. 5: Mesh strategy and constraints on the flexible Miura-

ori model

Due to the internal elastic force in the thin shell element,

there is a unbalanced force in the flexible Miura-ori struc-

ture associated with the initial equilibrium configuration ob-

tained from the rigid folding analysis. Therefore, there is a

difference between the initial configuration for the flexible

and rigid folding model. The system nodal coordinate e𝑟
0

can

be a good estimation of the coordinate e
𝑓

0
associated with the

initial equilibrium configuration of flexible folding. To ob-

tain e
𝑓

0
, the equation Q𝑠 +Q𝑐 = 0 need be solved. The form-

finding method of the flexible origami multibody system is

shown in Figure 6.

In the simulation of flexible deployment, e𝑟
0

is used

as the stress-free reference configuration. Under the anti-

deployment effect of crease, there is a pre-stress in the initial

configuration e
𝑓

0
of flexible multibody system model.

4 Numerical case

In this section, the deployment of a single-crease Z-folding

structure is first simulated by integrating the crease behavior

depicted by the 𝑀-𝜑 curve based on the experiment [26].

The validity of the flexible multibody system modeling ap-

proach is verified by the comparison on the unilateral de-

ployment angle 𝜑. Then, a typical Miura-ori origami unit is

analyzed. Based on the simulation result, the driving force

Zero-moment 

deployment angle

Newton-Ralphson iterative 

solver of Eq.(28)

Initial config. of 

flexible folding      
0

f
e

Newton-Ralphson iterative 

solver of Qc+Qs=0

Initial config. of 

rigid folding 0

r
e

Fig. 6: Form finding method of flexible origami multibody

system

is planned to achieve a steady deployment. The thickness

of the membrane employed in the study is 100 µm. The

Young’s modulus is 4.8 GPa and Poisson’s ratio is 0.3.

The deployment error 𝑑𝑒 and ratio 𝜌 are introduced to

measure the deployment process of the folding structure.

Take the Z-folding structure as an example to show the def-

inition of 𝑑𝑒 and 𝜌. As shown in Figure 7, in the limit case

of 𝜃 = 𝜋, all the facets are deployed to a single plane 𝑥𝑜𝑦

called Σ0, which is defined as the deployment plane. The di-

rection perpendicular to the deployment plane Σ0 is called

the vertical direction. The deployment error 𝑑𝑒 is defined as

the maximum distance between the profile of the origami

structure and the deployment plane along the vertical direc-

tion. In the special case of Z-folding structure as shown in

Figure 7, 𝑑𝑒 is the distance between the plane Σ0 and the

plane Σ1 that is parallel to Σ0 and contains the mountain

fold. The deployment ratio is the ratio between the projec-

tion area of the folding structure 𝐴 𝑓 in the deployment plane

and the total area of the involved facets 𝐴flat in the flat con-

figuration. By means of 𝑑𝑒 and 𝜌 = 𝐴 𝑓 /𝐴flat, the deployment

of the structure is described in the vertical direction and the

deployment plane respectively.

4.1 Deployment of a Z-folding structure

A single-crease Z-folding structure consisting of two 25×50

mm facets adopted in [26] is analyzed. The structure is de-

ployed under an uniform dragging force F=1.46 N/mm ap-

plied on the membrane edge. The mesh of each facet is

shown in Figure 8. The deployment direction and the crease

direction are denoted as the longitudinal and lateral direc-

tion. The division number of each panel along the longitudi-

nal and lateral direction is 𝑛𝑥 and 𝑛𝑦 .

Because the membrane is subjected to a larger deforma-

tion in the longitudinal direction, a more refined division is
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Fig. 7: Definition of deployment error and ratio
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Fig. 8: ANCF model of Z-folding structure

used for the longitudinal side, which leads to 𝑛𝑦 < 2𝑛𝑥 for

this structure. In this work, 8 meshes as shown in Figure 9

are used. The deployment of Z-folding structure is simulated

in a quasi-static form. The deployment error under different

load steps and the final values are shown in Figure 9. And

the unilateral deployment angle 𝜑 is shown in Figure 10.
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Fig. 9: Deployment error obtained by different meshes

As shown in Figure 9, models with different meshes

show small difference on the deployment error. For the
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Fig. 10: Unilateral-deployment angle 𝜑 obtained by models

with different meshes

last force step, the difference are even comparable with the

membrane thickness. By contrast, an evident difference can

be observed on the unilateral deployment angle 𝜑 obtained

by models with different meshes. Observing the results as-

sociated with 10× 10, 10× 12, and 10× 20, it is found that

10 divisions in the lateral direction are enough to obtain a

converged solution. With 10 divisions in lateral direction, 8,

10, 12, 16, and 20 divisions in the longitudinal direction are

compared. Comparing the result at the last load step, the rel-

ative error on 𝜑 between 16× 10 and 20× 10 decreases to

0.6%. The result obtained by 20× 10 is considered as the

converged result and is compared with the experiment re-

sult, and the numerical result given by the thin shell element

S4R5 model in the commercial FE software ABAQUS used

in [26] as shown in Figure 11.
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Fig. 11: Unilateral deployment angle comparison

As shown in Figure 11, the ANCF model agrees well

with the ABAQUS shell element model [26] on the deploy-

ment angle. The validity of the modeling approach is ver-
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ified by the deployment of the Z-folding structure. At the

final configuration, the difference between the results given

by the ANCF thin shell model and the experiment on the

deployment angle 𝜑 is around 7%. The deviation is possibly

because of the difference in the boundary condition. In the

experiment, the edge sides are clamped to a stiff board. To

some extent, the rotation of the edge nodes are constrained.

By contrast, in the numerical analysis, the rotation of the

edge nodes are not constrained.

4.2 Deployment of a Miura-ori origami structure

A unit Miura-ori origami structure with four 50×50 mm di-

amond facets adopted in [26] is studied in this section. The

obtuse angle of the diamond facet is 𝛾0 = 104
◦. Each facet in

the flexible Miura-ori folding structure is meshed by 𝑛 𝑓 ×𝑛 𝑓

thin shell elements as shown in Figure 5, where 𝑛 𝑓 is the

division number for each side. To deploy the folding struc-

ture, four dragging forces on the corner nodes E, F, G, and

H along the diagonal lines of each facet in the ideal final

deployment plane are applied as shown in Figure 5. Due to

the symmetric condition, only 𝐹1 and 𝐹4 can be considered

as the independent actuator forces. Considering the balance

in the force along 𝑥0 direction, 𝐹4 = 𝐹1tan(𝛾0/2). As a re-

sult, 𝐹1 is used as the only independent actuator force. Ac-

cordingly, the number of actuator force is equal to the num-

ber of mechanism DOF of the four-crease Miura-ori fold-

ing structure. In this section, the force analysis of a rigid

deployment is first conducted to estimate the magnitude of

actuator force required to fully deploy the structure. Then,

the flexible structure is deployed under a slope force 𝐹1. A

quasi-static analysis is adopted to track the configuration at

different load steps. At last, the deployment force is planned

based on the quasi-static result to achieve a deployment with

a constant speed in the increase of deployment ratio and the

corresponding dynamic analysis is presented.

4.2.1 Force analysis of rigid deployment

Besides the driving mode, the maximum magnitude of ac-

tuator force required to achieve a full deployment is another

key issue in the design of the deployable structure. The force

analysis of rigid deployment can be a good vehicle to esti-

mate the magnitude of actuator force for the membrane de-

ployment. In the rigid deployment, given a configuration,

the actuator force can be obtained via the principle of vir-

tual work. Denote the anti-deployment moment associated

with crease 𝑖 as 𝑀𝑖 , 𝑖 = 1,2,3,4. Under a specific configura-

tion, the virtual displacements along directions of four drag-

ging force at corner nodes are 𝛿𝑢𝑖 , 𝑖 = 1,2,3,4. Exploiting

the symmetry, 𝛿𝑢1 = 𝛿𝑢2 and 𝛿𝑢3 = 𝛿𝑢4. The principle of

virtual work can be written as

2𝐹1𝛿𝑢1 +2𝐹4𝛿𝑢4 = 2𝑀1𝛿𝜃1 +2𝑀2𝛿𝜃2 (29)

Substituting 𝐹4 = 𝐹1tan(𝛾0/2) into Eq.(29), one has

𝐹1

(
𝛿𝑢1 + tan

𝛾0

2
𝛿𝑢4

)
= 𝑀1𝛿𝜃1 +𝑀2𝛿𝜃2 (30)

Denoting the unit direction vector associated with F𝑖 as

F̂𝑖 , 𝑖 = 1,2,3,4, the corresponding virtual displacements

𝛿𝑢𝑖 , 𝑖 = 1,2,3,4 are

𝛿𝑢1 = 𝛿
(
rT
𝐹

F̂1

)

𝛿𝑢4 = 𝛿
(
rT
𝐸

F̂4

)



(31)

where the position vector of node E, F and the unit direction

vectors F̂𝑖 , 𝑖 = 1,4 are

r𝐹 = 𝐿 [−(cos𝛾1 + cos𝛾2), sin𝛾2, sin𝛾1]
T

r𝐸 = 𝐿 [cos𝛾1 − cos𝛾2, sin𝛾2, sin𝛾1]
T

F̂1 =
[
−sin

𝛾0

2
, cos

𝛾0

2
, 0

]T

F̂4 =
[
cos

𝛾0

2
, sin

𝛾0

2
, 0

]T




(32)

Substituting Eq.(32) to Eq.(31), the virtual displacements

can be written as

𝛿𝑢1 = 𝐿𝛿
[
(cos𝛾1 + cos𝛾2)sin

𝛾0

2
+ sin𝛾2cos

𝛾0

2

]

𝛿𝑢4 = 𝐿𝛿
[
(cos𝛾1 − cos𝛾2)cos

𝛾0

2
+ sin𝛾2sin

𝛾0

2

]
}

(33)

Recalling Eq.(20), the relationship between 𝛿𝛾1 and 𝛿𝛾2 is

𝛿𝛾1 = −
tan𝛾2

tan𝛾1

𝛿𝛾2 (34)

Substituting Eq.(34) to Eq.(33), the virtual displacements

𝛿𝑢1 and 𝛿𝑢4 can be written as

𝛿𝑢1 = 𝐿
[
(tan𝛾2cos𝛾1 − sin𝛾2)sin

𝛾0

2
+ cos𝛾2cos

𝛾0

2

]
𝛿𝛾2

𝛿𝑢4 = 𝐿
[
(tan𝛾2cos𝛾1 + sin𝛾2)cos

𝛾0

2
+ cos𝛾2sin

𝛾0

2

]
𝛿𝛾2

}

(35)

Recalling Eq.(19), the relationship between 𝛿𝛾2 and 𝛿𝜃1 is

𝛿𝛾2 =
sin𝛾0

2cos𝛾2

cos
𝜃1

2
𝛿𝜃1 (36)

Substituting Eq.(27), Eq.(36), and Eq.(35) into Eq.(30), the

actuator force can be obtained as

𝐹1 =
𝑀1 +𝑀2 (𝜕𝜃2/𝜕𝜃1)

𝜕𝑢1/𝜕𝛾2 + (𝜕𝑢4/𝜕𝛾2)tan
𝛾0

2

1

𝜕𝛾2/𝜕𝜃1

(37)

where the anti-deployment moment 𝑀𝑖 (𝜃𝑖), 𝑖 = 1,2 are ob-

tained from the experiment curve in [26]. Considering that

the structure is difficult to be deployed to the ideal de-

ployment plane, a close configuration to the ideal plane is

adopted to estimate the magnitude of 𝐹1 required for the

flexible deployment. Based on the force analysis of rigid de-

ployment, it is found that when 𝛾1 = 4.14
◦, 𝜃1 = 177.9◦, and

𝜃2 = 171.5◦, the deployment ratio reaches 𝜌 = 99.7%. Sub-

stituting the angels and corresponding moment 𝑀𝑖 , 𝑖 = 1,2

into Eq.(37), the actuator force is obtained as 𝐹1 = 12.73 N,

which is close to the value 12.69 N adopted in [26]. For sake

of comparison, the magnitude adopted in [26] is used in the

following deployment simulation of flexible model.
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4.2.2 Quasi-static analysis of flexible deployment

Quasi-static analysis is conducted in this section to track the

deployment process under different load steps. The full load

is 𝐹1 = 12.69 N. It can be found that the structure deploys

fast in the beginning stage with the increase in 𝐹1. Therefore,

small load steps are used at the beginning. The deployment

ratio is used to check the convergence of the ANCF model.

Different meshes 4× 4, 6× 6, 8× 8, and 10× 10 are used

for the discretization of each facet. The convergence study

is shown in Figure 12.

 8 8
 10 10

de
pl

oy
m

en
t r

at
io

 

t (s)

Fig. 12: Deployment ratio of flexible Miura-ori structure

As shown in Figure 12, the solution converges at the

mesh of 8×8. Clearly, the Miura-ori structure under a slope

force 𝐹1 exhibits a highly non-uniform deployment. The

structure deploys fast at the beginning and slows down at the

following period. Specifically, the deployment ratio 𝜌 jumps

to 90% with only an approximate 10% increase in 𝐹1. After

the load factor of 𝐹1 increases to around 15%, 𝜌 remains sta-

ble. Only a slight rise from 94% to 99.7% in 𝜌 is observed

when the load factor of 𝐹1 changes from 0.15 to 1.

It is estimated that the non-uniform deployment will lead

to an additional vibration in the dynamic deployment pro-

cess. Therefore, the deployment force is planned based on

the quasi-static analysis solution to achieve a stable deploy-

ment. A deployment ratio increase from the initial 0.03 to

the final 0.997 with a constant speed is used as the plan-

ning goal. The mapping between 𝜌 and 𝐹1 based on the

converged solution given by 8 × 8 model is adopted. The

planned force is shown in Figure 13.

As illustrated in Section 3.2, there is a pre-stress in the

initial configuration e
𝑓

0
as shown in Figure 14. The maxi-

mum von-Mises stress is around 2 MPa and appears in the

region near the intersection point 𝑜.

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

 

 

lo
ad

 fa
ct

or

t (s)

Fig. 13: Planned force based on a uniform deployment ratio

Fig. 14: von-Mises stress in the initial configuration e
𝑓

0
(Pa)

4.2.3 Dynamic analysis of flexible deployment

The dynamic deployment analysis under a slope increase

of the deployment force is first conducted. The density of

the membrane is 1420 Kg/m3. The same final magnitude of

𝐹1 = 12.69 N is used and the time period is 10 s. The con-

figuration and the distribution of von-Mises stress at four

different time points 0.2 s, 1 s, 5 s, and 10 s are shown in

Figure 15.

As shown in Figure 15, the Miura-ori structure is de-

ployed fast at the beginning stage, which is consistent with

the observation of quasi-static analysis. The stress concen-

tration appears in a very small region near the crease inter-

section point as shown in Figure 15a and 15b or the force

dragging corner as shown in Figure 15c and 15d. The stress

in the stress concentration point reaches around 140 MPa,

which is much bigger than that in the remained region. To

better show the stress distribution, the significant stress con-
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(a) t=0.2 s (b) t=1 s

(c) t=5 s (d) t=10 s

Fig. 15: von-Mises stress in flexible Miura-ori structure during deployment (Pa)

centration in the corresponding point is excluded via setting

the stress limit to 90 MPa in Figure 15a, 15b, and 15d. A

relatively big stress appears in the crease region as shown in

Figure 15. The deployment ratio obtained by dynamic anal-

ysis is compared with that given by the quasi-static analysis

in Figure 16.

As shown in Figure 16, there are significant vibrations in

the dynamic deployment analysis compared with the quasi-

static analysis. To alleviate the vibration, the planned force

as shown in Figure 13 is used for the dynamic simulation.

The obtained deployment ratio is shown in Figure 17.

Figure 17 shows that the planned force 𝐹1 can deploy

the structure with almost a constant speed of increase in the

deployment ratio. Due to the small inertial of the membrane,

vibration still occurs during the deployment process. How-

ever, the vibration magnitude is much smaller than that in

the dynamic analysis under a slope 𝐹1 as shown in Figure 16.
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Fig. 16: Deployment ratio under slope 𝐹1
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Fig. 17: Deployment ratio under planned force 𝐹1

5 Conclusion

This paper explores an approach to simulate the membrane

deployment accounting for the nonlinear anti-deployment

effect of creases. The origami membrane is analyzed as a

flexible multibody system model using the absolute nodal

coordinate formulation. The nonlinear behavior of creases

are integrated into the multibody system via the princi-

ple of virtual work. The facets are meshed with the thin

ANCF shell element. The anti-deployment property of a

crease is parameterized based on the experimental data

in [26]. Creases are explicitly modeled as nonlinear vir-

tual torsional springs with specific constraints to connect

the flexible facets. The deployment of a Z-folding mem-

brane is analyzed and the approach is verified by the nu-

merical/experimental reference in [26]. Then, the approach

is used to simulate the deployment of a Miura-ori origami

unit membrane. The geometric analysis of the correspond-

ing rigid Miura-ori origami structure is conducted, based on

which a form-finding method is proposed to find the initial

configuration considering the crease effect. Meanwhile, an

estimation on the magnitude of the driving force in the flexi-

ble deployment is provided. Setting the equilibrium configu-

ration of rigid origami structure as the initial input, the coun-

terpart of the flexible origami is obtained via the Newton-

Ralphson iterations. The deployment of a unit Miura-ori

origami under a slope force is simulated. The quasi-static

and dynamic solutions are compared and discussed. Based

on the quasi-static result, the driving force is planned to

achieve a more stable deployment and the corresponding dy-

namic analysis is presented. This work shows a possible way

to improve the accuracy of membrane deployment simula-

tion by exploiting the merit of ANCF method in nonlinear

analysis and by considering the anti-deployment effect of

the crease.
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