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Abstract. Initial errors and mesh distortions are inevitable in the modelling of folded space inflatable structures.
Aimed at this key technical problem, an initial stress correction method based on finite element theory is proposed in
this paper. First, initial stress is calculated through the difference of mapping and reference configurations, the former
with initial errors and the later without. Then the initial stress is imposed on the mapping configuration to correct ini-
tial errors. Through the correction, the accuracy of the inflation deployment numerical calculation is greatly improved.
In order to validate the reliability of this correction method, a typical space inflatable structure-inflatable tube is stud-
ied as an example. First of all, the finite element models of both Z-folded and rolled tubes are established with the
initial stress correction method. Then the inflation deployment numerical calculations of the folded tubes are carried
out applying the segmented inflatable control volume method. Through comparative analysis of the calculation results
with and without a correction, the method proposed in this paper is proved to be feasible and accurate. The correction
method is a complement to the modelling of folded space inflatable structures and it has a great significance for the
improvement of the accuracy of the inflation deployment numerical calculations of space inflatable structures.

Keywords: space inflatable structure, initial error, initial stress correction method, inflation deployment numer-
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ical calculation.

1. Introduction

Inflatable structures have a series of advantages such as
small package volume, light weight, low cost and high
deployment reliability. Therefore, they have become a
new form of space structure that is widely accepted in
various space missions, such as solar arrays, sunshades,
solar concentrators, space habitation and antennas
(Cassapakis, Thomas 1995; Freeland et al. 1998). In the
deployment process, some problems exist, such as non-
linear contact between adjacent walls of a folded tube,
material nonlinearity of tubes, long time of deployment
process, low inflation rate, inner pressure non-uniform
in the tubes, large deformation and displacement, etc.
(Guan et al. 2009; Wei 2008). Undoubtedly, all these
have a direct impact on the deployment dynamics of
space inflatable structures, the precision of deployment
and the accuracy of structure surface. An unexpected
or unsuccessful deployment can induce a great waste of
manpower, physics and financial resources. It is difficult
for ground tests to forecast its deployment process in
space, since the simulation of a huge spatial working
environment is limited by gravity and air. Therefore, it
is not easy to understand the deployment mechanics of
space inflatable structures.

However, with the rapid development of computer
hardware, numerical calculation has become an import-
ant research method due to its short calculation cycle,
low resource consumption and high precision results.
At the same time, the foldability of inflatable structures
becomes a major difficulty for numerical modeling that
has to be solved at first. Therefore, a variety of modeling
methods has been proposed by scholars, such as general
folded modeling, direct folded modeling, initial mat-
rix modeling, etc. (Zhang et al. 2005; Wan, Yang 2005;
Tanavde et al. 1995). Nevertheless, with the increasing
complexity of the shape and folded pattern of inflatable
structures, initial errors and mesh distortions generated
by traditional modeling methods seriously affect the ac-
curacy of numerical calculations. In order to respond to
this increasingly significant problem, partial and over-

all correction methods have been proposed (Tan et al.
2010; Ma et al. 2004). In the partial correction method,
wrinkles are introduced in the inner layer to ensure that
the inside and outside wall lengths are similarly equal. It
is obvious that the operation is difficult and the workload
is large. What is more, it causes quality deterioration of
the local elements as well as introduces new individual
errors. In the overall correction method, the length of
the elongated layers is multiplied by a scaling factor in
the elongate direction to offset the length increase due
to folding. Though this correction method is very easy, it
requires that the length difference of the inner and outer
layers is small. Also, t is usually applied in the case of
the correction of two layer rolled folding. As the above
correction methods are essentially based on a geometric
distortion and do not follow any conservation law, it is
natural that the correction effect is limited for complex
structures.

When confronted with the difficulties and limita-
tions of the existing numerical modeling and correction
methods, the initial stress correction method is pro-
posed in this paper. Since this method is based on mech-
anics, and a complex geometric transformation matrix is
avoided, accuracy can be improved. Moreover, the infla-
tion deployment numerical calculations of Z-folded and
rolled tubes are taken as examples to validate the reli-
ability of this method. Through contrastive analysis of
the calculation results with and without a correction, this
method is proved to be obviously effective as well as eas-
ily operated. It is of a great significance for improving the
precision of inflation deployment numerical calculations
of space inflatable structures.

2. Numerical model errors

Initial errors and mesh distortions are introduced inev-
itably during the folding process as existing modeling
methods are entirely based on geometric distortion and
the conversion does not follow any conservation law.
Usually initial errors are neglected when a structure is
simple or only a few layers are folded. But for the folding
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of many layers or one that demands a high precision,
such as for solar sails (Cadogan et al. 1999), initial errors
and element distortions cannot be ignored.

In order to analyse the initial errors of folded mod-
els, the flat and rolled folding commonly used in engin-
eering are studied as objects. The area of the inflatable
structure is 4x4 m and the interval between the upper
and lower layers is 0.02 m. Shell elements with four
nodes are applied for the walls of the membrane and the
element size is 0.2 m. A flat direct folded model based
on inner layers is established (Fig. 1). During the fold-
ing process, the elements of the outer layer are stretched
by 10% and the inner elements are almost unchanged.
While in the unfolded area, the element size of 0.2 m is
retained. When the mesh model increases to 5 layers, the
initial errors will reach 45.3%. For a rolled folding with
5 layers (Fig. 2), the initial error is 15.7%, with almost all
elements affected.

Fig. 2. Initial errors of rolled folding

3. Mathematical model
3.1. Initial stress correction theory

The initial stress correction method is based on finite
element theory, which is different from the existing
method based on geometric principles. The correction
theory is shown below (Fig. 3).

X5 % Present configuration
Initial configuration
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Fig. 3. Replacement of the initial configuration

In figure 3, X% and X"/ represent the coordin-
ates of meshes with and without initial errors respect-
ively. The former is used as the mapping configuration,
and the later as the reference one. The Green Stress E is
obtained by calculating the difference between mapping
and reference configurations X'¢ — X% . Then cor-
rection stress S is calculated based on the material con-
stitutive equation:

S=CijklE’ (1)

where § is the second Piola-Kirchhoff stress and Cy, is
the fourth-order tangent modulus tensor.

The actual correction process is illustrated below
(Fig. 4).
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In figure 4 f" indicates the force of step n; At_;, -

thg critical step; fJ, - the external force of step n;

flntm — internal force of elements in step n; Eo - the
| 0

P

integration point. D 2 is the deformation rate of step
1

n—z; F" — deformation gradient; E" - green strain

- cauchy stress; BT - geometric mat-
rix; @, - integral weight; J - Jacobian determinant;
Aff, - the critical time step of elements; o - adjust-
ment coeflicient.

tensor; G,

In explicit finite element calculations, the replace-
ment of initial configuration can be realized when cor-
rection stress is applied to the mapping configuration at
a certain time . Hence, the initial numerical model with
errors can be corrected.

3.2. Specific realization of correction

The specific realization of initial stress correction on ap-
plications is illustrated below (Fig. 5).

Reference mesh

Unchanged topological relation

The difference between
reference mesh and
mapping mesh

Mapping mesh R
PR Actual appearance

Fig. 5. Specific realization of correction

The finite element model which is fully expanded
or without initial errors is selected as the reference mesh.
Then the reference model is folded through a transform-
ation matrix T.

[xf x; x; 1]=[x1 Xy X3 1]-T=
[xl X, X3 1:|-

where [xl X, X3 1] and [x; X, X3 1:| are the
homogeneous coordinates of elements before and
after folding, respectively. The transformation matrix
a1 4 43 Gy
4y, Gy Gy3 4
21 G2 a3 Gy . .

can be divided into four sub

431 d3p 33 Ay

g Qg Aq3 Oy

ap;;p app di3

matrixes. |a,, 4, d,3| can realize three types of

as; sy ds3
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geometric transformations, namely scaling, rotation

and shearing. [a41 a4, a4z | can realize translation.

[a14 Ayy Gay ]T can realize projection and [a44] can
realize overall scaling.

Despite the fact that many initial errors and mesh
distortions are introduced into the folding process, the
topology relationship remains unchanged. Naturally, the
models before and after folding can be respectively used
as reference and mapping configurations. The difference
of the mapping and reference configurations is calcu-
lated as the initial displacement to modify the mapping
configuration. Then a deployed structure which matches
the actual shape is obtained.

The Segmented inflatable control volume method
(SICV) used in the numerical calculations of inflation
deployment is presented in the following references (Wei
2008; Salama et al. 1999; Wang, Jonson 2002).

4. Finite element model of an inflatable tube

First of all, the geometric model of an inflatable tube
in the flattening state is built up by adopting modeling
ideas from the bottom to the top. The length of the cyl-
indrical fabric tube is 320 mm, the diameter is 60 mm
and the wall thickness is 0.1 mm. The material is con-
sidered as an isotropic elastic material. The wall of the
membrane tube adopts a shell element with four nodes,
the size of which is 0.004 m. In order to simulate the
progressive deployment process, the closed interconnec-
ted tube is divided into four control volumes, respect-
ively named CV,, CV,, CV; and CV,. The control
volumes are separated by three orifices (the orifices are
set in the fold line). The flattening model is shown in
(Fig. 6). In the numerical calculations of inflation, the
CV] initially provides gas pressure, and the other three
control volumes get pressure from the former through
the orifice. The mass flow rate is 0.0015 g/s.

320mm

oo
b

60mm

cy, cr, cr, cr,

Fig. 6. The mesh model in the flattening state

The Z-folded and rolled tube models are established
accordingly from the flattening model (Fig. 6). For the
Z-folded model (Fig. 7), the inlet boundary AB is fixed:
u=v=w=0, and the node C and D in the top have a
displacement boundary condition: u=v=0. For the
rolled model (Fig. 8), the displacement boundary con-
dition is also applied and the inlet boundary EF is fixed:
u=v=w=0.
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Fig. 7. Finite element model of a Z-folded tube

_Gas inlet

Fig. 8. Finite element model of a rolled tube

As in the second section of the analysis, the initial
errors and mesh distortions of the folded models are in-
evitable. But the serial number and the order of both the
nodes and elements remain unchanged and the topolo-
gical relationship remains the same. Therefore, the finite
element model of the flattening of the tube in figure 6
can be directly used as the reference configuration, and
the folded models in figures 7 and 8 can be used as the
mapping ones. Then the initial stress correction method
is applied to the mapping configurations for corrections.
The correction effect is shown in (Fig. 9). For the Z-fol-
ded model, the initial difference of the mapping and ref-
erence configurations is in the fold line, as the folded
meshes are affected by initial stress. While for the rolled
model, the elements in the deformation domain all have
varying degrees of changes; hence, all elements are af-
fected.

Fig. 9. Effect of initial stress correction

5. Comparative analysis of the calculation results

The uncorrected Z-folded model is referred to as
model A, and the corrected one is referred to as
model B. Similarly, the uncorrected rolled model is
referred to as model C, and the corrected one is re-
ferred to as model D. The numerical calculations of
inflation deployment are carried out by applying the
Segmented Inflation Control Volume method (SICV)
for the four models.

5.1. Comparative analysis of the Z-folded model

Equivalent stress distributions of model A and B in
the deployment process are shown in (Fig. 10) to il-
lustrate the effect of initial errors, which also proves
the reliability and accuracy of the correction method.
From the point of the deployment configuration, the
calculation results are consistent with the numerical
results in the paper (Wang, Jonson 2002) and the
experimental results in the paper (Hill, Jacob 2010).
The process before 0.2 s is referred to as the inflation
stage. At this stage, the appearance of model A and B
is almost the same, and stress concentration appears
in distorted and constrained elements. After t = 0.2 s,
the correction effect becomes obvious. For model A,
the folds and wrinkles are distinct, and the stress con-
centration always exists even when the fold has been
expanded. When in full deployment, the appearance
is not consistent with the actual state. While for the
corrected model B, there is no mesh distortion, and
the stress concentration and the wrinkle both disap-
pear when the fold is fully deployed. After the infla-
tion is finished, the appearance is completely smooth,
agreeing well with the actual state.

sl
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Fig. 10. Equivalent stress distributions in the deployment
process of a Z-folded model. The top model is model A; the
lower is model B

The equivalent stress variation of element 1616
during the deployment process is presented in figure
11 (the position of the element is shown in figure 10).
During the inflation stage, the equivalent stresses of
model A and B are almost the same. However, after t =
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0.25 s, the equivalent stress of model B is always smaller
than that of model A, which can account for the result
that the stress concentration of model A always exists
while the model B’s disappeared in the later inflation

stage shown in figure 10.

—— Model A
------- Model B

0.06 4

effective plastic strain
o o
=1 2
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-0.02 . . . . r
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Fig. 11. Equivalent stress variation of the element in the fold

The element size contrast of the distorted element
with and without correction is shown in (Fig. 12). For
the uncorrected model A, the element error of the outer
layer is 9% and the inner layer is —23.8%. For the cor-
rected model B, the element error of the inner and outer
layer is 0.75% and 0.25%, respectively. It is evident that
the accuracy is greatly increased.

51616 S1616

N1'N2°=0.00403m
N3'N4"=0.00401m

N1N2=0,00436m
N3N4=0.00305m

Fig. 12. Error analysis of the element size. Model A is on the
left and model B is on the right

The error analysis of the tube’s axial size after in-
flation is shown in (Fig. 13). The reference model is in-
flated and the axial size of the deployed reference model
is 0.3114 m, which can be regarded as the standard size.
For the uncorrected model A, the axial size is 0.3052 m,
with an error of -2%. Whereas for the corrected model B,
the axial size is 0.3115 m and the error is just 0.03%. It
is obvious that the precision is greatly improved. What
regards the appearance of deployed tubes, the fact is that
the corrected one is consistent with the reference one,
while the uncorrected is not, which proves that the initial
stress correction method is efficient.
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Standard model

Model A
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Fig. 13. Error analysis of the axial size after deployment

5.2. Comparative analysis of a rolled model

The equivalent stress distributions of model C and D in
the deployment process are presented in (Fig. 14). From
the point of the deployment configuration, the calcu-
lation results are consistent with the numerical results
presented in (Wang, Jonson 2002) and the experimental
results given in (Hill, Jacob 2010). In the inflation stage,
the stress concentration appears in the fold. But as the
fold is expanded, both the wrinkles and the stress con-
centration disappear. After the inflation is finished, for
the uncorrected model C, the track length of the inner
layer is always smaller than that of the outer layer, so the
tube appears to be at a bending state, which does not
agree with the actual state. Whereas for the corrected
model D, the track lengths of the inner and outer layer
keep similar equality, and the appearance is actually full
and smooth, and consistent with the actual state.

of anrt/((/

T S T

N <4

el pe (L ETI e (L

Fig. 14. Equivalent stress distortion in the inflation process of
a rolled model. Model C is at the top while model D is at the
bottom

The element size contrast of the inner and outer
mesh with and without correction is shown in (Fig. 15).
For the size of the inner element, models C and D both
remain almost unchanged. However, for the outer size,
model C has an error of 5.9%, while the error of model D
is just 0.35%. It is obvious that the accuracy is greatly
improved.
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Fig. 15. Error analysis of the element size. Model C is on the
left while model D is on the right

6. Conclusions

The inevitable initial errors and mesh distortions gen-
erated by the modeling of folded space inflatable struc-
tures will with no doubt affect the accuracy of numerical
calculations of inflation deployment. Aimed at this key
technical problem, the initial stress correction method
is proposed in this paper. Also, the inflation deployment
numerical calculations of Z-folded and rolled tube mod-
els are taken as examples to validate the reliability and
the accuracy of this method. The distinct advantages of
the correction method can be summarized as follows:

1) the operation is easy while the effect is obvious.
The accuracy of numerical calculations can be
greatly improved by applying this correction
method;

2) as long as the topological relationship remains
unchanged in the modeling process, the model
before folding can be used as the reference con-
figuration and the folded one can be used as the
mapping configuration. Therefore, the mapping
relationship can be easily established;

3) essentially, the initial stress correction method
is based on finite element theory, so it is not in-
fluenced by the complexity of modeling, and it
can be applied to either complex structures or
structures demanding a high precision.

The correction method proposed in this paper is a
complement for the modeling of folded space inflatable
structures. It is significant for improving the precision of
the inflation deployment numerical calculations of space
inflatable structures.
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