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Quasi-static Deployment Simulation of a Kapton 

Polyimide Creased Unit 

 

 

 

  

Abstract— When thin-film membranes are folded, the 

resulting creases alter the physical state and material properties 

of the overall membrane structure. Characterising the 

mechanics of these creased membranes plays a significant role 

in predicting their deployment force and deployed 

configuration. According to previous studies, the hinge response 

at a crease during the deployment could be best characterised 

by a rotational spring, whose nature of stiffness should be 

determined via physical experiments.  In this study, a quasi-

static deployment simulation for a Kapton polyimide creased 

unit was carried out using Abaqus/Explicit package to study the 

applicability of crease idealisation in the presence of an 

intersection of creases. Crease stiffness obtained for a single 

creased specimen from a displacement controlled experimental 

study developed by previous researchers was implemented as 

the rotational spring stiffness in the numerical model. The 

accuracy of the numerical study was verified by conducting the 

same experimental study for the creased unit. The simulation 

developed in Abaqus/Explicit environment was able to capture 

the deployment response observed in the physical experiments, 

in terms of maximum deployment ratio and shape on 

incorporating the effect of gravity to the simulation. 

Keywords—thin-film membranes, crease idealisation, crease 

stiffness, waterbomb base, quasi-static deployment.  

I. INTRODUCTION  

Deployable thin membrane structures are becoming 
increasingly popular, especially in the aerospace industry due 
to their high packaging efficiency and deployment reliability, 
which facilitate the ease of transportation. High area-mass 
ratio, small packaged-volume and flexible behaviour of thin 
membranes is being increasingly utilised by the aerospace 
industry owing to their significant sizing requirements in the 
range of hundreds of meters and the low areal density and 
weight requirements for launch and during flight. Solar sails, 
deployable sunshields, reflectors, and inflatable telescopes are 
some innovative gossamer structures employing large areas of 
membranes for collecting a higher quantity of flux and 
receiving a higher spatial resolution of signals transmitted 
from space due to the higher aperture offered. The 
introduction of folds or “creases” solved the fundamental 
problem of enclosing membranes having large spans in 
compact stowage spaces of transportation vehicles, to be later 
unfurled to their full dimensions for their designated purposes. 

Creasing involves permanent, non-recoverable, and 
localized plastic deformations which alter the material 
property and the geometrical configuration. Therefore, these 
creases significantly influence the final deployed 
configuration and the force required for the deployment [1]. A 
deep understanding of the mechanics of the creased membrane 
is crucial to prevent complexities in deployment and potential 
damage.    

Underlying mechanics associated with deployment of a 
creased membrane are two-fold: at first membrane undergoes 
self-opening behaviour as soon as the creasing load is 
removed to achieve its stress-free stable configuration referred 
to as Neutral state [2] and then an external force needs to be 
applied to achieve its fully deployed configuration [3] which 
can be referred to as forced opening. Investigating the 
deployment behaviour of thin membrane structures through 
numerical modelling in a virtual environment was considered 
as a feasible solution because physical testing is quite 
challenging, since the process of replicating the features of 
space environment, viz; reduced gravity and vacuum tends to 
be tedious and costly [4], [5].  

Crease idealisation plays an important role to minimize the 
computational cost in simulating the deployment of structures 
such as solar sails with millions of creases. Even though 
numerical modelling is preferred as a viable tool, the 
experimental study conducted in this regard is utilised to serve 
two main purposes, viz: characterising the crease-line 
properties for idealisation and validating the applicability of 
the simulation technique. The main limitations identified in 
the experimental setup developed in [6] were the insufficient 
sensitivity of the load steps and the absence of a method for 
controlling the deployment of creased membrane. Subjecting 
creased specimens to external loading by controlling the 
displacement of the membrane was identified to be a plausible 
alternative in this regard, in the form of an improved setup [7] 
capable of ensuring proper alignment and boundary 
conditions of the membrane, thereby enhancing the accuracy 
of results obtained via the physical experiments which would 
then be utilised for idealisation schemes of deployment 
simulations in virtual environment. Previous work has focused 
on deployment simulation of single creased Kapton polyimide 
using the results from this improved experimental study [7].  

 In this study, the crease stiffness obtained for a single 
creased 25 μmthick Kapton polyimide from aforementioned 
improved experimental setup was implemented in virtual 
simulation for a creased unit in highly compacted thin 
membrane structures to investigate its deployment behaviour. 
In selecting a crease pattern, the main criteria to be satisfied 
were the presence of a single vertex with intersecting creases 
and a single degree of freedom for deployment. The traditional 
“Waterbomb” base with 6 creases was chosen for this purpose 
as a result, consisting of 4 mountain creases and 2 valley 
creases as illustrated in Fig. 1. The size of the specimen (40 
mm × 40 mm) was chosen so that lengths of the creases are in 
the same order as that of the single-creased membrane 
specimens used in the experimental study [7] for the 
characterisation of crease stiffness (see Fig. 1(a)). Section Ⅱ 
presents the numerical simulation techniques that were used 
to study the deployment behaviour of the creased unit. In 
Section Ⅲ, an experimental study of quasi-static deployment   
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Fig. 1. Schematic diagram of “Waterbomb” base with 6 creases (a) crease 
pattern where solid lines represent mountain fold and dashed lines represent 
valley fold (b) folded configuration. 

process is presented. Section Ⅳ discusses the simulation 
results and comparison with experimental results.  Section Ⅴ 
concludes the paper. 

II. NUMERICAL SIMULATION  

A. Idealisation of Crease-line 

Several attempts have been taken by researchers on 
deriving an accurate representation of the mechanical 
properties along a crease-line [8], [9]. The simulation 
technique where the crease-line is idealised as a rotational 
spring [6], [10], [11], to which the estimated crease stiffness 
can be incorporated is identified to be the most suitable 
approach since it captured the deployment behaviour 
accurately with low computational cost [7]. Following the 
method proposed in [10], the crease line was represented with 
a series of two-node connector elements with zero thickness, 
placed at a reasonable spacing for the purpose of maintaining 
connectivity between adjacent membrane panels (represented 
by Kirchhoff shell elements) and for incorporating the 
rotational elasticity at the crease, see Fig. 2. By the definition 
in Fig. 2(a), the relative rotations about local direction 1 are 
expected to be predominant compared with the other two 
directions due to the plastic deformation and resulting 
weakening of crease material [10]. This analogy aligns well 
with the deployment behaviour of a single creased Kapton 
polyimide film observed in [7]. Fig. 2 (b) indicates how the 
connector element replaces the crease region, with the 
defined local axes representing that of the crease region. By 
imposing kinematic constraints for rotations about 2 and 3  

Fig. 2. Local axes and vector definitions for (a) crease region (b) a connector 
element [10]. 
 

local axes and allowing free rotation of node ‘b’ about the 
shared axis 1, the rotation θ of node ‘b’ relative to node ‘a’ 
could be defined. 

Assuming that the initial angular position of the connector 
is zero at the folded state, the defined rotation 𝜃 equates itself 
to the connector constitutive rotation. Accordingly, the 
kinematic moment 𝑀𝑐 in the connector can be related to the 
internal resistive moment (𝑀𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒) at the crease as in (1).  

 

𝑀𝑐 =  𝑀𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 �̂�1
𝑎                                    (1)                                                 

 

Internal resistive moment developed at the crease on the 
application of an external load is defined as per (2). 

 

𝑀𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 = 𝑘𝑤(𝜃 − 𝜙)                          (2) 
 

where; 𝑘– crease stiffness, 𝑤 – width of the specimen, 𝜙 – 
opening angle at the neutral state. 

B. Finite Element Model of the Creased Unit 

An attempt has been made in this section to simulate the 
deployment of a creased unit (“Waterbomb” base with six 
creases) in a commercially available finite element software 
by incorporating the crease-line mechanics presented in [7]. 
Abaqus/Explicit solver was used because of its proven 
efficiency in solving quasi-static problems with contact, and 
handling discontinuities such as dynamic snapping 
(substantial changes in geometry in a limited time interval) 
prevalent in complex simulations. The geometry of the 
membrane panels separated by creases was created and 
meshed in Abaqus/Explicit itself (see Fig. 3). Linear three-
node shell elements with reduced integration-S3R were used 
to model the membrane panels, considering their suitability 
for simulations of thin membrane structures. The finite 
element model of the creased unit consisted of 3732 shell 
elements and 2570 nodes with the minimum size of the finite 
element being 1 mm, selected via h-refinement method to 
achieve higher accuracy in results. For a specimen of smaller 
size as the one that is chosen for the study, the whole 
membrane undergoes deformation due to the presence of 
mountain and valley creases intersected at one vertex. Hence, 
uniform meshing was selected to account for such effects.     

Modelling the crease initially requires maintaining the 
connectivity between the shell portions using *TIE constraints 
without rotational degrees of freedom. Since Revolute type 
connector elements offer the user with the ability to specify a 
single desired rotational degree of freedom between two 
points [10], its two-node 3D elements (CONN3D2) were 
selected to be used consequently for defining rotational 
elasticity at the crease. A linear *CONNECTOR, ELASTICITY 
behaviour was assigned to the connector elements assuming a 
constant stiffness in both its states of self-opening and opening 
under external loading as presented in (1) and (2). The value 
of 𝑘 obtained for a single crease from the experimental study 
in [7] was used as the rotational spring stiffness (see TABLE Ⅰ). 
Since both mountain and valley creases were observed to be 
contributing to the deployment of the creased unit, the same 
rotational spring stiffness was assigned to both types of 
creases. The arrangement of connector elements at the crease 
was as follows; two shell portions (membrane panels) are  

40mm 

40mm 

(a) (b) 

(a) (b) 



Fig. 3. Finite element geometry of simple creased unit (a) Fully folded state 
(b) Deployed state. 

displaced by a distance equal to the thickness of the membrane 
[6], and connector elements are placed perpendicular to the 
crease-line by connecting the shells at specified nodes which 
are uniformly distributed along the respective lengths. When 
assigning the connector element, it was ensured that the local 
axis 1 of the connector is aligned parallel to the membrane 
edge at the crease, affirming that the opening behaviour is as 
explained in Section Ⅱ (A). 

Material properties of Kapton were defined as presented in 
TABLE Ⅰ, and the contact behaviour between the membrane 
panels was defined by using the General Contact feature for 
the entire membrane, by specifying All* with self. The 
significance of this option in Abaqus/Explicit over surface-to-
surface contact feature is that it automatically identifies 
potential contact surfaces, based on the arrangement of the 
specific model [10]. In terms of the contact properties, 
“Hard” contact property which assumes no friction and no 
thermal interactions between the surfaces was used. 

The boundary conditions of the specimen were modelled 
so that the simulation sequence follows the process of the 
physical experiment carried out. One edge of the specimen 
was restrained with a pinned boundary condition, allowing 
free rotation. The simulation sequence differed from the 

TABLE I.  MATERIAL PROPERTIES OF KAPTON USED IN THE 

NUMERICAL MODEL 

experiment by starting from the fully creased state (neutral 
angle assumed as zero) instead of the neutral angle state. The 
reaction force and displacement at node A were recorded 
throughout the simulation for the purpose of comparison with 
the physical experiments. 

III. EXPERIMENTAL STUDY 

 To validate the reliability of the numerical model 
presented in Section Ⅱ, the experimental study conducted for 
a single creased specimen [7] was reproduced for the creased 
unit as shown in Fig. 4. The simple creased unit (see Fig. 5(a)) 
was prepared by following the same method as followed in 
[7]. Once the pre-creases were obtained as shown in Fig. 5(b), 
the overall specimen in its folded configuration was subjected 
to a creasing pressure by a load of 7.05 kg for a duration of 30 
minutes. The specimen was allowed to attain its initial stress-
free state for a duration of 1 hour, following which it was 
placed in the experimental setup imposing the boundary 
conditions (see Fig. 5(c) and Fig. 5(d)). 

 Care was taken during the experiment to minimise the 
effect of air drag by ensuring the quasi-static nature of 
deployment using lower steps of displacement, at a rate of 1 
mm/step. However, beyond the ratio of deployment (𝐷 𝐷𝑓⁄ ) 

of 0.93, the point of application of displacement was identified 
to undergo axial extension, limiting the maximum opening of 
the specimen to 37 mm at an angle of 1400 -1450 as shown in 
Fig. 4(b). Here, 𝐷 was defined as the vertical distance between 
the pinned and loaded edges and 𝐷𝑓  is the vertical distance 

between the two edges of uncreased specimen (40mm). 

 This behaviour could be attributed to the direction of 
application of deployment force to the specimen. The applied 
direction of loading (vertical) leads to the opening of the 
mountain creases of the specimen, but the overall deployment 
is limited by the lack of opening of the valley creases. It is 
observed that the deployment of the specimen is dominated by  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Experimental setup to investigate the deployment behaviour of creased 
unit (a) Circular scale guide to control the displacement (b) Deployed state at 
the ratio of deployment (𝐷 𝐷𝑓⁄ ) of 0.93. 

Property  Magnitude 

Density (𝑘𝑔/𝑚3) 1420 

Elastic modulus (𝑀𝑃𝑎) 2500 

Poisson’s ratio 0.34 

Rotational spring stiffness (N/deg) 0.0000214 

(a) 

(b) 

(a) (b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Specimen preparation and creasing (a) Specimen with crease pattern 
(b) Pre-creases (c) On achieving initial stress-free state (c) Imposing pinned 
boundary condition at one edge. 

crease actuation of mountain creases up until this limit (with 
no panel bending), following which the deployment of the 
specimen becomes dominated by panel bending about the 
point of displacement application (see Fig. 4(b)). 

IV. RESULTS AND DISCUSSION 

A. Sensitivity of the Simulation for the Creased Unit  

 When utilising an increased load rate for the simulation, 
Abaqus [12] recommends a time scale of 10 times the natural 
period of the system as an initial estimate, since higher loading 
rates have the tendency of amplifying the dynamic responses 
on failure to achieve a compromise. However, for the finite 
element model of the creased unit described under Section Ⅱ, 
a time scale of 4 s was chosen by a trial-and-error process of 
ensuring that the kinetic energy is maintained within the limits 
of 1−5% of internal energy throughout the simulation (see Fig. 
6). It should also be ensured that the generation of any 
considerable inertial effects within the model is prevented 
during the application of the load/displacement. Smooth 
application of load/displacement is imperative for maintaining 
the assumed quasi-static condition in the simulation.  

 

Fig. 6. Comparison of kinetic energy profile with the internal energy profile 
of the finite element simulation for the creased unit 

Fig. 7. Energy variation of the finite element simulation for creased unit 

Accordingly, an amplitude was defined for the loading step of 
the analysis using the Abaqus/Explicit command *Amplitude, 
Definition = Smooth Step, which could eliminate the 
accelerations imposed on the membrane structure at the initial 
and final stages of the step.   

 However, slight peaks were observed in the kinetic energy 
plot during the middle stage of the simulation which indicates 
the requirement for viscous damping for the numerical model 
to be free from instabilities throughout the time scale of 
interest. The deployment simulation of the creased membrane 
indicated dynamic behaviour, which violated its quasi-static 
equilibrium during the loading step of the analysis. Viscous 
pressure loading was applied as the means of damping the 
observed dynamic instabilities in a minimal number of time 
increments. The normal velocity-dependent viscous pressure 
applied on the surfaces is characterised in terms of a damping 
coefficient 𝒸𝜐. This coefficient should be specified such that 
the membrane structure is not over-damped, which would 
lower the accuracy of the analysis results obtained in the 
process. Abaqus [12] recommends an initial estimate for 𝒸𝜐 to 
be a value below 2% of 𝜌𝒸𝑑, defined as in (3).  

 

𝜌𝒸𝑑 =  𝜌√
E(1−𝜈)

𝜌(1+𝜈)(1−2𝜈)
                       (3) 

 

where 𝒸𝑑 is the dilatational wave speed and 𝜌, E and 𝜈 denote 
density, elastic modulus, and Poisson’s ratio of the material of 
the membrane respectively. The value of 𝜌𝒸𝑑 becomes equal 
to 2 × 10-3 for Kapton material (see TABLE Ⅰ) as per the above 
definition. Following an initial estimate of 4 × 10-5 for 𝒸𝜐 (at 
the 2% limit of 𝜌𝒸𝑑 ) and by a trial-and-error process for 
minimising excessive deformations of the structure, 2 × 10-7 
was chosen as the final value for the damping coefficient, 
facilitating quasi-static deployment. The energy balance of the 
simulation is illustrated in Fig. 7. Throughout the simulation, 
the total energy remains close to zero, and the artificial energy 
lies in the range of 1-2 % of internal energy. Negligible 
viscous dissipation energy indicates that the deployment is 
unaffected by the applied viscous pressure. 

B. Comparision with the Physical Experiment 

Fig. 8 indicates the snapshots taken during deployment 

simulation at different ratios of deployment for the model 

after accounting for the gravitational pressure (which affects 

physical experiments). The experiment was concluded at the  

(a) (b) 

(c) (d) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Deployed configuration of the creased unit at the deployment ratio of 
0.93 (a) Numerical study (b) Experimental study 

Fig. 10. Comparison between simulation and experimental results in terms of 
deployment force versus the deployment ratio (𝐷 𝐷𝑓⁄ ) 

point where axial extension of the membrane commenced 

(while the simulation continued), as evident from the 

difference in the shape observed at the end of the simulation 

process. However, deployed shape from the simulation shows 

a good agreement with the experimental observation at the 

ratio of deployment of (𝐷 𝐷𝑓⁄ ) 0.93 as shown in Fig.9. 

The comparison between the results obtained from the 
finite element simulation with the behaviour observed in the 
physical experiment was carried out using the displacement 
achieved by the specimen at each load step, over the full-time 
scale. Simulations were carried out both by considering 
gravitational pressure and without considering gravitational 
pressure, applied with the same smooth amplitude as the 
application of displacement under the load step of the analysis. 
Fig. 10 depicts the deployment force recorded at node A 
plotted against the ratio of deployment, 𝐷 𝐷𝑓⁄  .  

 

 

 

 

 

 

 

 

 

 

Up to 80% deployment, both the simulations with and 
without the effect of gravitational pressure align well with the 
experimental results. Beyond this point, the model with the 
effect of gravitational pressure fails to represent the results 
obtained by the experiment, while the model without the 
gravitational effect indicates lower deployment forces for the 
same ratio of deployment as the experiment. This discrepancy 
may be due to idealisation method not accounting for the 
effect of the vertex in the creased unit – vertex is a significant 
contributor to the higher deployment force required at higher 
deployment ratios, as indicated by the physical experiments. 
In all three plots, an increase in deployment force is observed 
for slight changes in the ratio of deployment at the end of the 
simulation (this is more pronounced in the model without the 
effect of gravity), which indicates that the specimen has 
undergone axial tension at the point of load application. 
However, the model incorporating the effect of gravity 
predicts the maximum ratio of deployment of the creased unit 
correctly at 0.93, as observed in the physical experiments. 

V. CONCLUSION 

This paper has investigated the applicability of crease 
idealisation and the determined crease stiffness for a single 
creased 25μm thick Kapton polyimide film from an improved 
experimental study developed by previous researchers. For 
this purpose, a quasi-static simulation was carried out for a 
simple creased unit based on a traditional “Waterbomb” base 
to predict its deployment behaviour. The sensitivity of the 
simulation results was investigated based on the parameters 
applicable to the Abaqus/Explicit solver, and the simulated 
response is compared with the results of the physical 
experiments carried out via the improved experimental setup. 
Based on the experimental study, the creased unit undergoes 
axial extension beyond the ratio of deployment of 0.93. The 
developed numerical model was able to capture the 
deployment response observed in the physical experiments, in 
terms of maximum deployment ratio and shape once the effect 
of gravity was incorporated into the simulation. This study 
indicates scope for future work in terms of accounting for the 
effect of vertices in the idealisation technique and developing 
an analytical model to predict the effective crease stiffness for 
multiple creased specimens such as parallel and intersected 
creased units.   
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