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A novel method of continuously attaching thin films to deployable thin shell structures,
allowing for widely different coefficients of thermal expansion, is presented. This paper proposes
a double s-spring border that exhibits a local post-buckling behavior and provides a tunable
continuous edge attachment method that can maintain constant preload under large thermal
strains. The mechanical behavior of the double s-spring under different mechanical loading
conditions is studied both numerically and experimentally.

I. Introduction
Thin films made of Kapton, Mylar, or multilayer membranes perform necessary functions as photovoltaic, structural,

reflector, insulation, and transmission devices. Examples include deployable solar sails such as IKAROS and LightSail,
space telescope sunshades such as in JWST, and space based solar power satellites [1–6]. A specific focus of this
research is the Caltech Space Solar Power Project (SSPP), which uses thin films to achieve a multifunctional large area
space structure with solar cells and phased RF transmitters that require high surface accuracy [7].

Previously, thin films have largely been mounted using different types of direct attachments, constant force cable
tensioners, or corner localized springs [3, 8–10]. These methods lead to observable disadvantages, such as wrinkling,
which can lead to structural damage and/or the loss of surface accuracy[11, 12]. Mounting films by utilizing springs
only in the corners of a film also results in areal loss if the film edges have to be shaped to prevent wrinkling. Also,
there is a high failure potential due to a low number of attachment points. An established way of providing a continuous
attachment is a shear compliant border as described by Leifer, which involves cutting thin, parallel rectangular segments
out of the edge of a film [13, 14].

In order to maintain surface accuracy and address issues exacerbated by large differences in coefficients of thermal
expansion (CTE), thin films must be prestressed. This issue is especially challenging when trying to directly attach films
to a supporting structure in order to maximize the surface area. For ultra lightweight structures, such as the Caltech
SSPP structure that utilizes a ladder of carbon fiber square frames shown in Figure 1, this leads to manufacturing
challenges. Thus, in order to develop large scale deployable space structures, it is necessary to have more effective
methods of continuously attaching thin films.

The inspiration to solve this challenge was found by looking at recent studies of kirigami and other styles of cutting
patterns to make structured two-dimensional metamaterials with desirable properties. A variety of such patterns is
shown in Figure 2. For our application, kirigami sheets (used as springs) and Miura-Ori inspired square cutting patterns
(Figure 3) are of particular interest [15, 16]. They exhibit interesting force responses under uniaxial tension: an initial
buckling load is reached, the film buckles locally and deforms in a soft manner until fully extended, and then resumes
further elastic deformation. This is a desirable behavior as a relatively constant force can be maintained for large
deformation after buckling.

However, in the case of these two existing cutting patterns, there are a few disadvantages that make them unsuitable
for mounting thin films on space structures. The local buckling phenomena oftentimes result in out of plane offsets for
the film, which lead to surface inaccuracies and can initiate wrinkling. Also, these patterns only maintain this behavior
under uniaxial stretching, whereas accommodating thermal expansion also necessitates lateral motion. Therefore, a
kirigami spring, as shown in Figure 3, is only effective as a corner spring, and not as a continuous support for an entire
thin film edge. Additionally, in the case of the kirigami springs, the cutting pattern requires a high modulus material
such as steel to carry adequate levels of prestress, but the square pattern is too stiff even for commonly used thin films
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Fig. 1 SSPP square unit cell showing a thin film mounted with double s-springs.

Fig. 2 Common kirigami patterns.

such as Kapton and Mylar. Finally, these patterns make sharp cuts in the film, which can easily tear under load. Hence,
a new cutting pattern was envisioned for this application.

II. Double S-Spring Pattern
In order to overcome the limitations described above, the "double s-spring" pattern pictured in Figure 4 is proposed.

It consists of a single B-spline, rotated 4 times to define a unit cell of two intersected "S"’s. In practice, corner fillets
are introduced where the splines meet in order to prevent stress concentrations that lead to localized tearing. These
proposed springs are sufficiently stiff to support the pretension of membranes, although tolerant of stretch variations,
and robust enough to survive space based applications since their design prevents stress concentrations and distributes
loads effectively.

The spring geometry is controlled by three main parameters: the coordinate of the B-spline’s control point, the
width of the ribbon, and the overall length of the unit cells. This makes it easy to tune and adapt to local features of
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Fig. 3 Kirigami sheet spring (left) and square (right) cutting patterns under small uniaxial tension.

the thin film, such as electronic components that may emit more heat but require lower prestress. It is also simple to
manufacture via laser cutting.
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Fig. 4 Single double s-spring unit cell.

The double s-spring works by mechanically stretching until there is enough tension to form a local buckle, which then
begins to twist the legs of the "S" out of plane. Once this motion is initiated, the spring can sustain large displacements
with relatively negligible force increases as it continues to deform elastically, similar to a ribbon twisting. The edge of
the pattern remains approximately planar. Once the "S" has been fully extended, the pattern begins to stretch once
again. In Figure 5, regions associated with these behaviors have been highlighted. The force vs. displacement graph in
Figure 8 shows the overall response.

The experimental and numerical results presented in the next section indicate that, due to the large displacement
capacity of the localized post-buckling behavior, the double s-spring cutting pattern can be used to achieve relatively
constant and uniform biaxial stress states in thin films.

III. Numerical Characterization of Double S-Springs
To investigate the double s-spring’s nonlinear and coupled behavior, its in-plane force response was characterized as

a function of both x and y deformations for a series of parameters. This analysis was done by writing a Matlab script
to generate the geometry, importing it into Abaqus 2024, and conducting a post-buckling response analysis. For the
example presented, the parameters in Table 1 were used, with the thin film modeled as Kapton, and the cutting pattern
design shown in Figure 6.
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Fig. 5 Mechanics of the double s-spring pattern with the "S" highlighted in blue. A tessellated series of unit
cells (left) is stretched by various amounts (right), with the different states corresponding to the regions illustrated
in Figure 8.

Parameter Value
Unit Cell Size 5 mm

Control Point Coordinate (3.6,3.2) mm
Ribbon Width 0.6 mm

Thin Film Modulus 2.67 GPa
Poisson Ratio 0.34

Thin Film Thickness 0.05 mm
Table 1 Selected design for numerical characterization example.

The pattern uses a width of two unit cells in the x-direction. Two unit cells were chosen to keep the areal loss
minimal, but still retain full functionality of the attachment scheme. Once a .dxf file was generated and imported into
Abaqus, a planar geometry was generated in 3D using S4R elements. A buckling eigenvalue analysis was carried out
with a small load initially applied along the edge in the x-direction. The edge region adjacent to the double s-spring
region was held fixed against translations in the x- and y-directions. The resulting first 10 buckling eigenmodes were
then seeded into the model as imperfections using the *IMPERFECTION command to carry out a post-buckling study,
with a maximum imperfection magnitude of half the thickness of the thin film. A mesh convergence study was done for
both of these steps, and a mesh element size of 0.1 mm was chosen for the double s-springs and a 0.5 mm element
size was chosen globally. An imperfection sensitivity analysis was also conducted, with <3% maximum deviation in
the force response observed in the post-buckling analysis between all different types of imperfections. Hence, a set
of imperfections that yielded post-buckling behavior closest to experimental observations was chosen. As part of the
characterization, it was also observed that the average force per unit cell converges for a length of 12 unit cells in the
y-direction, which is the pattern shown in Figure 6.

The post-buckling analysis consisted of multiple repeated steps. First, the thin shell springs were stretched in the
x-direction by 2 mm (20% stretch), since this is approximately where the spring begins to enter the third elastic regime
described in Section II. Additionally, assuming a 20 ppm/◦C coefficient of thermal expansion, this the maximum amount
of displacement a 1 meter film would need to accommodate at each edge, assuming a 200 ◦C temperature change. Then,
the spring was sheared by +/-0.5 mm in the perpendicular direction, and returned to a no shear condition. After this,
the x-direction stretch was decreased, and the process was repeated. This was done to ensure that the loading and
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Fig. 6 Double s-spring design for numerical characterization example.

Fig. 7 Force response for the example double s-spring design, under x extension and y shear.

unloading curves match. In the case of the double s-springs, no significant hysteresis was observed in any load cycle in
this numerical simulation.

The x-direction and y-direction force responses as a function of the edge displacement are shown in Figure 7. As
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Fig. 8 Numerically calculated elastic force response of uniaxial stretching of the unit cell of double s-springs in
Figure 6. Three roughly linear regions are identified corresponding to pre-buckling, post-buckling, and fully
extended behavior of the pattern.

desired, the force has little variation after the initial buckling load until ∼30% displacement, where it begins to sharply
increase, as shown in Figure 8. Due to the chirality of the double s-springs, there is a slight asymmetry in the force
behavior in the shear direction.

IV. Influence of Design Parameters
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Fig. 9 Effect of shifting the control point location of the example double s-spring on the uniaxial force response.

Since the y-direction force response is an order of magnitude lower than the x-direction forces, the effects of altering
the geometry above of the double s-spring can be seen most prominently in the uniaxial behavior in the x-direction.
Three desirable characteristics can be examined: the force per meter magnitude and force-displacement slope in region
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2, the displacement range of region 2, and the toughness of the double s-spring. Figure 9 shows the general effect
of moving the control point on the uniaxial response, where decreasing the x-coordinate of the control point can be
weakly correlated to increasing the slope of the force response and decreasing the displacement range. This is due to it
increasing the relative "sharpness" of the s-spring bends while keeping the total relative length of the bend the same.
The y control point affects the force response more strongly, where a lower y control point value also increases the slope
and magnitude of the force in region 2, due to it having a greater effect on the total arc length of the "S."
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Fig. 10 Effect of changing the thin film thickness of the example double s-spring on the uniaxial force response.

The uniaxial force response is quite sensitive to the thickness of the film used for a fixed unit cell size. Increasing
the thickness even by a small amount results in a large increase in the slope and magnitude of the force response, and
also drastically decreases the displacement range, as shown in Figure 10.
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Fig. 11 Effect of changing the ribbon width of the example double s-spring on the uniaxial force response. The
results from both the purely elastic and plastic numerical material models are shown.

The effect of varying the width of the double s-spring ribbon is shown in Figure 11: the thicker the ribbon, the
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higher the force per meter and the lower the displacement range. However, the width of the ribbon also has the greatest
effect on the toughness of the double s-springs, as discussed in the following section.

V. Toughness
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Fig. 12 Effect of changing the ribbon width of the example double s-spring on the toughness and yield load.

The toughness of the double s-spring was evaluated with the *Plastic option in Abaqus, and verified experimentally.
In this study, toughness is defined as the total amount of strain energy the double s-springs undergo before plastic
yielding is observed on any part of the film, since after this point, the loading curves will change, and additional
stretching will cause permanent deformation. Polymers like Kapton are ductile, and the yielding behavior can be difficult
to analyze since the material may only visibly fail at very high displacements, despite suffering local deformation.
Material properties for the Kapton 3% yield point were used [17]. The comparison for the uniaxial loading curves
between the plastic and the elastic models in Abaqus for a series of various spring ribbon widths is shown in Figure 11.
Figure 12 shows that despite lower spring widths having more desirable force response curves and higher toughness, a
lower maximum load can be sustained. This higher toughness is somewhat counterintuitive as more material is cut away
for lower width springs. However, smaller widths behave less stiffly and more like ribbons, resulting in less localized
strains.

Two types of experiments were done to verify the double s-spring behavior based on the parameters in Table 1.
Samples were manufactured via a laser cutter from Kapton. Due to the thinness of the Kapton and the curved geometry
of the springs, there were sectors where the dwell time of the laser was relatively longer, more material was ablated,
and a slightly lower width than specified occurred. In the first experiment, ten samples were stretched on an Instron
material testing machine continuously to failure. The averaged measured response is shown in Figure 13. The measured
behavior falls between the 0.5 mm and 0.6 mm width parameters due to the imperfections introduced in the laser cutting
process. The second type of experiment stretched the samples by increasing amounts to see the effect of plastic yielding
on the uniaxial force response, and verify where plastic deformation starts. Figure 14 shows how the loading path has
changed for a locally yielded spring after increasingly larger previous displacements. Changes to the loading curve
are observable after ∼0.8 mm of displacement, similar to what is predicted by the Abaqus plastic model for a 0.6 mm
width ribbon. The effect of the localized plastic deformation is especially evident once the spring has been stretched
into region 3. The localized deformation acts as a large imperfection, eroding the sharpness of the transition between
region 1 and region 2. However, the tail end of each curve falls onto the curve of the first experiment, as expected,
suggesting that additional cycles that reach the same maximum displacement do not immediately cause further localized
deformation. Additionally, the slope of region 2 is not significantly affected, meaning that the performance of the double
s-spring is also not significantly degraded if the spring is stretched to prestress a structure.
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Fig. 13 Averaged experimental uniaxial loading response of the double s-spring compared to the numerical
plastic model. Snapshots of the spring are shown for displacements of 0 mm, 1 mm, 2 mm, 3 mm, and 3.5 mm.
Thhe last value is right before total failure occurs, and the pattern tears in the middle.
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Fig. 14 Experimental measurements showing the effect of small and large amounts of localized plastic yielding
on the uniaxial loading curve of the double s-spring.

Finally, an experiment was done to demonstrate that pretensioned films attached with double s-spring connections
minimize wrinkling in mounted thin films. A 200 mm by 200 mm square of 50 𝜇m thick Kapton had a 10 mm wide
border of double s-springs cut into each edge, speckled with a permanent marker, pretensioned to a force of 6.6 N/m
on each side using a series of weights and pulleys, and then bonded to a carbon fiber composite structure similar to
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Figure 1. Digital image correlation (DIC) was then used to get a precise measurement of the surface of the membrane.
The maximum variation in the uncut membrane surface was observed along the edges, with amplitudes of <100 𝜇m, or
less than twice the thickness of the film, demonstrating that a thin film prestressed with double s-springs undergoes no
visible wrinkling.

VI. Conclusion
Double s-springs, inspired by kirigami cutting patterns, offer a unique, thermally stable solution for continuously

attaching thin films onto space structures. Unlike previous patterns found in the literature, they avoid sharp cuts and large
out of plane buckling. This leads to them being able to handle large local strains, global displacements, and prestressing
without tearing, as well as maintaining biaxial prestress and high surface accuracy under thermal strains. They are
shown to minimize areal loss, be easily manufacturable, robust, and widely adaptable for a variety of potential scenarios
through a small amount of tunable parameters. A numerical characterization and analysis of their multidimensional
behavior was conducted. The y-direction behavior is beneficial, as it is a relatively low force compared to the x-direction,
and two sets of opposing patterns can be used on a single edge to help better maintain constant biaxial prestress and
deter subsequent wrinkling. The effect various tunable parameters on the dominant behavior of the double s-springs
was also discussed, and they were shown to have a high toughness. The study of these parameters showed clear design
optimization trade-offs, such as more stiff springs typically having lower maximum displacements, and springs that were
able to withstand higher strain energy before plastically yielding having lower yield forces. Experimental performance
of the double s-springs was found to be well predicted by numerical simulation, and used to further investigate the effect
of localized plastic yielding, showing that double s-springs remain functional even despite local deformations. It was
also shown experimentally that their multidimensional behavior successfully minimizes the formation of wrinkles under
prestressing.

Besides providing a thermally stable continuous edge connection for pretensioning, double s-springs show merit in
other space based applications. Their ability to facilitate high displacements and strains lends itself well to folding
structures, such as the composite toroid, where traditional methods would either be too bulky or fail during packaging
[18]. Their tunability also allows for thermally dissimilar or active elements to be accommodated by varying the double
s-spring unit cells adjacent to them, such that stresses are distributed evenly, or in the case of more fragile components,
diminished. Furthermore, double s-springs can be placed not just along the edges of a membrane, but utilized throughout
to help further support and decouple components.

Future work entails employing a reduced-order model to further investigate the effects of double s-springs on
supported films and mounting structures. Due to the thinness of the ribbons that make up the springs, they require many
mesh elements to define a full-resolution model, even when using 2D shell elements. In the example presented in section
III, each unit cell shown required 999 elements. For a 1 m × 1 m structure, this means that 1.6 million elements would
be needed just to model the double s-spring pattern (ignoring the film or frame), and large scale simulations would
be very expensive. CONN3D2 elements can be used in Abaqus to capture the multidimensional behavior of double
s-springs and greatly increase computational efficiency, and thus help further guide the optimization of the parameters
presented, as well as investigate other parameters such as the effects of the unit cell size and material modulus. Finally,
experimental testing of the double s-spring under thermal loading may be done to determine the cyclic durability under
extreme conditions, for which a creep model may also be developed.
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