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Abstract. Current gossamer space structures such as solar sails usually rely on
bracing structures, inflation gas, or centrifugal force to deploy and maintain a
structural shape, which leads to a system that is sometimes complicated, while a
concise system can be achieved if the gossamer structure could self-rigidise and
support load. The present study proposes a self-folding polymer membrane based
on space-qualified materials and is potentially mass-producible by industrial roll-
to-roll processes. It can permanently transform a flat gossamer membrane into a
load-bearing 3D configuration when heated by sunlight in space, while the folding-
induced shape bifurcation and buckling are prevented using a kirigami hinge design.
The shape transformation is demonstrated in lab by a tubular and an origami struc-
ture that are formed from a flat membrane when heated to 82�C in oven. Thermal
radiation analyses have also verified the feasibility of sunlight-activated folding in
space when vapour-deposited metallic coatings are applied onto the hinges. The
proposed material o↵ers a new generation of gossamer space membrane that can
automatically morph from a stowed configuration to a load-bearing structure, and
potentially provide built-in functionalities.

Keywords: active material, smart material, morphing, bi-stable, meta-structure,

kirigami
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Nomenclatures

D: flexural rigidity

E: Young’s modulus

I: second moment of area

Q: heat transfer

qs: solar constant = 1.36 kW/m2

T : temperature

↵: surface absorptivity

✏: surface emissivity

�: Stefan-Boltzmann constant = 5.67⇥ 10�8 W ·m�2 ·K�4

1. Introduction

Various space missions require the deployment of gossamer structures, or in other

words, large structures with high flexibility and ultra-low-mass [1, 2], such as

the reflective membrane of solar sails [3, 4], drag sails [5], and reflectors for

communication antennae or space telescopes [6, 7]. Due to the very limited flexural

rigidity of thin membrane materials, their in-space deployment is usually achieved

using rigidisable deployable booms that drive the unfolding and constrain the out-of-

plane deflection during deployment, whilst achieving load-carrying capability when

fully deployed [8]. E↵orts have also been made to let the membrane deploy and

support itself without bracing structures: the fibrous material called microtruss

fabric can elastically return to a flat shape when unrolled from a mandrel, while

having low surface density owing to its porosity [9]; inflatable structures utilise an

inflation gas to carry compressive structural load and a bladder made of membrane

material to carry tensile load [10, 11]. Alternatively, centrifugal force has been

proposed to deploy and sti↵en gossamer structures, including antennae and solar

sails [12, 13, 14]. Such a centrifugal deployment removes the bracing structures and

therefore significantly reduces the structural mass and improves packing ratio, though

the structural dynamic behaviours can be complicated and problematic [15, 16].

Furthermore, it has also been reported that a self-rigidisable membrane material

could assist the structural performance of those deployable structures: inflatables

could benefit from self-rigidising composite bladders that allows the structure to
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stay rigid after inflation without maintaining the gas pressure [17, 18, 19]; heliogyro,

a helicopter-rotor-like centrifugally deployed solar sail could use reinforcing battens

to improve dynamic behaviours [20], and a self-assembling batten structure, which

utilises a sheet material that automatically rolls up into a slender tube due to residual

stress, has been proposed [21].

On the other hand, self-folding sheets based on smart materials which fold up

along pre-defined hinges under external stimulus have attracted great interests from

researchers during the last decade, as it provides a method to convert a 2D sheet

into a 3D device. Such a device not only achieves load-carrying capacity, but also

could provide highly design-able behaviours and serve as a building block of future

meta-structures [22, 23, 24, 25, 26]. If mass-produced using space-grade materials, it

could lead to a new generation of deployable gossamer structures with self-rigidising

features and potentially more built-in functionalities. As an example, previous study

has proposed an origami-inspired meta-structure reflector for heliogyro solar sail,

which can be formed by folding a 2D film. Utilising its tuneable optical properties

and enhanced structural rigidity, a concise and robust heliogyro system with passive

self-regulation can be realised [27].

Figure 1: Activation of an isotropic bilayer sheet leads to bifurcation, creating

di↵erent folded shapes; the white layer is isotropically shrinking.

Self-folding is usually activated using active materials that expand/shrink when

stimulated by heat, light, moisture, etc., while the folding (i.e. bending) deformation

is achieved by di↵erential expansion/shrinkage through the sheet’s thickness. Such
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a di↵erential activation can be realised by either an unsymmetrical stimulus [28]

or a double-layer material layup [22, 29, 30, 31]. Meanwhile, the folding induced

by an isotropic expansion/shrinkage with a through-the-thickness gradient that is

homogeneous across the sheet leads to bifurcation of the final shape (Figure 1),

or in other words, the folding can be along any direction [32, 33]. Therefore, a

precisely controlled crease pattern requires either an anisotropic active material that

expands/shrinks perpendicularly to the hinge line, or an anisotropic flexural rigidity

with softened crease lines.

Homogeneous sheet materials with residual tensile stress, which soften and

shrink when heated up, can be used to construct self-folding devices (Figure 2a). The

temperature gradient leads to di↵erent levels of relaxation (thus shrinkage) through

the thickness and therefore, activates the folding. Meanwhile, the bifurcation shown

in Figure 1 is prevented by localised heating (thus softening) using a laser or light-

absorbing ink [34, 35, 36]. In this case, bifurcation is prevented by anisotropic flexural

rigidity. Alternatively, illuminating the sheet material by an ultraviolet light while

applying a temporary in-plane unidirectional stretch, then the illuminated side will

relax, and a unidirectional compressive stress will build up when the stretching force

is removed. When a photo mask is used to constrain the light on certain crease

lines, the sheet can be “programmed” to fold into a certain shape [37]. In this case,

bifurcation is prevented by anisotropic stress.

Furthermore, various concepts have been proposed utilising a multi-layer

architecture. Thin metallic (chromium, copper and nickel) layers bonded onto each

other using vapour deposition, lithography and electrodeposition could realise a thin

sheet that precisely folds along an origami pattern. The chromium layer with residual

stress left by the deposition process actuates the folding of a copper layer, and an

anisotropic flexural rigidity is built into the sheet using the reinforcing nickel layer

[38, 39, 40]. However, the products are usually at submillimeter size and can not be

easily scaled up. Na, Evans et al. [41] have provided an attractive solution (Figure

2b), where a heat shrinking polymer membrane is sandwiched and bonded between

two thermally stable polymer membranes, making a trilayer structure. Hinges

can be made by cutting o↵ a strip from one of the outer membranes, leaving a

bilayer structure at the hinge. The bilayer parts bend when heated up, while the

trilayer sections are constrained by the thermally stable membranes thus remains

flat. Meanwhile, the removed strip also leads to a region with low flexural rigidity

and prevents bifurcation.
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(a)
(b)

Figure 2: Two types of existing self-folding membranes, (a) folding induced by

di↵erential relaxation through the thickness, (b) folding enabled by multi-layered

structure based on designs from [41].

The present study focuses on developing a self-folding thin membrane that can

be rolled-up into a cylinder to minimise storage volume, then activated by heat

radiation from the sun when unrolled in space. Due to the low sheet thickness and

varying lighting conditions, folding by a di↵erential stimulus through its thickness

(Figure 2a) is not practical, thus a multi-layered architecture is chosen. The trilayer

sheet (Figure 2b) developed by Na, Evans et al. [41] o↵ers a viable solution, but

a heavier structure compared to Figure 2a, which makes it unsuitable for certain

applications such as solar sails [3].

In the present study, a self-folding Mylar/Kapton composite laminate with

kirigami hinges is designed while keeping space application and industrial production

in mind.

2. Design of the self-folding kirigami hinge

The proposed design uses a thermally stable DuPontTM Kapton R� membrane as the

substrate. An isotropic heat shrinking DuPontTM Mylar R� HS film (supplied by UK

Insulation Ltd) is the active layer, which is bonded onto the Kapton using 3MTM

Adhesive Transfer Tape 966. The properties of the three materials are listed in Table
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1 according to manufacturer datasheets. Kapton R� is a polyimide, and DuPontTM

Mylar R� is made from stretched polyethylene terephthalate (PET), both have been

used in space applications. Mylar R� HS, where “HS” stands for Heat Shrink, is not

heat stabilised and will shrink with considerable force when heated up. The 3MTM

Adhesive Transfer Tape 966 is made from 3MTM High Temperature Acrylic Adhesive

100, which is a gel-like soft material with low “outgassing” properties.

Table 1: Materials associated with the presented self-folding membrane design.

Material Tg/
�C Thickness Modulus/GPa UT Strength/MPa UT Elongation Shrinkage/% Operating temp.

KaptonR� HN 360⇠410 25 µm
5 (-196�C) 300 (-196�C) 19% (-196�C) 0.17 (150�C)

-269⇠400�C2.5 (23�C) 230 (23�C) 72% (23�C) 1.25 (400�C)
2 (200�C) 140 (200�C) 83% (200�C)

MylarR� HS 80 16 µm 3.1 (23�C) 210 (23�C) 115 (23�C)% 50 (100�C) -

MylarR� 80 12-38µm
6.9 (-70�C) 200 (-70�C) 55% (-70�C)

1.8 (150�C) -250⇠200�C3.4 (23�C) 160 (23�C) 104% (23�C)
0.14 (200�C) 70 (200�C) 135% (100�C)

966 acrylic - 60 µm gel-like - �100% (23�C) - -40⇠232�C

In the present design, Mylar HS is only placed where it is needed: on the

kirigami hinges, which guarantees the highly e�cient use of the material. Bifurcation

is prevented by kirigami structures in the Mylar and adhesive layers that allow the

stress along the hinge line to relax, providing a near unidirectional shrinkage that

drives the folding. As shown by Figure 3a, a strip of Mylar HS is bonded onto

Kapton using the acrylic adhesive. The adhesive is in the form of a transfer tape and

therefore has a consistent thickness. Then, through-thickness slits are cut into the

Mylar and the adhesive layers using an automatic cutting machine (the detailed

process is discussed later in section 3). For the convenience of manufacturing,

the slits are not cut throughout the width of the hinge, so that the Mylar strip

remains continuous. When heated up, Mylar shrinks and opens the slits (Figure 3b),

generating shear strain between Mylar and Kapton, which is accommodated by the

flexible adhesive. The opened slits e↵ectively relaxes the shrinkage along x-direction,

while the relaxation along y-direction is minor since the Mylar strip’s width is higher

than (in this case, three times of) the separation between the slits. The membrane

thereby folds along the hinge under the y-shrinkage without bifurcation.

However, a tape-spring-type buckling [42] has been observed in test samples

(Figure 4a). This is the result of a reversed bending deformation perpendicular to the

hinge line triggered by initial unflatness of the membrane, thus will not occur under

an ideal condition. Figure 4a also suggests that the reversed bending is facilitated by

the slits, which lead to local low bending rigidity and high surface curvature, both



Rigidisation of Deployable Space Polymer Membranes 7

(a) (b)

Figure 3: Schematic draft of the proposed design, containing Kapton substrate and

Mylar HS film bonded together through acrylic adhesive, and slits are cut into Mylar

and adhesive; (a) a kirigami hinge before activation, (b) a kirigami hinge that after

heating, the slits are opened by the shrinking force and the stress along x-direction is

relaxed, creating an anisotropic shrinkage that folds the membrane along the hinge

are adverse to the recovery from the buckled shape.

Therefore, the kirigami hinge is modified with staggered slits (design 2 in Figure

4d) to prevent a through-width reversed bending and thereby reduce its tendency

to buckle. However, fully preventing buckling still requires the membrane to be

generally flat when folding is activated, which is discussed in section 5.

The hinge design shown in Figure 4 provides a hinge folding angle close to 180�,

which is the maximum folding angle that an origami may require. The folding angle

can be seen from Figure 7b.

3. Production of the self-folding membrane

Test samples are fabricated using a partially automatic method. As illustrated by

Figure 5b, the production starts with a Mylar HS film bonded to an adhesive transfer

tape 966 with a liner adhered to the other side (step 1). Then the layup is loaded

onto a CNC (Computer Numerical Control) cutting machine (Figure 5a), which uses

a blade to cut the input pattern (hinges profiles and slits) into the Mylar-adhesive

layers while leaving the liner mostly intact (step 2). After cutting, the unwanted parts

(scrap materials outside the hinge regions, Figure 6b) of the Mylar-adhesive layers

are manually removed, leaving only the hinges (step 3). Then the remaining Mylar-

adhesive layers are transported from the liner onto Kapton using a vinyl transfer

tape with low adhesion (step 4-6). Then the above steps are repeated on the other

side of the Kapton (step 7).
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(a)
(b)

(c) (d)

Figure 4: Design iteration of the kirigami hinge, (a)(b) tape-spring-type buckling of

a design 1 kirigami hinge triggered by a reversed bending deformation along a slit,

viewed from di↵erent angles, (c) design 1 that leads to high tendency of buckling due

to the low bending rigidity along a slit, (d) design 2 with staggered slits that o↵ers

enhanced flexural rigidity and reduces the tendency of buckling.

This semi-automatic method can be converted to a fully automatic roll-to-roll

process. Such a process could enable a cost-e↵ective rapid production of the self-

folding membrane and make its large-scale applications feasible. As shown by Figure

6, the process is based on the same steps as in the semi-automatic method (Figure

5). In order to allow the scrap to be easily lifted o↵ from the liner in step 3, the

pattern cut into the Mylar and adhesive layer in step 2 can be designed to form one

continuous piece of scrap as shown by Figure 6b.

4. Folding behaviour of the kirigami hinge

Folding is activated using an oven where heat is transmitted to the sample by forced

air convection at 85�C, which is slightly higher than the glass transition temperature

of Mylar HS (Tg = 82 �C). It was observed that the hinges without slits failed to fold
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(a) (b)

Figure 5: The semi-automatic method used to fabricate test samples, (a) the CNC

pattern cutting machine, (b) the detailed process steps: 1-Mylar+adhesive layer

prepared on a liner, 2-pattern cut by the CNC machine, 3-unwanted part removed,

leaving only the hinges, 4-transfer tape applied to the top of the Mylar layer, 5-liner

removed from the adhesive layer, 6-Mylar-adhesive layer transferred to Kapton, and

transfer tape is removed, 7-repeating process 1-6 on the other side of Kapton.

(a)

(b)

Figure 6: The fully automatic roll-to-roll production method converted from the

semi-automatic method, (a) the basic process: 1-Mylar rolled onto adhesive on liner,

2-pattern cut by the CNC machine, 3-scrap part removed, leaving only the hinges, 4-

transfer tape rolled onto the top of the Mylar layer, 5-liner removed from the adhesive

layer, 6-Mylar-adhesive layer transferred to Kapton, and transfer tape is removed,

then the process 1⇠6 can be repeated on the other side of the Kapton, (b) a typical

pattern (thick black lines) cut by the CNC machine, which leaves the scrap in one

piece to assist waste removal.

along the hinge line due to bifurcation (Figure 1), while the kirigami hinges folded

successfully after ⇠ 0.5min of heating (Figure 7).
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(a) (b)

Figure 7: Test sample with kirigami hinge with hinge design illustrated, (a) before

heating, (b) after heating at 85�C for 0.5min, the kirigami hinge successfully folds

along the hinge line.

The e↵ect of heating duration is studied by measuring the average shrinkage

of the Mylar HS layer at di↵erent heating times (Figure 8 and Table 2). Results

in Table 2 suggest that the folding is completed after 0.5 min, with no significant

shrinkage observed when heating is extended to 6.5 min. The hinge remains in a

stable folded configuration after repeated heating and cooling, which is crucial for

its space application.

Furthermore, it appears that the shrinkage of Mylar HS has become anisotropic

due to relaxation at the densely distributed slits, with more distortion along the

x-direction. The y-shrinkage is lower since it is resisted by the Kapton film, and

thus induces a higher residual stress after shrinkage. This residual stress enforces a

primary folding direction along the hinge line which prevents bifurcation.

Table 2: Anisotropic shrinkage of the Mylar HS layer evaluated from Figure 8.

Heating time Shrinkage along y Shrinkage along x

30 s 22% 35%

1.5min 27% 39%

6.5min 30% 40%

It worth noticing that the results reported in Table 2 are measured while the
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hinge is held flat. Such constraint will slightly reduce the y-shrinkage, but this does

not a↵ect the discussion above considering the large di↵erences between the x and

y-shrinkage.

(a) (b) (c) (d)

Figure 8: Optical microscopic images of the kirigami hinge (hinge lies along x-

direction): (a) before heating, (b) after t = 0.5min of convective heating at 85�C,

(c) t = 1.5 min at 85�C, (d) t = 6.5 min at 85�C (the dotted lines illustrate the

expansion of the slits due to the Mylar shrinkage), note that the hinge is held flat

while the images are taken.

5. Experiment on a self-folding origami sheet

This section demonstrates that the heat-activated kirigami hinge can be used to

realise a new type of gossamer structure based on self-folding origami. Current

gossamer structures are usually packed and stored as a folded origami, and then

deploy and achieve the target shape under external supporting forces. However, the

folded origami o↵ers limited packing ratio especially for very large membranes, while

keeping the membrane flat and rolling it onto a mandrel could realise the optimum

packing. Therefore, we propose a gossamer structure that is stored as flat by winding

into a cylinder and automatically fold along an origami crease pattern when unrolled

and heated. This is illustrated by Figure 9 (not to scale), where the 2D film is stored

on a mandrel, unrolled, and then folded. As mentioned in the introduction, this

folded 3D configuration not only self-rigidises, but also has the potential to provide

design-able properties and built-in functionalities of origami meta-structures. The
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origami reported in Figure 10 and 11 is based on an optical meta-structure solar

sail reflector reported in a previous study [27]. It is designed to induce tuneable

optical properties while achieving self-rigidisation. This origami uses a rigid-foldable

non-flat degree-four vertex pattern with self-locking behaviour [43, 44, 45], which can

be regarded as a variation of Miura-origami pattern [46, 47]. The detailed design is

available from the previous paper [27].

Folding of an origami is naturally more predictable than a stand-alone hinge,

since origami has limited degrees of freedom (the folding of origami creases are

coupled). However, as shown by Figure 10, the methods preventing bifurcation are

still necessary. The No. 1 membrane in the figure has hinges without slits, and the

origami is barely folded due to the stress concentration in the Kapton regions where

multiple hinges intersect. The No. 2 membrane is similar to No. 1, but holes are cut

into the Kapton layer at the intersections of hinges to prevent stress concentration. It

shows better folding behaviour, but bifurcation occurs in most of the hinges, leading

to shape errors. The No. 3 and the No. 4 (a scaled-up version of No. 3) membranes

use the design 2 kirigami hinges, and both fold as designed.

To prevent the tape-spring buckling as mentioned in section 2, all the samples

shown in Figure 10 are heated while being constrained on a flat plate in order to

guarantee the initial flatness of the membrane. The detailed activation process is

described according to Figure 11. At the beginning (Figure 11a), the membrane is

loosely bonded onto the flat plate at edges while leaving space for shrinkage. Then

the first activation step is carried out by heating the membrane, together with the

plate, in the oven at 85�C for 5min. The membrane is then removed from the oven

(Figure 11b). It can be seen that all the hinges are curved, while no bifurcation

or buckling are observed. Owing to the rigidising e↵ect of the curved hinges, the

membrane can be set free from the flat plate with no risk of further bifurcation or

buckling. As shown by Figure 11c, the origami is cut o↵ from the plate, and then

reheated for another 5min. The final result (Figure 11d) shows that the origami is

fully folded.

The reason why such out-of-plane constraint (from the flat plate) is necessary

is discussed here. Since an ideal origami has only one degree of freedom, while a

flexible membrane has infinite degrees of freedom due to its flexibility, a film with

initial defect is likely to enter a state with a “wrong shape” if no external out-of-plane

guiding force was applied [26, 48]. Automatic recovery to the target shape is hindered

by a strain energy barrier between the “wrong shape” and the target shape [49, 50].



Rigidisation of Deployable Space Polymer Membranes 13

(a)

(b)

Figure 9: Unlike the conventional gossamer structures that are packed as folded

origami and deploy by flattening under supporting forces (as illustrated in (a)), we

propose a new solution (illustrated in (b)), where the gossamer structure is stored

as flat by winding onto a roller, which maximises the volumetric packing ratio; then

released by unrolling, and transformed into a 3D configuration by self-folding; the 3D

structure can be designed to support load, and also provide built-in functionalities

of origami meta-structures (sketches not to scale).

Although the hinge design with staggered slits (Figure 4d) has significantly improved

the resistance to local buckling, it has limited contribution to the overall behaviour

of a complex origami. However, by constraining the out-of-plane deformation (or in

other words, the folding angle), the strain energy barrier between di↵erent shapes can

be reduced [51], thus the target shape, which has the lowest strain energy, will finally
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Figure 10: The self-folding membrane with a 4-vertex origami pattern, where 1: with

no slits in the hinge, which barely folds along the origami pattern, 2: similar to 1

but with holes at the intersections of hinges to prevent stress concentration, which

folds with significant shape error due to bifurcation at hinges, 3: similar to 2 but

with kirigami hinges, which folds as designed, 4: a larger version of 3, which is also

properly folded.

emerge. The speculative discussion above only describes the behaviour superficially,

and more rigorous study is still required to understand such problem.

To summarise, by utilising the kirigami hinge design and keeping the membrane

generally flat during the initial activation, bifurcation and buckling can be prevented.

In real applications, parallel constraining plates, centrifugal force or mechanical

tensioners can also be used to guarantee the flatness of membrane during the early

stage of deployment and realise a flawless folding.

6. Experiment on a self-forming tube

Deployable tubular structures (booms) that can be rolled-up when flattened and

then deploy to achieve high specific structural sti↵ness can be used as a universal

structural element for deployable space structures [4, 8]. In this section, the kirigami

hinge is used to realise a membrane structure that automatically transforms from a
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(a) (b)

(c) (d)

Figure 11: Process to activate the self-folding origami sheet: (a) the membrane is

loosely bonded onto a flat plate to maintain flatness while leaving space for shrinkage

during the initial activation step, (b) after the first hot-air heating of 5min at 85�C,

the sheet shows no bifurcations, and the hinges are slightly curved, preventing them

from tape-spring buckling, (c) the origami sheet is cut o↵ from the plate before

reheated, (d) the fully folded origami sheet after reheated at 85�C for 5min.

flat shape into a tube upon heating. This allows it to be embedded into a flexible

membrane and then deploy to rigidise the gossamer structure. The design is shown

in Figure 12, which consists of two kirigami hinges facing each other. When folded,

each hinge will form one half of the tube that is bonded to the other half using the

acrylic adhesive. In terms of thermal control, the feasibility of self-deployment upon

exposure to sunlight is demonstrated in section 7.

As shown by Figure 13, the formation of the tube is completed in under 1.5min
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(a) (b)

Figure 12: Cross-section of the self-forming tubular structure, (a) before heating, (b)

after heating, the tube is formed with the kirigami hinge folded.

of heating at 85�C, and the resulted structure shows a significantly higher sti↵ness

in both bending and torsion. For instance, as shown in Figure 14, a cantilever tube

made of 25 µm thick Kapton film and 16 µm Mylar that weighs 0.1 g and is 4 cm

long can carry 4 g of load at its tip without any permanent deformation. As the load

increases to 5 g, local buckling is observed at the support end.

(a) (b) (c) (d) (e)

Figure 13: Formation of the tubular structure, (a) beginning of heating, (b) at

t = 0.5min at 85�C, (c) t = 1min at 85�C, (d) t = 1.5min at 85�C the formation

is fully completed, (e) t = 2.5min at 85�C.

7. Analysis of Sunlight-Activated Folding

In space applications, a protective/reflective metallic layer is needed on the polymer

membrane to protect it from environmental attack, improve the tear resistance, and

increase photonic-propulsion when used on solar sails [52]. This section provides a

proof-of-concept thermal analysis, which demonstrates the concept of utilising such

metallic coatings to activate folding in orbital environment by absorbing solar energy.

The orbital thermal condition with the absence of convection is determined by

radiation and conduction only. For a thin membrane facing the sun, the through-
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(a) (b)

(c)

Figure 14: Bending of the cantilever self-forming tube of 4 cm length and 0.1 g

structural mass, (a) initial shape without applied load, (b) the tube deflects under

4 g of load at its tip, (c) the tube buckles locally under a load of 5 g.

thickness conduction is almost instant. Therefore, the temperature of a uniform film

can be treated as homogeneous and determined by radiative heat transmission.

Conventional vapour-deposited metallic coatings can achieve various thermal

radiation properties. For instance, an aluminium coating has a reflectivity close to

90% throughout a wide spectrum including infrared, while a silver coating yields

significantly above 90% [53]. In terms of an emissive coating that helps to radiate

thermal energy away from a membrane for either cooling or heat transfer purposes,

vapour-deposited chromium yields an emissivity of over 20%. While for picking

up heat from the environment, nickel provides a near 40% absorptivity and low

emissivity [54]. Typical coating materials that can be useful for the thermal control

of the proposed membrane are listed in Table 3.

Table 3: Typical coatings useful for the thermal control of the proposed self-folding

membrane [54].

Coating Solar absorptivity Emissivity Typical usage
Vapour-deposited Ag 4% 2% Reflection
Vapour-deposited Al 12% 3% Reflection
Vapour-deposited Ni 38% 4% Absorption
Vapour-deposited Cr 57% 24% Emission & Heat dissipation
Carbon black paint 96% 88% Absorption & Emission

According to the discussion above, the temperature of a single membrane can be

resolved using the equation below [53], which assumes thermal equilibrium between
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radiation absorption and emission:

T = 4

s
↵ · qs

� · (✏1 + ✏2)
(1)

Where ✏1 and ✏2 are the surface emissivities of the sun side and the rare side

respectively. Consider a membrane directly facing the sun on a spacecraft in Low

Earth Orbit (LEO), the solar radiation power density will be qs = 1.36 kW/m2

[53]. Here we provide several examples under this typical thermal control scenario.

Assuming both sides of the membrane are vapour-deposited Al shown in Table 3,

and ignore the dependence of materials properties on temperature, the membrane

will be at 195 �C. Changing the front coating to Ag will reduce the temperature to

99 �C. Such configurations can activate folding as the membrane temperature is well

above the glass transition point of Mylar HS (Tg = 82 �C) to initiate shrinkage. In

case a lower operating temperature is required, a vapour-deposited Cr coating can

be used on the rear surface, which could reduce the membrane temperature of an

Al-coated membrane to 48 �C. Under such condition, the kirigami hinges need to be

covered by light-absorbing materials on the sun side to activate folding. This can be

achieved using the carbon black paint on top of the hinges, which leads to a hinge

temperature of 106 �C.

Figure 15: Thermal condition of two overlapped membranes with a gap in between.

Certain designs such as the self-forming tube discussed in section 6 (Figure

12) may use overlapped membranes with a gap (which is vacuum) in between, as

shown schematically in Figure 15. Considering the thermal equilibrium of the whole

structure, the absorbed solar energy equals the total radiative cooling, i.e.,

Qsun = QI +QII (2)
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Thus we have,

↵ ·W = �✏1TI
4 + �✏4TII

4 (3)

The thermal equilibrium of the rear membrane alone, is given by:

QI�II = QII (4)

According to literature [55], QI�II represents the radiative thermal transmission

between two infinite planes and has the expression:

QI�II =
�✏2TI

4 · ↵3 � �✏3TII
4 · ↵2

↵2 + ↵3 � ↵2 ⇥ ↵3
(5)

It should be noted that the radiation spectrum between the two membranes is

very di↵erent to solar spectrum, and the absorptivities from Table 3 do not hold. For

simplicity, assume the coatings on both sides of the gap in Figure 15 are identical,

while the emissivity and absorptivity are the same for the surfaces with the same

coating at similar temperatures: ↵2 = ↵3 = ✏2 = ✏3 = ↵ = ✏, an Ag front coating

and an Al back coating are used. Then the membranes temperature TI and TII can

be evaluated using Eq. 2-5. The result (Figure 16) suggests that self-folding upon

exposure to sunlight, which requires TI > 82 �C and TII > 82 �C, can be achieved

with a wide range of absorptivity and emissivity (↵, ✏ > 0.1).

Furthermore, the vapour-deposited metallic coating changes the flexural rigidity

of the polymer membranes and thus the resistance to folding. Consider a Kapton

film with 100 nm Al coating on both sides, then assuming 70 GPa and 2.5 GPa

Young’s modulus for Al and Kapton, respectively, the flexural rigidity, D of the

coated and uncoated film can be evaluated according to Euler-Bernoulli linear beam

theory, where I is the second moment of area (geometric parameter) [56]:

Dcoated = EAlIAl1 + EkaptonIkapton + EAlIAl2 (6)

Duncoated = EkaptonIkapton (7)

The ratio between the flexural rigidity,Dcoated/Duncoated, is then plotted in Figure

17. It can be seen that the e↵ect of coating on the membrane’s bending rigidity

increases with decreasing Kapton thickness. The rigidity ratio is 1.47 for the 25 µm

Kapton used in the present study, and such coating will have no significant e↵ect on

the self-folding behaviour of the proposed polymer membrane.
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Figure 16: Temperature of two overlapped membranes, TI and TII plotted against

the absorptivity ↵ and emissivity ✏ of the coatings on both sides of the gap between

the membranes, showing that the glass transition point of Mylar HS, Tg = 82 �C can

be reached with ↵ and ✏ > 0.1.

8. Summary

Self-folding membrane that can permanently fold along complex crease patterns when

heated up to a certain temperature is designed and fabricated. It is based on a

thermally stable Kapton substrate, and folding is activated by an isotropic heat

shrinking film, Mylar HS, which is bonded along the hinges using a flexible acrylic

adhesive. The specially designed kirigami hinges have slits cut into the Mylar and

the adhesive layers to relax the stress caused by shrinkage and convert the isotropic

shrinkage to unidirectional (i.e., anisotropic), thereby realise a predictable folding

without bifurcation. In comparison with the existing self-folding membranes, the

proposed innovative design is based on space-qualified materials, and is potentially

mass-producible. It also features weight saving since most part of the membrane is

single layered Kapton and only the hinge region is multi-layered, which is important

for certain space missions such as solar sails.

Test samples of a self-folding origami structure and a self-forming tubular

structure are fabricated using a semi-automated production method that can
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Figure 17: Ratio between the flexural rigidity of coated and uncoated membranes,

Dcoated/Duncoated, plotted against Kapton thickness, assuming aluminium coatings

with 100 nm thickness on both sides of the Kapton film.

potentially be converted to an industrial roll-to-roll process. Tests carried out in

an oven suggest that the kirigami hinge design, as well as the actuation process that

keeps the membrane generally flat during the deployment has successfully prevented

bifurcation. The 2D membranes were successfully transformed into 3D structures.

Furthermore, thermal radiation analysis has demonstrated that the folding

can be activated using sunlight in a space environment by applying conventional

spacecraft thermal control coatings onto the membranes. This creates a di↵erent

type of deployable gossamer structures: when stored, the flexible membrane can be

winded up into a cylinder instead of packed as a pre-folded origami, which potentially

saves stowage volume and allows simpler packaging process; for deployment, the

membrane is released from the package and heated by sunlight, which activates the

folding along a pre-defined crease pattern. The folded membrane not only achieves

self-rigidisation, but could also serve as a building block of future origami meta-

structures with various design-able behaviours and built-in functionalities.
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