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Abstract: Conventional twistable structures use discrete parts articulated around a 

number of linkages. These allow only a limited degree of twisting angle, are low in 

storage ratio, heavy and complex in morphing mechanisms. Double-helix structures are 

commonly applied to induce twistable shape-changing capability for deployable 

structures, these being capable of large axial deformations where prestressed thin-shell 

composite flanges or strips are employed; however, their structural stabilities are 

susceptible to thermal effects, and suffer from non-zero Gaussian curvature 

deformation induced by prestressing of the precured flat strips. Here, we propose a 

novel bistable helical structure, where zero Gaussian curvature deformation applies, 

and shows more stable and reliable morphing mechanics for a twistable structure to be 

engineered. This is achieved by exploiting bistable composite tape-spring (CTS) 

structures, where two CTS samples are pin-joined through spokes to formulate a helical 

structure. It is capable of large axial morphing, and stable in both the fully extended 

and twisted configurations, with adjustable storage ratio. A theoretical model was 

established to predict its bistability and a bespoke axial displacement rig was developed 

to investigate its non-linear morphing mechanisms in order to reveal the underlying 

fundamentals. These will facilitate torsional structural design for aerospace deployable 

structures. 
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1 Introduction 

Advanced composite materials have been widely used in mechanical engineering 

applications, especially in the fields of aerospace, medical and renewable energy, due 

to their superior properties in terms of specific strength and modulus, design flexibility, 

and corrosion resistance, etc. [1].  Specifically, bistable or multistable structures can 

be designed and manufactured by using composites which are stable in at least two 

configurations, and endure repeated shape-changing processes when subjected to 

external stimuli [2].  There is growing interest in their applications to aerospace 

deployable structures [3], energy harvesting systems [4], soft actuators and robots [5], 

as well as advanced functional devices [6].   

Bistable composite structures can be produced by adjusting in-plane stress levels 

[7]; these have been reported to be achieved by means of thermal residual stresses [8,9], 

piezoelectric actuator [10], elastic fibre prestressing [11,12], viscoelastic fibre 

prestressing [13,14], prestressing cured composite laminate [15], as well as geometric 

curvature effects [16,17].  In particular, a bistable structure produced by adopting 

geometric curvature effects is known as a bistable composite tape-spring (CTS), which 

is derived from the carpenter’s tape principle [18]: it is stable in both extended and 

coiled configurations with fibres oriented at ±45° [19].  Although bistable composite 

technologies have been a proven technique, only CTS-based morphing structures have 

been applied in aerospace industries: a CTS-based roll-out solar array was launched to 

the International Space Station in November 2017 [20], and subsequently applied on a 

Double Asteroid Redirection Test satellite in September 2022 [21].   

There are growing attempts to reduce weight and complexity for twistable 

structures in aerospace, where composites have also drawn great expectations. 

Conventional twistable shape-changing structures use discrete parts articulated around 

a number of linkages; they allow only a limited degree of torsional angle, are low in 

storage ratio, heavy and have complex shape-changing mechanisms. A double-helix 

composite structure is applied to induce twisting deployable capability, which is 

capable of large axial shape-changing. Lachenal et al. [22] used two prestressed 

precured composite flanges joined together to form a double-helix structure, which 



showed zero stiffness along the twisting axis. Since the I-beam is in a high state of 

elastic strain energy, the initial stable shape is in a twisted configuration, and suffer 

from non-uniform deformation induced by unsymmetric prestressing of the precured 

strips [23]. Subsequently, it is further demonstrated that the stability of the helical 

structure depends on the geometric boundaries and non-zero Gaussian curvature effects, 

indicating an equally un-symmetric force/displacement characteristic of the helix [24]. 

Thermal effects on the stability of the bistable composite helices showed that they could 

enhance the viability of multi-stable composite helical structure [25]. A refined model 

was then developed by considering both transverse curvature and membrane strains, 

associated with non-zero Gaussian curvature deformation, leading to a complex 

interplay between membrane and bending strain energies [26]. The strain energy is 

stored by prestressing precured composite strips, and then connected to spokes, which 

leading to non-uniform and nonlinear distribution of strain energy. Aza et al. [27] 

developed a truss-like compliant mechanism to analyse the factors that affecting 

twisting deformation along the length of the helical structure. Their findings indicated 

that composite layups, friction between spokes and prestressed strips, imperfections 

during manufacturing, as well as the length-to-radius ratio of the helices were all 

contributions to the non-uniform twisting process. 

Therefore, composite-based twistable morphing structures are mainly focused on 

using prestressed composite flanges or strips to construct the helical structures; 

however, they are susceptible to thermal effects [25], and suffer from non-zero 

Gaussian curvature [24]. Here, we propose a novel bistable helical structure with zero 

Gaussian curvature, which shows more stable and reliable morphing mechanics for a 

twistable structure to be engineered. This is achieved by exploiting bistable CTS 

structures, where two CTS samples are pin-joined through spokes to formulate a helical 

structure, which is capable of large axial shape-changing, and stable in both the fully 

extended and twisted configurations. A theoretical model based on the zero Gaussian 

curvature deformation induced inextensional strain energy principle was established by 

considering the helical geometry and composite orthotropy, in order to predict its 

bistability and corresponding strain energy path of the shape-changing process; a 

bespoke axial displacement rig was then developed to investigate its non-linear 

morphing mechanisms in order to reveal the underlying fundamentals. 



2 Theoretical analysis 

2.1 Structural constitutive 

A CTS structure is an open-slit tube with fibres oriented at ±45°.  Its structural 

parameters include tape length, thickness, initial radius, and subtended angle, denoted 

as L, t, R, and β, respectively.  Figure 1 schematically shows typical structural 

configurations of a CTS-based bistable helical structure, associated with its axial shape-

changing under axial displacement or twisting moment in terms of both the twisted 

angle, defined as 𝜑 = 𝐿sin𝜃/𝑟, and the axial displacement per unit length, 𝛿 = 1 −

cos𝜃, as a function of the helical angle, θ (−𝜋/2 ≤ 𝜃 ≤ 𝜋/2).  The CTS-based helical 

structure is composed of two CTS samples, pin-jointed together with rigid spokes, 

where torsional freedom is released in order to be twistable.  Figure 1 (a) presents the 

structural definition of the representative volume unit (RVU), where, a is the unit length, 

and the helical structure technically has infinite numbers of RVU, i.e. the length is 

theoretically 𝑛 × 𝑎.  The length and diameter of the spokes are represented by 2r and 

d0.  Figure 1 (b) gives the extended stable configuration, Fig. 1 (c) is an intermediate 

twisted shape, and Fig. 1 (d) is the fully-twisted stable configuration.   

 



Fig. 1 Schematic diagram of a bistable helical structure based on composite 

tape-springs, showing the axial shape-changing process in terms of 

both the twisted angle, φ, and the axial displacement per unit length, 

δ, as a function of the helical angle, θ; insets present: (a) the 

constitutive definition of the representative volume unit; (b) extended 

stable configuration; (c) intermediate twisted shape; (d) fully-twisted 

stable configuration.   

2.2 Structural bistability 

Bistability of a CTS is a well-known concept; it is governed by material 

constitutive behaviour, initial geometrical proportions, and geometrically non-linear 

structural behaviour. Assuming the shape-changing process of the helical structure is 

inextensional and uniform, the Gaussian curvature remain zero [17]. The inextension 

assumption indicates that the bending strain energy of thin shells dominates the strain 

energy associated with stretching [22,23]. Assuming there is no friction between spokes 

and CTS, effects from pin-jointed holes on structural strain energy are marginal, the 

strain energy, U, of the CTS-based bistable helical structure is: 

𝑈 = 𝚫𝜿T𝐃∗𝚫𝜿𝐿𝛽𝑅 (1) 

where, D∗ = D – BA–1B is the reduced bending stiffness matrix of the composite tape 

with A, B, and D are the in-plane, bending-extension coupling and flexural stiffness 

matrices, respectively, whilst for our plain-weave composite tape with symmetric layup, 

B = 0; a structural ratio, α, is defined as the value of the initial radius R of the CTS to 

the fully-twisted radius r of the helical structure. The change in curvature to any 

configuration of a CTS can be described by a tensor Δκ: 

𝚫𝜿 = [

Δ𝜅𝑥
Δ𝜅𝑦
Δ𝜅𝑥𝑦

] =
1

2𝑟
[

1 − cos(2𝜃)
1 + cos(2𝜃) − 2/𝛼

2sin(2𝜃)
] (2) 

where, Δκx, Δκy, and Δκxy, are the curvature changes in longitudinal, transverse and 

twisting directions, respectively. Eqn (1) is now:  
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The stable equilibrium positions of the bistable helical structure could be obtained 

by minimising the Eqn (3) with respect to two variables, θ and α.  It is worth noting 

that the ratio α is a constant value for any bistable helical structure.  Thus, the helical 

angle θ is the only independent variable of the strain energy U.  Consequently, the 

equilibrium position of the structure is determined when the first derivative of U with 

respect to θ is equal to zero and the second derivative is strictly positive:  
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3 Experimental 

Table 1 shows the material properties of the plain-weave carbon prepreg used in 

this research, which was supplied by Kabenfanbo Composites Co., Ltd., China.  To 

produce a bistable helical structure with three RVUs, two CTS samples and four rigid 

radial spokes with the same geometrical configuration were used.  First, carbon 

prepreg was cut into specific sizes with fibres oriented at ± 45°.  The prepared layup 

was placed between two PTFE coated glass fabric papers, and then gradually wrapped 

and tightened around a cylindrical mandrel by using a heat shrinkage tape.  The mould 

was then subjected to heat treatment under 120 °C for 120 minutes using a fan-assisted 

oven.  Finally, the CTS samples were pin-jointed with the spokes to produce a bistable 

helical structure.  The CTS was typically 250 mm in length, 12.5 mm in initial radius, 

0.18 mm in thickness and subtended 114°; the spokes were 50 mm in length, with a 

diameter of 10 mm, and a radius of 5 mm at both ends.   



Table 1 Materials properties of the plain-weave carbon prepreg.  

Type Specification  

Fabric Fibre Carbon T300-3k 

 Woven Plain-weave 

 Fibre area weight 200 g/m2 

Prepreg Thermoset resin Epoxy WP-R5600W3K 

 Gel time ～798 s @ 120℃ 

 Fibre volume fraction 42% 

Laminate 0° Elastic modulus 57 GPa 

 0° Tensile strength 740 MPa 

 Shear modulus, G12 3.5 GPa 

 Poission’s ratio, ν 0.075 

 0° Compressive strength 670 MPa 

 0° Flexural strength 860 MPa 

 

Fig. 2 Experimental setup of the bespoke axial displacement rig used to 

monitor the shape-changing process of the bistable helical structure.   

A bespoke axial displacement rig was developed to characterise the non-linear 

shape-changing process of the bistable helical structure.  Figure 2 shows the 

experimental setup: the spoke at the left end of the helical structure was clamped 

centrally to a load cell and the right end spoke was connected to a bearing to twist freely.  

A displacing module was employed to apply axial displacement at a constant speed of 

60 mm/min.  The bistable helical structure was tested three times for repeatability; 

axial reaction load was monitored for both the loading and unloading processes.   



4 Results and discussion 

Figure 3 (a) shows a polar plot of the helical structural strain energy U calculated 

by using Eqn (3) as a function of the structural ratio, α, and helical angle, θ.  For the 

fabricated bistable helical structure, α is found to be 0.5: although the real structural 

strain energy does not fall within the local minimum points as demonstrated by the red 

dots, it still exhibits bistability.  Thus, the strain energy path along the contour line 

when α = 0.5 is further demonstrated in Fig. 3 (b), associated with typical shapes from 

a real bistable helical sample.  Although the fabricated bistable helical structure is not 

essentially “stress free”, it is clear that it is stable in both the extended and fully-twisted 

configurations as denoted by points A and C.  Point B is a saddle point, where snap 

occurs when subjected to axial displacement.  This is further characterised through 

experimental tests below.  

 

Fig. 3 (a) A polar plot of the helical structural strain energy U calculated by 

using Eqn (3) as a function of the structural ratio, α, and helical angle, 

θ; (b) the strain energy path along the contour line when α = 0.5, 

associated with typical shapes from a real bistable helical structure.  

Figure 4 shows the experimental characterisation of the non-linear shape-

changing process of the bistable helical structure when subjected to axial displacement.  

Both the loading and unloading processes are presented, together with typical non-

uniform twisted sample shapes.  It is clear that when subjected to axial displacement, 

the load increases linearly until it reaches the local maximum value in order to initiate 

twist of the helical structure: this is attributed to the bending-twisting coupling as 

previously observed on three-point bending of a CTS structure [18].  The structure 



then starts to undergo twisted deformation with stablised load, as demonstrated by the 

insets.  When displaced to around 60 mm, there are clear axial offsets around the 

centre of the helix resulting from local shear buckling, which recovers quickly.  The 

saddle shape presented by point B in Fig. 3 corresponds to a displacement of 175 mm, 

giving a local snapping peak.  On approaching the fully-twisted configuration, the 

load increases nonlinearly; this may be attributed to local impact after snapping, as well 

as manufacturing imperfections, which lead to early contact between the tapes and 

spokes.  The unloading process is relatively stable without local shear buckling, whilst 

there is a local minimum peak which may be generated by friction between the tapes 

and spokes.  This results in a non-uniform distribution of helical angles along the two 

tapes in the axial direction as highlighted by the insets in Figure 4.   

 

Fig. 4 Experimental characterisation of the non-linear shape-changing 

process of the bistable helical structure when subjected to axial 

displacement.  Both the loading and unloading processes are 

presented, together with typical non-uniform twisted sample shapes.   
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5 Conclusions 

We have devised a novel composite tape-spring-based bistable helical structure, 

which is stable in both the extended and fully-twisted configurations, and is capable of 

repeated large axial morphing with an adjustable storage ratio. The bistable helical 

structure was produced with zero Gaussian curvature, where two CTS structures were 

pin-jointed through spokes. A theoretical model based on the zero Gaussian curvature 

deformation induced inextensional strain energy model was consequently established 

by considering the real helical geometry and composite orthotropy, and agreed well 

with experimental observations. It infers that although the fabricated bistable 

helicalstructure is not essentially “stress free”, the positive difference in strain energy 

between the onset of snap (from axial twisting) to the fully twisted configuration 

indicates bistability. A bespoke axial displacement rig was then developed to 

investigate the shape-changing mechanisms of the helical structure. It is found that 

when subjected to axial displacement, the bistable helical structure will experience 

bending-twisting coupling, local shear buckling, as well as snapping which is generated 

by its bistable nature. These will facilitate torsional structural design for aerospace 

deployable structures. Work is currently on-going in order to reveal further on the 

geometric constraints and morphing mechanics of the bistable helical structure. 
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