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Abstract - Origami-inspired structures have increasingly been used to design various functional systems from solar cells to fluidic 
muscles due to their unique properties such as modulation of stiffness, and the extent of compressibility. Recently, Kresling origami 
springs (KOS) have gained large attention because they are deployed from compact cylindrical bellow-like structures while being 
able to exhibit several distinct restoring behaviours together with having a unique tension-torsion coupling. There have been few 
studies exploring the uni-axial response of KOS, but not the torsional aspect of the springs. In this short manuscript, we discuss the 
torsional response of KOS in terms of torque, relative rotation, torsional stiffness and their relation with the uni-axial response. We 
used a simple shell-based finite element model, specifically for KOS with a linear response (i.e. linear spring). The torsional 
behaviour of the KOS shown here along with the ease of manufacturing, cheap materials, and light and modular properties make 
origami-inspired systems a great fit for applications such as the design of torsional actuators. 
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1. Introduction 

Metamaterials have unlocked and combined unusual mechanical and general physical properties. Under the 
umbrella of metamaterials, is the field of architected materials, where the geometric features of the material are designed 
for specific sets of mechanical properties [1]. The effect of geometric manipulation may also extend beyond mechanical 
properties to achieve unique acoustics, electromagnetic, optical, or transport properties. 

Extensive studies in the field of metamaterials together with the advent of 3D printing, served in expanding the 
field of architected materials. By carefully designing geometric crease or fold patterns on structures and fabricating 
them using 3D printing, researchers are able to create ’programmed structures’ through elastic energy [2]. The fold-
crease patterns and design allow the structure to be ’programmed’ in different configurations inducing local 
deformations that are independent of basic constituent (i.e. base material) or loading rate [2] [3]. Repeated patterns of 
origami-inspired folds and creases in structures enable the formation of various mechanical behaviours and localized 
configurations which are scalable. Moreover, the origami-inspired structures allow researchers to customize the 
mechanical stiffness and their locking behaviour [4]. Some other applications of origami structures include: rarefaction 
solitary wave [5], truss structures [6], and energy absorption [7]. 

There are two major categories among origami-inspired structures: rigid and non-rigid. Rigid origami structures are 
composed of rigid panels and facets which are transformable. Miura-Ori fold patterns are examples of rigid origami 
structures that modulate stiffness, rigidity, compressibility, and negative Poisson’s ratio [8] [9]. These structures are 
employed in solar cells [10], electronics [11] and most recently in space applications [12] [13], most notably of which, 
for the deployment of James Webb Telescope [14]. Particularly, the James-Webb telescope’s primary mirror comprises 
18 hexagonal-shaped segments based on a rigid origami pattern, which allows for ease of deployment in space. James 
Webb telescope therefore has an almost 6.25 times larger collecting area than the Hubble telescope [15]. 
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Non-rigid origami structures demonstrate elastic deformation of the panels and the creases between their facets 
(refer Figure 1) [16]. Recently, there have been extensive studies on the mechanics of Kresling springs, which has 
contributed to the development of antenna [17], fluidic muscles [18], and mechanical bit memory switches [19]. 

In practice, Kresling prototypes are typically made by dividing a thin paper sheet into triangles tracing the Kresling 
pattern and folding the paper along its edges to form valley and mountain folds. The KOS is made of similar triangles 
arranged in cyclic symmetry and connected together such that they form a cylindrical bellow-type structure [16] [20]. 
Aside from paper-based prototypes, a more functional form of Kresling springs can be formed of two-phase materials 
[16] [20], where rigid polymers form the relatively rigid facets and compliant rubbery material which forms the creases. 
Those flexible rubbery sections are characterized by thickness 𝑡𝑡. Accordingly, the entire Kresling springs design is 
characterized by three geometric parameters: (𝜙𝜙𝑜𝑜,𝑢𝑢𝑜𝑜/𝑅𝑅,𝑤𝑤/𝑡𝑡,𝑁𝑁) as shown in Figure 1, where 𝜙𝜙𝑜𝑜 is the relative rotation 
angle, 𝑢𝑢𝑜𝑜/𝑅𝑅 is the normalized rotation height, 𝑤𝑤/𝑡𝑡 the normalized width of the flexible crease section, 𝑡𝑡 is the panel 
thickness, 𝑅𝑅 is the circumscribing radius and 𝑁𝑁 is the number of sides. In this paper, we limit our analysis to a hexagonal 
frontal section (i.e. 𝑁𝑁 = 6). 

 

Figure 1: A Kresling Origami Spring 

Qualitatively, displacing either end of the Kresling springs results in uni-axial translation combined with axial 
rotation. Both ends develop uni-axial force and torque as resistance to rotation and translation respectively [16] [20]. It 
is the rotational and the concomitant torque which is yet to be modelled and tracked during the deformation of Kresling 
springs. Therefore, the authors of this paper developed a simple shell-based finite element model to track the torsional 
resistance during deformation which will be discussed in the upcoming sections. From our previous works (Figure 2), 
we have found that Kresling springs is capable of exhibiting several mechanical behaviours: linear and nonlinear 
responses, quasi-zero stiffness (QZS) and bi-stable responses [16] [20] [21]. This study mainly investigates Kresling 
springs with a rotation angle of 𝜙𝜙𝑜𝑜 = 90𝑜𝑜 and maps out the stiffness values of Kresling springs across from 𝜙𝜙𝑜𝑜 = 20𝑜𝑜 
to 𝜙𝜙𝑜𝑜 = 90𝑜𝑜 (refer Figure 2). 
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Figure 2: Region of Interest in the design map adapted from [16] 

2. Methods 

2.1 Generation of Origami CAD file 
 We used an in-house MATLAB code to automatically generate CAD files of Kresling spring models based on 

the desired set of geometric parameters: (𝜙𝜙𝑜𝑜,𝑢𝑢𝑜𝑜/𝑅𝑅,𝑤𝑤/𝑡𝑡,𝑁𝑁). We fixed the thickness of the flexible creases flexible 
crease sections of (𝑤𝑤/𝑡𝑡 = 2). 
 
2.2 Finite element modelling of Kresling Spring 

Shell-based Finite Element model is prepared to simulate the mechanical response of the Kresling spring under uni-
axial compression and torsion. The geometry was meshed using 4-node linear shell elements. The Kresling spring as 
mentioned earlier, is partitioned into two domains namely the rigid Vero indicated in yellow and the rubbery 
TangoBlackPlus indicated in red (refer Figure 1). Both domains are modelled with linear elastic constitutive laws with 
assigned Young’s modulus 𝐸𝐸 and Poisson’s ratio 𝜈𝜈. The parameters were fixed throughout the model, where the first 
domain made from flexible material TangoBlackPlus is assigned 𝐸𝐸 = 3 × 105 Pa and 𝜈𝜈 = 0.3, and the second domain 
assigned to the rigid material (Vero) having 𝐸𝐸 = 3 × 109 Pa and 𝜈𝜈 = 0.3. The parameter values for the domains are set 
based on actual material properties used in the fabrication of Kresling spring [20]. The thickness and radius of the panel 
in the Kresling spring were set as: 𝑡𝑡 = 1 mm and 𝑅𝑅 = 20 mm. 

Two distinct sets of boundary conditions were use to analyze KOS under torsion (Figure 3a) and compression 
(Figure 3a). The first boundary condition at the base keeps one side of the origami spring fixed. Another set of boundary 
conditions applied at the top surface imposes either uni-axial displacement or rotation. The computational model outputs 
the restoring force 𝐹𝐹 and torque 𝑇𝑇 during deformation; 𝑢𝑢 and 𝜙𝜙. 
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Figure 3: Applied Boundary Condition to study KOS under (a) Rotation and (b) uni-axial compression 
 

Figure 4a shows the restoring force of Kresling spring when subjected to uni-axial quasi-static compression. The 
restoring force was generated to equilibrate the compression applied. The uniaxial compression results in rotation of the 
top surface, which is unconstrained and is free to rotate. For varied height; 𝑢𝑢0/𝑅𝑅 from 0.4 to 1.2, the spring exhibits an 
almost linear trend between 𝐹𝐹

𝐸𝐸𝑇𝑇𝑅𝑅2
 (normalized reaction force) and deflection 𝑢𝑢/𝑢𝑢𝑜𝑜. Non-linearity is attributed to 

geometric large deformations, particularly at the creases. The slope of 𝐹𝐹
𝐸𝐸𝑇𝑇𝑅𝑅2

− 𝑢𝑢/𝑢𝑢𝑜𝑜 estimates the uni-axial compressive 
stiffness for every simulated cases, 𝐾𝐾𝑐𝑐(𝑢𝑢𝑜𝑜/𝑅𝑅,𝜙𝜙𝑜𝑜 = 90𝑜𝑜) as depicted on Figure 4b. 

 

Figure 4: Quantitative Graphs from a computational model (a)Normalized Restoring Force and Deflection (b)Stiffness 
graph for Restoring Force and Deflection (c) Normalized Restoring Torque and Rotation (d) Stiffness graph for Restoring Torque 

and Rotation 
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3. Results and Discussion 
Figure 4c shows the restoring torque 𝑇𝑇, normalized by the 𝐸𝐸𝑇𝑇𝑅𝑅3 as a function of the prescribed angular rotation 

𝜃𝜃/𝜙𝜙𝑜𝑜 for various origami of height 𝑢𝑢𝑜𝑜. Generally for cases ranging between 𝑢𝑢𝑜𝑜
𝑅𝑅

= 0.4− 1.2, the restoring torque 
increases for a brief rotation, after which the curve shows an inflection during which the curve slope rises (i.e. hardens) 
by ≈× 10 the initial slope (Figure 3c). Markedly, taller designs with increased 𝑢𝑢0/𝑅𝑅, results in smaller torque that is in 
contrast with uni-axial compression where higher forces are observed with taller designs. We computed the torsional 
stiffness 𝐾𝐾𝑟𝑟 from the tangent slope at 𝜃𝜃 = 0 of 𝑇𝑇

𝐸𝐸𝑇𝑇𝑅𝑅3
− 𝜃𝜃

𝜙𝜙𝑜𝑜
 for each design; 𝐾𝐾𝑟𝑟(𝑢𝑢𝑜𝑜/𝑅𝑅,𝜙𝜙𝑜𝑜 = 90𝑜𝑜) (see Figure 4d). 

 
3.1. Uniaxial Compression and Rotation Stiffness for Kresling spring 𝝓𝝓𝒐𝒐 = 𝟗𝟗𝟗𝟗𝒐𝒐 

Both 𝐾𝐾𝑐𝑐 and 𝐾𝐾𝑟𝑟 are plotted in Figure 5 with increased origami height 𝑢𝑢𝑜𝑜/𝑅𝑅 along with their corresponding contour 
plot undergoing uni-axial compression and rotation respectively. Interestingly, the compressive stiffness 𝐾𝐾𝑐𝑐 appears to 
be insensitive to increase in 𝑢𝑢𝑜𝑜/𝑅𝑅 up until 𝑢𝑢0/𝑅𝑅 = 0.9. After which the 𝐾𝐾𝑐𝑐 increases exponentially with height. As 
𝑢𝑢𝑜𝑜/𝑅𝑅 increases, the panels become increasingly elongated, amplifying the vertical component of the forces along the 
uniaxial direction, which explains the rapid increase in stiffness. In contrast, the opposite is displayed during prescribed 
rotation. The rotational stiffness 𝐾𝐾𝑟𝑟 starts off maximum for short cases (low 𝑢𝑢𝑜𝑜/𝑅𝑅) and gradually declines with increased 
𝑢𝑢𝑜𝑜/𝑅𝑅. Although intuitively one may expect both stiffnesses to go hand in hand. However, this disparity between both 
stiffnesses is because both prescribed loadings (uni-axial displacement vs. rotation) follow two distinct loading paths of 
lowest potential energy [19] [21]. In simpler terms, while rotation and uniaxial compression seem to have similar 
qualitative kinematic effects on the Kresling springs, the forces experienced during these processes are quite distinct. 

 

Figure 5: Field Contours (KOS 𝜙𝜙𝑜𝑜 = 90∘) 
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3.2 Kresling Spring Stiffness across the design space 
We further analyzed the stiffness, 𝐾𝐾𝑐𝑐, and 𝐾𝐾𝑟𝑟, from simulations and present their contour plots in Figure 6 for 

𝑢𝑢𝑜𝑜/𝑅𝑅 = [0.3,1] and 𝜙𝜙𝑜𝑜 = [20∘, 90∘] under uniaxial compression and rotation (recall Figure 3). Selected Kresling 
springs are marked across the contour map and depicted in Figure 6a. 

 

 

Figure 6: Field Contours across design space 

 
The compressive stiffness of the Kresling spring is lowest at 𝜙𝜙𝑜𝑜 but peaks at 𝜙𝜙𝑜𝑜 = 60∘, declining rapidly thereafter. 

The lowest 𝐾𝐾𝑐𝑐 values are registered for shorter springs, typically around 𝜙𝜙𝑜𝑜 = 40∘. Increased height stiffens the spring’s 
𝐾𝐾𝑐𝑐. 

Maximum rotational stiffness is achieved in designs with the lowest relative angle 𝜙𝜙𝑜𝑜. Increasing both 𝜙𝜙𝑜𝑜 and 
𝑢𝑢𝑜𝑜/𝑅𝑅, moving diagonally across the design space, reduces 𝐾𝐾𝑟𝑟. The lowest 𝐾𝐾𝑟𝑟 values occur around 𝑢𝑢𝑜𝑜/𝑅𝑅 = 1 and 𝜙𝜙𝑜𝑜 =
60∘, which is the complete opposite of compressive stiffness, whereat, peak 𝐾𝐾𝑟𝑟 occurs. Increased height generally 
decreases rotational stiffness, while changes in the relative angle have a negligible influence on 𝐾𝐾𝑟𝑟. 

4. Conclusion 
In this paper, we utilized a shell-based finite element model to predict the behavior of cylindrical Kresling springs 

under torsion and uniaxial compression. Our study focused on 6-sided Kresling Origami Structures (KOS) with a linear 
elastic constitutive law for the constituent materials. Although these materials exhibit linear elastic responses under 
uniaxial compression, the resulting torque exhibits a linear response initially but eventually displays non-linearity at 
later stages during rotation. 

Increasing the height of the spring leads to a stiffer uniaxial response but, surprisingly, results in a softer response 
in torsion. In other words, taller springs are easier to rotate but harder to compress. This unique difference in stiffness 
can selectively trigger or actuate the Kresling spring through torsion, effectively filtering out compressive loads to allow 
rotational activation of the system. Conversely, for shorter Kresling spring designs, compression activates the system 
instead of torsion.  

Finally, structures and materials with variable torsional stiffness values hold significant importance in the field of 
robotics [22] [23], and these origami configurations can be further exploited for applications, including programmable 
actuators [24]. 
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