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Abstract 

Mechanical elements are fundamental components that form the building blocks of mechanical 

systems. These elements play essential roles in transmitting forces, facilitating motion, and enabling 

the overall functionality of a system. The design of mechanical elements involves the application 

of scientific principles and engineering techniques required to find the optimum combinations of 

design parameters, such as material composition and geometry. Choosing a proper combination 

ensures the efficiency, functionality, and reliability of the system under specific loading and bound-

ary conditions. This process is usually used to develop an element inspired by concepts already 

existing in engineering or nature. In this study, inspired by natural spirals experiencing high defor-

mations through coiling and uncoiling in animals and plants, compliant double-spirals were devel-

oped. Using the finite-element method, the mechanical behavior of geometrically different double-

spirals in response to various loading scenarios was simulated, aiming to investigate the relationship 

between their geometries and structural properties. 3D printing and mechanical testing were then 

used to study the performance of the developed double-spirals in practice. Easily adjustable design, 

multiple degrees of freedom, reversible non-linear extensibility, and tunable deformability are ad-

vantageous characteristics of double-spirals, which were observed in the conducted simulations 

and experiments. By taking advantage of these characteristics, double-spirals were used in the de-

velopment of modular metastructures, adaptive grippers, a mechanical interlocking system, and an 

adaptive impact absorber to prove the potential of double-spirals as mechanical elements with 

widespread technical applications. Moreover, a software package was developed as a user-friendly 

tool to facilitate the design and modeling of double-spirals for future studies. This research pro-

vides a better understanding of double-spirals and their mechanical properties, which might be 

desirable in various engineering fields, such as robotics, aerospace, and medical engineering. The 

insights achieved from this study can contribute to further advancements in the exploration of 

double-spirals and their utilization in innovative mechanical systems.  
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Kurzzusammenfassung 

Mechanische Elemente sind grundlegende Komponenten, die die Bausteine mechanischer Systeme 

bilden. Diese Elemente spielen eine wesentliche Rolle bei der Übertragung von Kräften, der Er-

möglichung von Bewegung und der Gewährleistung der Gesamtfunktionalität eines Systems. Das 

Design mechanischer Elemente beinhaltet die Anwendung wissenschaftlicher Prinzipien und tech-

nischer Verfahren, die erforderlich sind, um die optimalen Kombinationen von Designparametern 

wie Materialzusammensetzung und Geometrie zu finden. Die Wahl einer geeigneten Kombination 

gewährleistet die Effizienz, Funktionalität und Zuverlässigkeit des Systems unter spezifischen 

Belastungs- und Randbedingungen. Dieser Prozess wird üblicherweise verwendet, um ein Element 

zu entwickeln, das von bereits in der Technik oder Natur existierenden Konzepten inspiriert ist. In 

dieser Studie wurden, inspiriert von natürlichen Spiralen, die in Tieren und Pflanzen hohe Defor-

mationen durch Auf- und Abwickeln erfahren, nachgiebige Doppelspiralen entwickelt. Unter Ver-

wendung der Finite-Elemente-Methode wurde das mechanische Verhalten geometrisch unterschie-

dlicher Doppelspiralen in Reaktion auf verschiedene Belastungsszenarien simuliert, um die Bezi-

ehung zwischen ihrer Geometrie und strukturellen Eigenschaften zu untersuchen. 3D-Druck und 

mechanische Tests wurden dann verwendet, um die Leistung der entwickelten Doppelspiralen in 

der Praxis zu studieren. Leicht anpassbares Design, mehrere Freiheitsgrade, reversible nichtlineare 

Dehnbarkeit und einstellbare Verformbarkeit sind vorteilhafte Eigenschaften von Doppelspiralen, 

die in den durchgeführten Simulationen und Experimenten beobachtet wurden. Durch die Nutzung 

dieser Eigenschaften wurden Doppelspiralen in der Entwicklung von modularen Metastrukturen, 

adaptiven Greifern, einem mechanischen Verriegelungssystem und einem adaptiven Stoßdämpfer 

verwendet, um das Potenzial von Doppelspiralen als mechanische Elemente mit weitreichenden 

technischen Anwendungen zu beweisen. Darüber hinaus wurde ein Softwarepaket als be-

nutzerfreundliches Werkzeug zur Erleichterung des Designs und der Modellierung von Doppelspi-

ralen für zukünftige Studien entwickelt. Diese Forschung bietet ein besseres Verständnis von Dop-

pelspiralen und ihren mechanischen Eigenschaften, die in verschiedenen Ingenieursfeldern wie Ro-

botik, Luft- und Raumfahrt und medizinisches Ingenieurwesen wünschenswert sein könnten. Die 

Erkenntnisse aus dieser Studie können zu weiteren Fortschritten bei der Erforschung von Doppel-

spiralen und ihrer Nutzung in innovativen mechanischen Systemen beitragen.   
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Chapter 1: 

Introduction 

 

Mechanical systems consist of linked elements working together to accomplish defined tasks. These 

elements operate within the context of a larger system, responding to specific input loads and 

delivering the desired output. The characteristics and behavior of elements besides the interactions 

between them play a critical role in determining the performance of the whole system [1,2]. The 

behavior of each element is influenced by parameters which need to be determined during the 

design process. 

Designing a mechanical element is a structured process that involves several key steps. It typi-

cally starts with a comprehensive understanding of functions that the element is being designed 

for. Once the requirements are clear, the next step is the conceptual design, which often involves 

sketching and creating basic prototypes [3-5]. Material selection is another critical aspect. Engineers 

must choose materials that align with the performance requirements. Factors such as strength, 

stiffness, weight, and costs must be carefully considered in this decision [6]. Detailed design fol-

lows, where the chosen concept is refined, and precise specifications, such as exact dimensions, 

tolerances, and the specific manufacturing process, are determined. Once the detailed design is 

complete, the element is typically built for testing. Testing may involve applying loads, measuring 

structural integrity, and evaluating how well the element meets design specifications. Results ob-

tained from tests often lead to design revisions and improvements, reflecting an iterative aspect of 

the process [7,8]. 

Design is an ongoing and iterative process in engineering, perpetually influenced by the dynamic 

nature of technology and society, aiming to respond to emerging requirements, whether prompted 

by environmental considerations, the quest for higher efficiency, or the necessity for cost-effective 

solutions. By leveraging innovative materials, manufacturing techniques, and computational tools, 

engineers continually try to create elements that are more effective, efficient, and sustainable [8-

10]. Due to the scientific and technological advances over the course of decades, the design process 

now offers various options to consider, aiming to enhance the efficiency of developed systems. A 

few of these options will be reviewed in the following. 
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• Computer-based tools. These tools have revolutionized the design process, empowering en-

gineers to create, visualize, and analyze complex structures and systems with high accuracy and 

detail. Computer-aided design (CAD) software allows for precise drafting and modeling of de-

signs. It supports quick modification of the models, enabling engineers to fine-tune them to 

meet exact specifications [11,12]. 

Numerical simulations play a key role in the design process by allowing engineers to create a 

virtual prototype of a system and simulate its real-world performance. This enables engineers to 

explore a wide range of design variations and scenarios, assess the influence of different load 

cases on the integrity of their developed system, identify potential issues, and make improve-

ments early in the design phase, thereby saving time and resources [13,14]. 

Furthermore, through programming, engineers can develop custom software solutions tai-

lored to their specific design needs, including the automation of tasks. Iterative optimization 

algorithms can be implemented in the design process to reach optimum values of design varia-

bles with the aim of achieving multiple objectives and solving complex challenges [15,16]. 

• Rapid prototyping. Nowadays, rapid prototyping is an indispensable tool in the design pro-

cess, offering engineers the ability to quickly transform concepts into tangible prototypes with 

high speed and precision. These prototypes offer valuable insights into the functionality of a 

design, helping to identify potential issues and areas for improvement. Moreover, rapid proto-

typing reduces the cost and time associated with traditional manufacturing methods, making it 

a cost-effective solution for small-batch production and custom design projects [17,18]. 

One of the most prominent rapid prototyping methods is 3D printing, also known as addi-

tive manufacturing (AM), which can be used to fabricate parts directly from CAD models. This 

method encompasses various technologies, including fused deposition modeling (FDM), stere-

olithography (SLA), selective laser sintering (SLS), and more, each with its unique approach to 

manufacturing objects with complex shapes and intricate details [17-20]. 

Among the various techniques of 3D printing that are currently in use, FDM stands out as 

one of the most widely adopted and accessible technologies. This simple, quick, and low-cost 

method operates by extruding a thermoplastic filament layer by layer to create a 3D part. The 

versatility of FDM 3D printers extends to the wide variety of filaments that can be utilized. 

These filaments come in various materials, each offering unique mechanical properties suited 

for specific engineering applications, including different levels of strength, flexibility, durability, 

impact resistance, wear resistance, and heat resistance [21]. Engineers benefit from this diversity, 

enabling them to fine-tune their designs and select the ideal material to meet their specific me-

chanical requirements. 
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• Biomimetics. It refers to the approach of using strategies evolved in nature to solve design 

challenges. By drawing inspiration from nature, engineers adopt innovative design solutions and 

develop systems with higher efficiency [22-25]. In contrast to conventional engineering struc-

tures, which were typically developed to have constant mechanical properties and perform single 

tasks, bio-inspired structures are engineered to be multi-functional and have adaptive properties. 

These novel structures can combine properties traditionally seen as mutually exclusive, such as 

light weight, high load-bearing capacity, and high toughness. Furthermore, they can dynamically 

adjust their behavior, shape, or properties and adapt to changing conditions. Bio-inspired de-

signs with enhanced functionality are in growing demand, and in some cases, they are becoming 

mandatory for integration into modern systems [26-29]. Consequently, more efforts must be 

made to promote low-cost and easily accessible nature-inspired solutions for the development 

of highly efficient engineering designs. 

Employing the tools and strategies outlined above, different steps of the design process have 

been implemented in this thesis for the development of a compliant mechanical element, called 

double-spiral. Inspired by natural spirals and spiral-based structures available in engineering, com-

pliant double-spirals were designed with specific characteristics and functions. 

Spirals are among the most abundant and well-known patterns in nature, found in significantly 

different sizes and having a wide range of functions [30-32]. Nevertheless, regardless of their size, 

where they are found and what their function is, most natural spirals take the form of logarithmic 

curves, fractal shapes characterized by their infinite self-similarity. This geometric feature is why 

natural spirals are referred to as logarithmic or growth spirals [31,32]. 

Claws, horns, teeth, fangs, stings, beaks, thorns, and shells are examples of stiff and hard spiral 

structures available in nature [33-36]. These structures possess morphologies, microstructures, and 

material distributions that enable them to efficiently withstand various mechanical loads. Functions 

such as digging, pulling, scratching, fighting, biting, and puncturing subject these structures to 

multi-axial complex loading conditions and put them at high risk of mechanical damage [34-39]. 

Nature leverages the structural strategy of growing in the form of spirals to achieve optimized 

geometries that support the biomechanical functionalities of these structures and help them endure 

repetitive loads and harsh environmental conditions without mechanical failure.  

The curved shape of these structures enables them to properly apply loads from different direc-

tions and facilitates functions such as pulling and holding. Moreover, it optimizes their perfor-

mance in response to multiple types of loads, e.g., compression and bending [36,37]. The tapered 

shape of these structures reduces their weight, makes a sharp tip suitable for penetrating, and 
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provides a larger base to enhance their load-bearing capacity. Furthermore, the tapered shape im-

proves impact absorption in these structures and contributes to a more uniform stress distribution 

[35-39]. Although all the mentioned spiral structures share a curved and tapered shape, their spe-

cific geometry is tailored to the tasks and functions they perform in nature. Different spiral curves 

result in shapes with distinct geometrical parameters, such as curvature, length, aspect ratio, sharp-

ness, and surface area. 

In addition to the rigid spiral structures, nature presents another group of spiral structures with 

characteristics entirely in contrast with those of the first group. Hyper-elongated structures, such 

as lepidoptera’s proboscis, beetles’ flagellum, octopuses’ arms, and chameleons’ tail, have evolved 

to experience repetitive large deformations [40-45]. All these structures are able to easily shift be-

tween two states: a compact, coiled state and a long, uncoiled state. 

• The proboscis is coiled in its resting position, allowing butterflies and moths to fly and freely 

approach flowers. Uncoiling it after landing enables them to extract nectar from the long spurs 

of flowers [40]. 

• The extraordinarily long intromittent organ of male beetles is usually coiled in many loops and 

stored in their abdomen. However, when needed, the flagellum uncoils to penetrate into the 

long and coiled spermathecal duct of the female beetle [41,42]. 

• Octopuses can move their remarkably flexible arms independently. Deforming these arms freely 

in different directions enables octopuses to swim, walk on the seabed, bury themselves, capture 

their prey, and grasp various objects with great conformability [43,44]. 

• The long prehensile tail of chameleons with arboreal lifestyle is used to coil around perches, 

help them climb from branches, and hold onto objects [45]. 

These examples show how very long and highly deformable structures in nature take advantage 

of their spirally curved morphology as a self-compacting mechanism. Besides the effects that the 

tapered shape of these structures has on their weight, movements, and functionality, it is advanta-

geous for achieving higher compactness [40,41,44,45]. Tapering serves as a strategy to maximize 

the length of the structure that can be coiled into a specific space.  

Natural spirals, with their vast diversity in forms, features, and behavior, have become a rich 

source of inspiration for engineers [30-32]. However, since bio-inspiration is not necessarily a pro-

cess of exact copying from nature, human-designed spirals are sometimes different from natural 

spirals in their geometry and function. Modifications, simplifications, and even improvements in 

line with human needs are usually involved in this process [22-25]. 
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Thanks to mathematicians, the ability to develop spirals with significantly different shapes using 

simple mathematical equations has facilitated their application in technical designs. Various types 

of two- and three-dimensional (2D and 3D) spirals, such as Archimedean, hyperbolic, parabolic, 

Galilean, lituus, logarithmic, Fibonacci, Cornu, helix, helicoid, and non-smooth spirals, are catego-

rized and formulated for use [31]. Another well-known geometrical modification implemented in 

spiral-based designs, which is the focus of this thesis, involves the assembly of multiple spirals 

connected to each other, aiming to you use them as joints or to make a network of connected unit 

cells [46-59]. Among the structures made by assembling multiple interconnected spirals, the devel-

oped designs consisting of two spirals are called double-spirals [46,47]. 

Like spirals in natural systems, double-spirals have been used in technical applications for a wide 

range of deformations. Torsional and ortho-planar springs working as joints or hinges are examples 

of double-spirals that have been developed for limited deformations [46-51]. On the other hand, 

highly deformable double-spirals have been used as bridges in the island-bridge electronics [52-54]. 

These double-spiral interconnects are designed to enable electrical connections between parts of a 

device while allowing it to undergo mechanical deformations. Planar or 2D lattices consisting of 

multiple interconnected spirals are another example of spiral-based designs in engineering. When 

these lattices are made of soft materials, their high extensibility is valuable for the development of 

stretchable electronics and soft robots [55,56]. Using stiff materials with low toughness for fabri-

cation makes them suitable candidates for achieving complex 3D shapes by plastically deforming 

the rigid plates [57-59]. 

Previous studies have mainly focused on utilizing spirals to ensure a more uniform stress distri-

bution and consequently a larger deformability without failure. However, double-spirals made from 

highly elastic and flexible materials could offer advantages beyond their inherent compactness and 

extensibility. This study aims to leverage the ability to simply manipulate the geometry of double-

spirals and investigate their mechanical behavior using both numerical and experimental methods, 

while harnessing them as functional mechanical elements for transmitting motion and force in a 

passive-automatic way. 

The thesis is structured into six chapters, with this brief introduction as the starting point. In 

Chapter 2, the double-spiral is introduced as a compliant joint, with a focus on the influence of 

design variables on its geometry and mechanical behavior under different loading scenarios. Chap-

ter 3 explores the potential of compliant double-spirals when used as the modules of mechanical 

metastructures, demonstrating how the combination of double-spirals in specific configurations 

can be used to obtain desired mechanical properties. Chapter 4 is devoted first to the presentation 
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of a user-friendly software package suitable for designing double-spirals, and then to the develop-

ment of different spiral-based structures that showcase the potential of double-spirals in various 

technical applications. A general discussion of all results presented in this thesis and some outlooks 

for future studies are provided in Chapter 5. A concise conclusion is outlined in Chapter 6. 
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Chapter 2: 

Double-spiral: A bio-inspired pre-programmable compliant 

joint with multiple degrees of freedom 

 

Abstract 

Geometry and material are two key factors that determine the functionality of mechanical elements 

under a specific boundary condition. Optimum combinations of these factors fulfill desired me-

chanical behavior. By exploring biological systems, we find widespread spiral-shaped mechanical 

elements with various combinations of geometries and material properties functioning under dif-

ferent boundary conditions and load cases. Although these spirals work towards a wide range of 

goals, some of them are used as nature’s solution to compactify highly extensible prolonged struc-

tures. Characterizing the principles underlying the functionality of these structures, here we prof-

ited from the coiling-uncoiling behavior and easy adjustability of logarithmic spirals to design a 

pre-programmable compliant joint. Using the finite element method, we developed a simple model 

of the joint and investigated the influence of design variables on its geometry and mechanical be-

havior. Our results show that the design variables give us a great possibility to tune the response 

of the joint and reach a high level of passive control on its behavior. Using 3D printing and me-

chanical testing, we replicated the numerical simulations and illustrated the application of the joint 

in practice. The simplicity, pre-programmability, and predictable response of our double-spiral de-

sign suggest that it provides an efficient solution for a wide range of engineering applications, such 

as articulated robotic systems and modular metamaterials. 

 

Keywords: Structural intelligence, passive control, high extensibility, biomimetics, finite-element 

method, 3D printing. 
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1. Introduction 

Theodore Andrea Cook referred to spirals as “the curves of life” [1]. This is perhaps the best descrip-

tion for these ubiquitous patterns that appear as an enormous nebula in space or as the lophophore 

of tiny phoronids on earth. Spirals can also be found in dynamic phenomena, such as the motion 

of fish swarms and wave turbulence, as well as in static forms, such as seashells and animals’ horns. 

This specific curve has inspired mankind since the beginning, and this has made spirals even more 

omnipresent in our everyday life [1,2].  

Questions about the reasons behind the presence of spirals and their functions are as diverse as 

the forms of the existing spirals. Researchers from different fields have been trying to answer these 

questions and shed light on both the complexity of spiral patterns and their potential applications. 

Although Archimedes studied and formulated spiral curves for the first time in the third century 

BC [3], mathematicians are still trying to formulate a variety of spiral patterns in the 21st century 

AD [4]. Biologists have been discovering spiral patterns in the natural world at different scales [5-

7]. Artists and architects have been using spirals as an inspiration source for thousands of years, 

especially because of their aesthetic features [1,2,8]. Nevertheless, as functional patterns, they give 

us advantages beyond their beauty. A trace used in data storage [9], optimization algorithm [10], 

wearable thermoelectric generator [11], supramolecular chemical springs [12], stretchable electron-

ics [13], soft actuators [14,15], antennas [16], metamaterials [17], and planar springs [18] are only a 

few examples of numerous engineering applications inspired by spirals. 

The spiral mechanical joints and hinges that are currently used in engineering applications are 

designed for limited deformations [19-24]. In contrast, many functional spirals in animal and plant 

structures experience high deformations through coiling and uncoiling. The intromittent organs of 

beetles [25], proboscis of Lepidoptera [26], rostra of weevils [27], tentacles of octopuses [28], cha-

meleon tail [29], fern fronds [30,31], and millipede body [32] are only a few examples of highly 

extensible biological spirals. Our aim here is to use spiral-inspired strategies to design and manu-

facture mechanical elements with high extensibility. Such bio-inspired elements can be used as 

compliant joints for controlling the relative motion of mechanical components in a passive-auto-

matic way. For this purpose, we develop geometrically distinct spiral-inspired models, referred to 

as “double-spirals,” and characterize their mechanical behavior under various practical loading sce-

narios. We show how the design variables can be used to control the coiling-uncoiling behavior of 

the models, making them ideal templates for developing pre-programmable structural components. 

We use 3D printing and mechanical testing to validate our numerical simulations and illustrate the 

performance of our double-spiral joints in practice. 
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2. Methods 

2.1. Modeling and finite element analysis 

2.1.1. Development of models 

A logarithmic spiral can be defined using the following equation in a polar coordinate system: 

0

kr r e −= , (1) 

where 
0r  is the radius of the spiral at  = 0 , and k  is the polar slope. If k  0 , the spiral turns 

clockwise, and if k  0 , the spiral grows counterclockwise. In the case that k = 0 , the spiral be-

comes a circle of radius 
0r  [2]. 

Using equation (1) and the programming software MATLAB (R2012a, MathWorks, Natick, 

MA), we plotted two spiral curves with the same polar slope but different initial radii (Fig. 1a). 

These two curves formed a spiral surface. By rotating the spiral surface about the origin of the 

coordinate system by π radians, we regenerated the same surface (Fig. 1b). We then used a few 

straight lines to connect the ends and bases of the spirals and form a closed surface (Fig. 1c). We 

refer to this design as “double-spiral.” 

 

Fig 1. Double-spiral design. a) Two logarithmic spirals with the same polar slope and different initial radii forming a 

spiral surface. b) Rotating the first spiral surface about the origin of the coordinate system by π radians to generate the 

second spiral surface. c) Adding lines for connecting the free ends and bases of the spirals to form a closed surface. 

The double-spiral was used as a template to develop the reference joint. For this purpose, we 

imported the plot to the finite-element (FE) software package ABAQUS/Standard v. 6.14 (Simulia, 

Providence, RI). In Abaqus, we developed a two-dimensional (2D) joint model and simulated its 

behavior subjected to in-plane loading scenarios. We used four-node bilinear plane-stress quadri-

lateral elements with reduced integration (CPS4R) to mesh the models. These elements are general-
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purpose and can result in accurate solutions within a reasonable computation time. Following a 

mesh sensitivity analysis, the size of the elements was set to be 0.1 mm. 

We used a similar procedure to develop six new double-spiral joint models by decreasing and 

increasing one of the following design variables in our reference model in each step: the polar slope 

( k ), initial thickness ( 0,2 0,1r r− ), and the angle of rotation ( max ) of the spirals. The design variables 

for the developed models are listed in Table 1. We selected the design variables to obtain models 

that were not too small, so that they could be 3D printed with a reasonable accuracy, and not too 

large, so that they could be manufactured within a reasonable time. 

Table 1. Double-spiral models and their corresponding design variables. Bold numbers in each row show the variables. 

Reference Evolved 

 Polar slope Initial thickness Angle of rotation 

   

 

 

  

Design variable: Polar slope 

0.10 0.05 0.20 0.10 0.10 0.10 0.10 

Design variable: Initial thickness ( 0,2 0,1r r− ) [mm] 

1.50 (15-13.5) 1.50 (15-13.5) 1.50 (15-13.5) 0.75 (15-14.25) 2.25 (15-12.75) 1.50 (15-13.5) 1.50 (15-13.5) 

Design variable: Angle of rotation [rad] 

2.5π 2.5π 2.5π 2.5π 2.5π 2π 3π 

 

2.1.1. Material properties, loadings, and boundary conditions 

We assigned material properties of thermoplastic polyurethane filament (Flexfill TPU 98A, 

Fillamentum addi(c)tive polymers, Czech Republic) to our double-spiral models. For this purpose, 

we defined a non-linear stress-strain relationship as that given in Table 2 for each element of the 

models and used a Poisson’s ratio and a material density of 0.3 and 1230 kg m-3, respectively [33].  

Using the Abaqus implicit solver, we simulated the quasi-static behavior of the developed mod-

els under different loading scenarios, which involved tension, sliding, compression, and rotation. 

In all loading scenarios, one side of the models was completely fixed, and a constant displacement 

was applied to the opposite side. We limited the displacements to avoid large strain in the elements 
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of our FE models and focused on their elastic behavior. The following loading scenarios were 

simulated (Fig. 2): 

• Tension. Here, we pulled the free end of each model and extended it up to its total length. 

• Sliding. We displaced the free end of each model in two opposite directions by subjecting it to 

an equal force. The force was set to extend the structure up to its total length. 

• Compression. In this loading scenario, we placed the models between two rigid plates. We 

then displaced one plate towards the other one that was set to be fixed. The displacement was 

set to be 17 mm for all models, which is about half of the initial distance between the two plates.  

• Rotation. We rotated the free end of each model by π radian, bringing its two ends together. 

Table 2. Stress-strain relationship for thermoplastic polyurethane filament (Flexfill TPU 98A, Fillamentum addi(c)tive 

polymers, Czech Republic) [33]. 

Stress (MPa) 0 12.1 22.1 28.4 37.8 

Strain 0 0.1 0.5 1 3 

 

 

Fig 2. Simulated loading scenarios. Shaded areas show the fixed boundary conditions, and arrows show the direction 

of the applied loads. 

Considering that deformations involved physical contacts, we used a self-contact formulation 

between the coils of double-spirals, and a surface-to-surface contact formulation between the rigid 

plates used in compression and the double-spirals to prevent their penetration into each other [34].  

 

2.2. Prototyping and mechanical testing 

We used 3D printing to manufacture the reference joint and used that to validate our numerical 

simulations. The model was printed using a fused deposition modeling (FDM) 3D printer (Prusa 

i3 MK3S, Prusa Research, Praha, Czech Republic) and a semi-flexible polyurethane filament (Flex-

fill TPU 98A, Fillamentum addi(c)tive polymers, Czech Republic). This filament is characterized 

by its high tear resistance, tensile strength, and elasticity, compared to other widely used thermo-

plastics such as PLA [33]. Fixtures were printed using a commercially available polylactic acid (PLA) 

filament (Prusa Research, Praha, Czech Republic). 3D printing settings are given in Table 3. We 
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used a ZwickiLine uniaxial tensile testing machine (Zwick Roell, Ulm, Germany) equipped with a 

500 N load cell (Xforce P load cell, Zwick Roell) to quantify the behavior of the 3D printed refer-

ence joint under tension. Four specimens were manufactured, each tested three times. The loading 

and boundary conditions were set to be as those used in the numerical simulation of tension. In 

addition to this, we also tested the 3D printed joint manually by subjecting it to the loading scenar-

ios described earlier (i.e., tension, sliding, compression, and rotation). 

Table 3. Settings used for 3D printing of the models. 

Filament type Thermoplastic polyurethane Polylactic acid 

Filament name Flexfill TPU 98A PLA 

Produced by 
Fillamentum addi(c)tive polymers, Czech 

Republic 
Prusa Research, Praha, Czech Republic 

Filament diameter (mm) 1.75 1.75 

Nozzle diameter (mm) 0.4 0.4 

Extrusion temperature (°c) 240 215 

Bed temperature (°c) 50 60 

Layer height (mm) 0.2 0.2 

Fill pattern Gyroid Gyroid 

Fill density (%) 20 60 

 

For further validation, we developed and fabricated a sample double-spiral joint to test its per-

formance in practice. The initial thickness, polar slope, and angle of rotation of this double-spiral 

were set to be 3 mm ( 0,2 0,1r r− = − =15 12 3), 0.1, and 3π radians, respectively. First, we employed 

the joint in an experiment to characterize its behavior in tension, compression, and sliding, and 

then used the same joint in a separate experiment to quantify its rotational behavior. 

 

3. Results 

3.1. Finite-element analysis 

3.1.1. Mechanical behavior of the reference double-spiral joint 

We simulated the behavior of the reference double-spiral joint under five different loading scenar-

ios (Fig. 2). Five force-displacement curves were obtained (Fig. 3). Some of them could be approx-

imated by multiple lines, whereas the others looked more complicated. Despite the differences, the 



Chapter 2 Compliant joint 

 

18 
 

behavior of the double-spiral under all loading scenarios could be mainly categorized into three 

phases:  

• The first phase is the initial clearance. This resulted from the specific geometry of the joint, spe-

cifically the free space between the coils. This clearance resulted in a low-stiffness regime with-

out a noticeable increase in the magnitude of the load. In this phase, there was no contact be-

tween the coils.  

• The second phase is unrolling. This is the largest deformation regime of the double-spiral joint, 

in which the relationship between the force and displacement is almost linear.  

• The third and last phase is unfolding. This phase comes after unrolling and can be affected or 

followed by the material’s large tensile strain. Although it is a short phase, it increases the stiff-

ness dramatically and makes the overall force-displacement curve non-linear.  

The deformation of the double-spiral joint subjected to tension and sliding resulted in J-shaped 

curves that included the three phases mentioned earlier (Fig. 3a-c), although the initial clearance 

(1-2 in Fig. 3a-c) was almost negligible compared to the other two phases. In contrast, the initial 

clearance phase comprised a larger portion of the force-displacement curve in compression and 

rotation (Fig. 3d, e). This is because the maximum displacement applied to the joint in these two 

loading scenarios was much smaller than the displacement applied in tension and sliding. Even 

though the response of the model to compression was non-linear, its structural stiffness increased 

gently, unlike tension and sliding (Fig. 3d). Multiple linear segments with successively increasing 

slopes formed the force-displacement curve. By increasing the contact between the coils in the 

reference joint at each step, the slope of the force-displacement curve increased slightly. In rotation 

on the other side, after the initial clearance phase, structural stiffness did not change, and we ob-

served a linear behavior resulting from the unrolling of the base of the structure (Fig. 3e). 

In sliding, displacements to the left and right directions resulted in different behaviors. First, 

there was an early peak in the force-displacement curve when sliding the model to the left direction 

(Fig. 3b). This peak appeared because of the unrolling of the bases of the joint, which are the 

thickest parts of the structure, in the beginning of the deformation in this direction. Second, the 

maximum displacement was about 20 percent higher in the left direction than that in the right 

direction. In other words, there was an inversion of anisotropy in the sliding of the double-spiral 

in two directions. 

The deformation of the reference double-spiral under each loading scenario is presented in 

electronic supplementary material, Video S1. 
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Fig 3. Force–displacement curves from the simulation of the mechanical behavior of the reference double-spiral 

model. Results are given for the following loading scenarios: in-plane a) tension, b) sliding to the left, c) sliding to the 

right, d) compression, and e) rotation. Using red dots, each curve is divided into segments corresponding to specific 

phases of the behavior of the structure under different loading scenarios. The deformation of the reference double-

spiral at each red dot is given next to the curves. 
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3.1.2. Influence of the design variables on the mechanical behavior of the joint 

By changing the design variables of the reference double-spiral, we developed six other double-

spiral models (Table 1). We used them to understand the influence of the design variables on the 

mechanical behavior of the double-spiral (Fig. 4). Surface area is the first parameter presented here 

for comparing the joints and their differences, as it represents the amount of material needed to 

manufacture these structures. Design variables with an almost equal influence on the surface area, 

had different influences on the behavior of the double-spiral. The polar slope mostly influenced 

the displacements of the model, whereas changing the initial thickness dramatically affected the 

force values. Changing the angle of rotation affected both force and displacement values almost 

equally. The results suggest that the response of the double-spiral to loadings can be broadly tuned 

by adjusting the three design variables that control the geometry of the spiral. 

 

3.2. Prototyping, mechanical testing, and application 

To verify the validity of our modeling method and simulation procedure, we manufactured and 

tested the reference double-spiral joint (Fig. 5a, Video S2). To measure the quality of the fit, we 

averaged the data from the experiments ( n =12 ) and compared the force values corresponding to 

the defined deformation phases (i.e., initial clearance, unrolling, and unfolding) achieved from the 

experimental tests and finite element simulation. Although our numerical model slightly underes-

timated the force, the simulation resulted in a good agreement with the experimental data. Hence, 

the comparisons confirm the validity of the numerical study. For further validation, we also used 

the printed joint for replicating the simulated deformation patterns, the results of which are given 

in Fig. 5b and Video S3. 

To test the performance of the fabricated sample double-spiral joint in application, we con-

ducted two experiments. In the first experiment, while one side of the joint was fixed, we applied 

an equal force to the other side of the joint subjecting that to tension, compression and sliding in 

two opposite directions (Fig. 5c, Video S4). The experiment demonstrated the anisotropic defor-

mation of the double-spiral under equal forces. In the second test, we employed the fabricated 

double-spiral as a joint in a system to passively control the motion of its components and distin-

guish objects with different masses (Fig. 5d, Video S5). Two round objects of the same size rolled 

on a rigid part. The 3 g object did not move the components and rolled directly, whereas the 30 g 

object rotated the double-spiral joint and rolled through a different path. This is a simple, proof-

of-concept example that illustrated the potential of double-spirals for making an adaptive system. 
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Fig 4. Influence of the design variables on the mechanical behavior of the developed double-spiral joint. The forces 

and displacements of the similar deformation phases in each loading scenario are averaged and normalized (divided by 

the corresponding values of the reference model). 
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Fig 5. 3D printing, testing, and application of the double-spiral joints. a) Comparison of the force-displacement curves 

and force values obtained from the numerical and experimental tensile tests on the reference double-spiral. b) The 

reference double-spiral joint under (i) tension, (ii) sliding to the left, (iii) sliding to the right, (iv) compression, and (v) 

rotation. c) Fixing one side of the sample double-spiral and applying equal forces to its opposite side in four different 

directions to illustrate its anisotropic behavior. Shaded areas show the fixed boundary conditions, and arrows show 

the direction of the applied loads. d) Using the sample double-spiral joint for separating objects with different masses. 

While (i) the 3 g round object rolls directly, (ii) the 30 g object turns the double-spiral joint and continues moving in a 

different path. 
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4. Discussion 

Spiral patterns are omnipresent in nature [1,2]. Although they fulfill various functions, one of their 

key functions is the coiling of hyper-elongated deformable structures in the resting position. This 

property has been used, for example, in butterflies’ proboscis [26], octopuses’ tentacle [28], and 

millipedes’ body [32]. Inspired by these examples, we developed a double-spiral structure that can 

be used as a highly extensible joint. We combined computer simulations, 3D printing and mechan-

ical testing to characterize the behavior of our design. 

Our joint can be categorized as a highly extensible dual-stiffness structure. It can be extended 

up to five times its original length under tension or sliding. The extension of the joint (especially in 

tension) includes two almost linear distinct deformation regimes: a long low-stiffness and a short 

high-stiffness regimes. In other words, the structure transforms from a flexible to a stiff state during 

its extension. This reversible non-linear behavior of the double-spiral comes from its geometry and 

can be tuned by changing its design variables. The variable stiffness structures, such as our double-

spiral, are of particular interest in shape morphing applications, where low stiffness is necessary 

during shape change and high stiffness is needed for load bearing purposes when the shape change 

is completed [35-38].  

The double-spiral joint is an anisotropic system. This is true for the behavior of the system in 

tension, compression, and sliding. Unlike tension, deformations are small in compression and the 

joint exhibits high load-bearing capacity. The sliding of the joint to the left and right occurs with 

an inversion of anisotropy. Although the structure highly extends subjected to sliding forces in 

both directions, it is stiffer in the beginning when is pulled to the left. This adjustable anisotropy 

could be a desired characteristic in specific engineering systems [39-41]. 

The simple equation of the logarithmic spiral makes the design tunable by simply adjusting only 

a few design parameters. Numerical simulations conducted using a simple model of the double-

spiral successfully predicted its mechanical behavior under different loading scenarios with good 

accuracy. Our results showed that we can reach a high level of passive control on the behavior of 

the double-spiral and broadly tune its deformation phases (i.e., initial clearance, unrolling, and un-

folding) through the design variables (Fig. 4). The free space between the coils of the structure 

increases its initial clearance displacement. The higher number of coils leads to a higher unrolling 

displacement. Increasing the thickness of the spirals results in the higher force required to deform 

the structure but has no remarkable effect on the maximum displacements. The thickness of  the 

spiral reduces from its base to the end. While we can control the initial thickness of  our double-spiral 
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(thickness at the base) directly, two other design variables (polar slope and angle of  rotation) affect 

the thickness at the end of  the spiral. The unfolding force is mostly influenced by this thickness.  

Besides the design variables which were extracted from the equation of the logarithmic spiral in 

a polar coordinate system (i.e., polar slope, initial thickness, and the angle of rotation), there could 

be other variables with considerable influence on the geometry of double-spiral joint and its me-

chanical behavior. As an example, here we investigated the influence of the connection between 

the two spirals within our double-spiral structure on its tensile behavior. Specifically, we developed 

a new model with four folds instead of two (Fig. 6). The result showed that although the initial 

clearance and unrolling phases remained almost constant, the unfolding force and displacement 

increased (by about 55% and 10%, respectively). A future study should test the effect of this and 

other potential geometric parameters on the behavior of the double-spiral. Future studies should 

also investigate the behavior of the double-spirals under other loading scenarios, such as torsion 

and lateral bending, as here we only focused on their in-plane behavior. This can further increase 

the range of applications in which the double-spirals can be utilized. 

 

Fig 6. Influence of the connection between the spirals of the double-spiral structure on its mechanical behavior. Com-

parison of the force-displacement curves resulting from the simulation of the tensile behavior of the models with two- 

and four-fold connections between their spirals. 

Manufacturing is a vital process that can remarkably affect the functionality of designed struc-

tures. 3D printing is one of the most common and effective manufacturing methods that enables 

us to fabricate high-resolution structures with extremely complex geometry and material composi-

tion, directly from 3D computer-aided-design models [42]. From the wide range of available print-

ers with different technologies, an easily accessible single-nozzle FDM 3D printer is a suitable tool 
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for the fast and low-cost fabrication of our developed double-spiral joint using a single material. 

The fixed cross-sectional profile of the designed double-spiral joint simplifies and speeds up the 

manufacturing process, facilitates its integration into potential applications, reduces the costs of 

assembly, and eliminates the need for multiple materials. Hence, we anticipate wide-spread future 

applications of our compliant joint. Double-spirals can be used in articulated robots or modular 

metamaterials to passively control the relative motion of blocks and result in unconventional me-

chanical behavior of these systems. However, future studies are required to analyze the static and 

dynamic behavior of the double-spiral and optimize its geometry for each application. 

 

5. Conclusion 

In this article, we presented a pre-programmable compliant joint, called double-spiral, inspired by 

the coiling-uncoiling behavior of highly extensible natural spirals. We used numerical simulations, 

3D printing, and mechanical experiments to investigate its mechanical behavior under different 

loading scenarios. The remarkable characteristics of this structure, such as the easily tunable design, 

multiple degrees of freedom, adjustable anisotropy, and high extensibility, suggest that the bio-

inspired structure has potential engineering applications. The passive-automatic control of the 

structure, which is achieved through the design variables alone, makes the double-spiral an ideal 

structure for robotic applications, for example to develop soft extensible robots or adjustable 

hinges. Our double-spiral design represents a striking example of mechanical intelligence (MI), 

recently introduced by the authors [43], which aims to develop bio-inspired solutions to design a 

new generation of engineering components that can automatically respond to applied loads without 

requiring complicated actuations. 

 

Supplementary materials 

The data that support the findings of this study are available online at [44]: 

https://doi.org/10.6084/m9.figshare.c.6360049.v1 

• Video S1. Numerical simulation of the mechanical behavior of the reference double-spiral un-

der tension, sliding, compression, and rotation. 

• Video S2. Tensile deformation of the reference double-spiral joint in experimental test and 

numerical simulation. 

• Video S3. Deformation of the reference double-spiral joint under tension, sliding, compression, 

and rotation. 

https://doi.org/10.6084/m9.figshare.c.6360049.v1
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• Video S4. Anisotropic behavior of the double-spiral joint in four different directions. 

• Video S5. Using the double-spiral joint in an application for separating objects of different 

masses. 

• File S1. 2D and 3D models of the double-spirals developed in this study for numerical simula-

tions and 3D printing. 
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Chapter 3: 

Double-spirals offer the development of pre-programmable 

modular metastructures 

 

Abstract 

Metamaterials with adjustable, sometimes unusual properties offer advantages over conventional 

materials with predefined mechanical properties in many technological applications. A group of 

metamaterials, called modular metamaterials or metastructures, are developed through the arrange-

ment of multiple, mostly similar building blocks. These modular structures can be assembled using 

prefabricated modules and reconfigured to promote efficiency and functionality. Herein, we devel-

oped a novel modular metastructure by taking advantage of the high compliance of pre-program-

mable double-spirals. First, we simulated the mechanical behavior of a four-module metastructure 

under tension, compression, rotation, and sliding using the finite-element method. Then, we used 

3D printing and mechanical testing to illustrate the tunable anisotropic and asymmetric behavior 

of spiral-based metastructures in practice. Our results show the simple reconfiguration of the pre-

sented metastructure toward the desired functions. The mechanical behavior of single double-spi-

rals and the characteristics that can be achieved through their combinations make our modular 

metastructure suitable for various applications in robotics, aerospace, and medical engineering. 

 

Keywords: Mechanical intelligence, structured materials, functional design, finite-element method, 

3D printing. 
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1. Introduction 

Structured materials with unprecedented tunable properties have been increasingly developed 

in recent years and found applications in robotics [1,2], electronics [3], energy harvesting sys-

tems [4,5], biomedical engineering [6], aerospace engineering [7,8], structural engineering [9 ], 

etc. [10-12]. These materials, which are referred to as metamaterials, are engineered to exhibit 

properties that are derived from their architecture, rather than constituent materials [13,14]. 

Negative swelling ratio [10], negative thermal-expansion coefficient [15], negative Poisson’s ratio 

[16], negative moduli [17], anisotropic behavior [18,19], reversible non-linear deformability 

[20,21], programmability [22,23], and shape memorability [24] are some of  the obtained me-

chanical properties. 

Modular metamaterials consist of  rationally designed modules or unit cells linked to each other. 

In these materials, desired mechanical properties can be achieved by engineered deformation of  the 

consisting modules [25-27]. Hence, knowing the characteristics of  each module is crucial when de-

veloping a metamaterial. The geometry, material composition, and spatial arrangement of  modules 

are key factors that determine the behavior of  modular metamaterials under different boundary con-

ditions and loadings. Structures used as modules for the development of  modular metamaterials vary 

from rotating rigid shapes [28-31], the wide range of  honeycomb designs [32-34], and re-entrant 

structures [35-37] to horseshoe-shaped structures [10], foldable obelisk-like units [25], bio-inspired 

double-layer hinges [38], helical structures [39], and many other different designs [2,19,22,40,41]. 

The aim of this study is to investigate the potential of pre-programmable compliant double-

spiral structures, which have been recently introduced by our team, when used as the modules of 

a metastructure. Adjustable design, multiple degrees of freedom, high extensibility, and reversible 

non-linear deformability are properties of the double-spirals that make them particularly interesting 

for the development of deformable structures [42]. We expect that pre-programmable double-spi-

ral modules will enable us to control the mechanical properties of a metastructure in different 

directions in a passive-automatic way. 

Using the finite-element method (FEM), we simulate the mechanical behavior of  a four-mod-

ule metastructure under different loading scenarios. We also manufacture two modular metastruc-

tures using 3D printing and illustrate their performance in practice. Our results show that the 

combination of  different double-spirals can lead to tunable anisotropy, asymmetric behavior, pre-

programmable shape change, spatial heterogeneity, and simple reconfiguration of  the developed 

metastructure. 
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2. Methods 

2.1. Modeling and finite element analysis 

Following the method adopted by Jafarpour et al. [42], we used the equation of logarithmic spirals 

in the polar coordinate system (equation 1) to plot spiral curves using the programming software 

MATLAB (MathWorks). 

0

kr r e −= , (1) 

In the above equation, 
0r  is the radius of the spiral at  = 0 , and k  is the polar slope [43]. 

We plotted two logarithmic spirals with different initial radii ( 0,1r =13.5 mm , 0,2r =15.0 mm ) but 

an equal polar slope ( k = 0.2 ) from 0 to 1.5π radians. We then rotated them around the origin of 

the coordinate system by π radian to generate two other spirals. These four spiral curves formed 

two spiral surfaces (Fig. 1a). After connecting the bases and the ends of spirals with straight lines, 

the plot was imported to the finite-element software package ABAQUS/Standard v. 6.14 (SIM-

ULIA) to develop the two-dimensional (2D) numerical model of the first double-spiral, named 

double-spiral 1 (Fig. 1b). 

The same procedure was used to develop a geometrically different double-spiral to investigate 

the behavior of  a combination of  double-spirals employed as the modules of  a modular meta-

structure. We set the initial thickness, polar slope, and angle of  rotation of  double-spiral 2 to be 

3 mm ( 0,2 0,1r r− = − =15 12 3), 0.1, and 3π radians, respectively (Fig. 1b). The values of the design 

variables were selected to obtain models with significantly different geometries. Double-spiral 1 is 

much shorter, thinner, and more curved than double-spiral 2. 

A modular metastructure, in which double-spiral modules were connected to blocks forming a 

square, was designed here (Fig. 1c). We employed two models of each double-spiral 1 and 2 to 

develop a four-module metastructure (Fig. 1d). We used this planar model to simulate its mechan-

ical behavior subjected to in-plane loading scenarios in Abaqus. The model was meshed using four-

node bilinear plane-stress quadrilateral elements with reduced integration (CPS4R). A mesh sensi-

tivity analysis was conducted to set the size of the elements. The 0.1 mm elements resulted in 

accurate solutions in reasonable computational time. We used the self-contact formulation in 

Abaqus to define the physical contacts between interacting surfaces [44]. 

The material properties of the thermoplastic polyurethane (Flexfill TPU 98A, Fillamentum 

addi©tive polymers, Czech Republic) presented in Table 1 were assigned to the model [45]. 
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Fig 1. Development of 2D models of double-spirals and four-module metastructure. a) Plotting four spiral curves to 

generate two spiral surfaces for the development of double-spiral 1. b) Double-spiral 1 and 2 models. c) A modular 

metastructure consisting of double-spiral modules connected to blocks. d) Employing double-spirals 1 and 2 to de-

velop a four-module metastructure. 

 

Table 1. Mechanical properties of the thermoplastic polyurethane filament (Flexfill TPU 98A, Fillamentum addi©tive 

polymers, Czech Republic) [45]. 

Density (kg m-3) 1230 Stress (MPa) 0.0 12.1 22.1 28.4 37.8 

Poisson’s ratio 0.3 Strain 0.0 0.1 0.5 1.0 3.0 

 

We used the Abaqus implicit solver to simulate the quasi-static behavior of the model under 

different loading scenarios. In all loading scenarios, the boundary conditions and loads were applied 

to the rigid blocks that were connected to the double-spirals. We avoided the large strain behavior 

of the elements and focused on reversible elastic deformations by limiting the load values. The 

following loading scenarios were simulated to characterize the performance of the spiral-based 

modular metastructure (Fig. 2): 
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• Tension. Here, we extended the model once in the vertical and once in the horizontal directions 

(with respect to the horizon). In both cases, we clamped the model on one side and pulled it on 

the opposite side until the double-spirals reached their maximum lengths (Fig. 2a). 

• Compression. In this loading scenario, we compressed the model twice in two perpendicular 

directions, while the blocks on the opposite side were fixed (Fig. 2b). The compression was 

accomplished by applying a 2 N force.  

• Rotation. Under rotation, the model was clamped at the two opposite blocks b1 and b3, and 

then only one of the two other blocks, i.e., b2, was subjected to a counterclockwise (CCW) 

moment (equal to 50 N.mm). Under the same loading and boundary condition, we then rotated 

the same block clockwise (CW) (Fig. 2c). 

• Sliding. In this loading scenario, first we fixed the blocks on one side, here b1 and b4, and 

pulled one of the two other blocks, i.e., b3, downward by 50 mm, whereas b2 could move only 

vertically. We then clamped the model at a different side, i.e., b3 and b4, and pulled b2 horizon-

tally to reach the same displacement, while b1 was restricted in the vertical direction (Fig. 2d). 

 

2.2. Prototyping and mechanical testing 

We manufactured two double-spirals used in the numerical simulations with a fused deposition 

modeling (FDM) 3D printer (Prusa i3 MK3S, Prusa Research, Praha, Czech Republic) to test their 

behavior and validate our numerical results. Double-spirals and fixtures were printed using a semi-

flexible polyurethane filament (Flexfill TPU 98A, Fillamentum addi(c)tive polymers, Czech Repub-

lic) and a polylactic acid (PLA) filament (Prusa Research, Praha, Czech Republic), respectively. A 

ZwickiLine uniaxial testing machine (Zwick Roell, Ulm, Germany) equipped with a 500 N load cell 

(Xforce P load cell, Zwick Roell) was used to quantify the tensile behavior of the manufactured 

double-spirals. Three specimens of each double-spiral were tested (three times each) under the 

same loading and boundary conditions used in the numerical simulation of tensile loading (Fig. 3). 

In the next step, we fabricated three double-spirals with distinct geometries using TPU filament 

and connected them to each other using connecting blocks made of PLA to develop modular 

metastructures with adjustable properties. We then tested their mechanical performance in practice. 

The values selected for design variables to obtain the 3D models of double-spirals, and the 3D 

printing settings are given in Table 2. We assembled the printed parts to make a beam-like and a 

cubic metastructure and characterized their behavior in two different experiments. First, we fixed 

one end of the beam structure and applied a 250 N.mm moment to its other end to investigate its 
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behavior in bending (Fig. 4). Then we used our uniaxial testing machine to quantify the compres-

sive behavior of the cubic structure in three different directions (Fig. 5). 

Table 2. Double-spiral models developed for 3D printing, besides their corresponding values of design variables, and 

settings used for 3D printing. 

3D modeling 

Developed double-spirals 

Double-spiral 1 Double-spiral 2 Double-spiral 3 

   

Design variables 

Polar slope 0.10 0.20 0.05 

Initial thickness (mm) 3.0 2.5 1.0 

Angle of rotation (rad) 3π 1.5π 4π 

Extrusion height (mm) 20 20 20 

3D printing settings 

Filament 
Thermoplastic polyurethane 

(Flexfill TPU 98A) 

Polylactic acid 

(PLA) 

Produced by 
Fillamentum addi(c)tive polymers, Czech 

Republic 

Prusa Research, Praha, Czech 

Republic 

Filament diameter (mm) 1.75 1.75 

Nozzle diameter (mm) 0.4 0.4 

Extrusion temperature (°c) 240 215 

Bed temperature (°c) 50 60 

Layer height (mm) 0.2 0.2 

Fill pattern Gyroid Gyroid 

Fill density (%) 20 20 

 

3. Results 

3.1. Finite-element analysis 

The double-spirals, their arrangement in the presented metastructures, and used loading scenarios 

are only a few examples of the many potential combinations of design, loading, and boundary 

conditions. We presented these specific combinations to illustrate the potentials of our modular 

metastructure for a range of practical applications. 
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Fig 2. Simulation of the mechanical behavior of the four-module metastructure model. Results are given for the fol-

lowing loading scenarios: in-plane a) tension, b) compression, c) rotation, and d) sliding. Shaded areas show the fixed 

boundary conditions, and arrows show the direction of the applied loads. 

The force-displacement diagram resulted from the simulation of tension showed that both ten-

sile force and displacement in the vertical direction were about twice those in the horizontal 
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direction (Fig. 2a). The compressive force-displacement diagram showed that the metastructure 

was about six times stiffer under compression in the vertical direction than in the horizontal direc-

tion (Fig. 2b). These two loadings show the anisotropy of the developed metastructure. 

Rotating a block of the model (b2 in Fig. 2c) in two opposite directions (CW and CCW) demon-

strated its asymmetric behavior. Although the rotational deflections of b2 subjected to the same 

moment in two directions were not much different, the work required for the CCW deformation 

was about four times that for the CW deformation. The moment-rotation diagram shows the dif-

ferent stiffnesses of the metastructure in the two directions and their variations as the deformation 

increases. 

The force-displacement curves illustrate non-linear behavior of the metastructure, related to the 

specific phases of the deformation of double-spirals under different loading scenarios (i.e., initial 

clearance, unrolling, and unfolding) [42]. The tension and rotation of the metastructure in two 

different directions occur with an inversion of anisotropy. In tension, 0.5 N force is enough to 

unroll double-spiral 1 horizontally and reach the high-stiffness unfolding phase (around 60 mm 

displacement). However, the vertical 0.5 N force extends double-spiral 2 by only 10 mm. Never-

theless, the metastructure has higher extensibility in the vertical direction when it is subjected to 

larger tensile forces. The same scenario lies behind the inversion of anisotropy in the CW and CCW 

rotations of the metastructure. 

We used the sliding scenario to indicate the behavior of the free block which was not loaded 

(b2 in the vertical sliding and b1 in the horizontal sliding, Fig. 2d). In the vertical loading, the 

displacement of the loaded block (b3) led to almost the same displacement of the free block (b2). 

However, in the horizontal loading, when we moved the block (b2) horizontally, the free block 

(b1) did not move and therefore the whole structure showed a different deformation pattern com-

pared to the vertical loading (Fig. 2d). 

 

3.2. Prototyping and mechanical testing 

Here, we 3D printed the double-spirals used in the numerical simulations and characterized their 

tensile behavior experimentally to verify the validity of our simulations. To this goal, we averaged 

the force-displacement curves from the experiments ( 9n = ) and compared that to the numerical 

force-displacement curve (Fig. 3). The quality of the fit was measured by comparing the average 

force values resulted from the two methods at the same displacements. The comparisons show 
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that for both double-spirals, a good agreement exists between the numerical and experimental J-

shaped curves. 

 

Fig 3. 3D printing and testing of two double-spirals used in the numerical simulations. Comparison of the force–

displacement curves and force values obtained from the numerical and experimental tensile tests on double-spirals 1 

and 2. 

Two spiral-based metastructures were manufactured and tested in the next step. First, a beam-

like modular metastructure was developed using double-spirals 1 and 2, that were horizontally con-

nected to three blocks (Fig. 4). Four double-spirals were arranged in eight different combinations. 

Fixing one end of these structures and applying an equal moment to their free end resulted in 

different deformation patterns. The deflection of the middle point of beams varied from 21 mm 

to 55 mm, and the deflection of their tip varied from 53 mm to 118 mm. This demonstrates the 

asymmetric behavior and tunable structural stiffness of the developed structures that results from 

the different combinations of two double-spirals with different thicknesses, lengths, and polar 

slopes.  

We then used double-spirals 1, 2, and 3 to connect eight blocks in the form of a cube and 

developed three cubic modular metastructures (Fig. 5a). The first cube was made up of double-

spiral 1 only and was expected to have the same compressive stiffness in all three directions of the 
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Cartesian coordinate system (Fig. 5a-i). The second cube, consisting of double-spirals 1 and 2, 

could behave the same in x and z directions, but different in y direction (Fig. 5a-ii). 

 

Fig 4. 3D printing and testing of a beam-like modular metastructure. Eight structures were developed using double-

spirals 1 and 2 arranged in eight different ways. The structures were fixed at one end and a 250 N.mm moment was 

applied to their free end. The shaded area shows the fixed boundary condition, and the arrow shows the direction of 

the applied moment. The deflections of the loaded structures can be compared using the displacement values written 

next to the blocks and the plot illustrating their deflections all together. 
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Fig 5. 3D printing and testing of a cubic modular metastructure. a) Three cubes were developed using double-spirals 

1, 2, and 3. b) The third cube was placed between two plates, and a 100 N force was used to displace one plate towards 

the other one that was fixed. The force-displacement diagram shows the anisotropic behavior of the cubic metastruc-

ture in x, y, and z directions. The average values of the maximum displacement ( 5n = ) and their standard deviations 

are written next to the corresponding curves. 
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To have a cubic metastructure with a specific mechanical characteristic in each direction, we 

used four of each double-spirals 1, 2, and 3 and developed the third cube (Fig. 5a-iii). The com-

pressive behavior of this cube was quantified in three directions (Fig. 5b). We placed it between 

two plates and used a 100-N force to displace one plate towards the other one that was fixed. 

Repeating this test five times in each direction resulted in 2.9 (± 0.1) mm, 9.3 (± 0.3) mm, and 13.9 

(± 0.4) mm displacement of the plate in the x, y, and z direction, respectively. The compression of 

the double-spirals starts with a low-stiffness deformation phase, which arises from the free space 

between their coils, and continues with a gradual increase in the stiffness, which results from the 

contact between the coils [42]. The different compressive behaviors of the metastructure in x, y, 

and z directions are mainly caused by the different free space available between the coils of the 

double-spirals and their thicknesses, which can be simply adjusted by changing the values of the 

design variables. 

 

4. Discussion 

Modular metastructures consisting of exchangeable modules can be used in different applications 

in which simple adjustability is a requirement. In this study, we used only two/three geometrically 

different double-spirals as modules of spiral-based modular metastructures to obtain distinct me-

chanical behaviors under the same load. Our results showed that the geometrical design variables 

of the double-spirals can be used to pre-program the behaviors observed. The spatial arrangement 

of the double-spirals, type of loading, and boundary condition determine the behavior of the spiral-

based modular metastructure. 

Using our double-spirals in the developed metastructure enabled us to tune the stiffness of the 

metastructure in different directions and how it changes during the application of the external 

loads. Our results illustrated the high reversible extensibility, variable stiffness, anisotropy, and 

asymmetric behavior of the developed metastructures. We could tune all these features by changing 

the design variables of the double-spirals and controlling the structural stiffness in each direction. 

These characteristics can be a great advantage to many engineering structures, such as mechanical 

hinges [46,47] biomedical implants [19], asymmetric casts and splints [48], flexible body armors 

[49], and load-bearing yet collision-resistant kites [50].  

Programmed shape change in response to mechanical loads is another interesting property of 

the developed metastructures. Shape changes can enable engineering structures to transform into 

predictable shapes when loaded, to change their performance and/or improve their efficiency 

[22,23]. In this study, the sliding loading scenario conducted horizontally and vertically resulted in 
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two different deformation patterns (Fig. 2d). The difference is due to the internal boundary condi-

tion that double-spirals passively apply on each block. Numerical and experimental results suggest 

that this shape change can be pre-programmed by using different double-spirals with suitable geo-

metrical design variables (Fig. 2d, 4). Varying the orientation of the modules from the horizontal 

and vertical directions to angled directions is another strategy that can also change the local bound-

ary condition on the blocks and influence the behavior of the metastructure. 

Since the modular metastructure developed here comprises individual modules, the dimensions 

of the metastructure can be easily changed by adding or removing double-spirals. Employing dou-

ble-spirals with various mechanical behaviors in a larger structure could result in spatial heteroge-

neity or gradient of properties. However, there is a constraint against increasing this heterogeneity. 

Complex aperiodic architectures could hinder the desired functionality of a structure and prevent 

its coherent and predictable response [22,51]. Therefore, any design should provide a trade-off 

between the high level of controllability and complexity. 

In this study, we presented the concept of using compliant double-spirals as the modules of a 

modular metastructure. The results showed the potential of double-spirals for this purpose. Con-

sidering that our simulations were conducted on small assemblies of double-spirals, future studies 

should focus on characterizing the behavior of spiral-based metastructures in large scales. A com-

binatorial design theory [22], an inverse-design method [51], and a structural stiffness matrix-based 

computational method [52] are a few examples that can be used to predict the mechanical behavior 

of large spiral-based modular metastructures. Further investigations should examine the perfor-

mance of the double-spirals with different geometries and material compositions under long-term 

loadings. Artificial intelligence (AI) has progressed researches on metamaterials significantly [12] 

and can be used in future studies to obtain double-spirals with geometries optimized for specific 

applications. The arrangement of the modules in the developed metastructure is another factor that 

remains to be tested to improve its mechanical behavior. 

 

5. Conclusion 

In this article, we presented a modular metastructure that consists of compliant double-spirals and 

investigated its mechanical behavior under different loading scenarios. Our results showed that by 

combining double-spirals in specific configurations, we can exploit desired properties, including 

tunable anisotropy, asymmetric behavior, pre-programmable shape change, and spatial heteroge-

neity, besides the advantageous features of single double-spirals, such as simply adjustable design, 

multiple degrees of freedom, high extensibility, and reversible non-linear deformability. Further-
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more, if any unexpected modification is necessary, the use of independently exchangeable modules 

in the modular metastructure makes its reconfiguration feasible. Individual double-spirals could be 

printed fast at low costs using a single material and be readily assembled. The metastructure pre-

sented in this study can offer an alternative design for engineered materials that are currently in use 

in various engineering fields. Compact, yet highly extensible double-spirals make the metastructure 

adequate for aerospace engineering products which need to be portable and stowable. Highly tun-

able non-linear deformations of the spiral-based metastructure in different directions suggest it 

could provide an efficient solution to the development of biomedical engineering devices for re-

habilitation. The metastructure comprised pre-programmable double-spirals, which control the 

motion of components in a passive-automatic way, could be of particular interest in articulated 

robots. 
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Chapter 4: 

Double-spiral: A bio-inspired functional design with poten-

tial technical applications 

 

Abstract 

Spiral, one of the most well-known functional patterns in nature, has long served as a source of 

inspiration for humans in the creation of numerous spiral-based designs. Double-spiral is a design 

derived from spirals, which has been previously presented and utilized as a compliant joint. Ad-

vantageous properties of double-spirals, such as easily adjustable design, multiple degrees of free-

dom, reversible extensibility, and tunable deformability make them promising candidates for the 

development of structures that exhibit unique behavior and achieve desired functions. In this arti-

cle, we first develop the Double-Spiral Design software to facilitate the design and modeling of 

double-spirals. We then design and manufacture five different spiral-based structures, including (i) 

a freeform passive gripper, (ii) a highly extensible enveloping gripper, (iii) a mechanical interlocking 

structure, (iv) an adaptive impact absorber, and (v) a compliant planar joint. Through practical 

experimentation, we test the functionality of the developed structures and showcase the potential 

of double-spirals for being used in various technical applications. This study represents a significant 

step towards a better understanding of double-spirals and demonstrates their broad but unexplored 

potential in engineering design. 

 

Keywords: Biomimetics, bio-inspired design, adaptive design, 3D printing, soft robotics. 

  

 
This chapter is currently in the peer-review process. 



Chapter 4 Technical applications 

 

51 
 

1. Introduction 

Bio-inspired design encompasses an interdisciplinary approach that utilizes nature’s strategies to 

develop advanced technological solutions. By adopting or deriving insights from biological struc-

tures, we can design and manufacture products that are more efficient and durable [1-5]. Although 

fundamental differences between natural and technological systems cause numerous difficulties in 

the implementation of biologically inspired solutions into real technological applications, this ap-

proach has been increasingly applied in various technical fields. 

Biomimetics usually requires an abstraction step rather than a simple and direct copying ap-

proach. Engineers often try to modify or simplify complex natural designs to suit human needs 

and overcome manufacturing limitations. Sometimes they can mimic only one aspect of a biological 

system and develop a solution for a specific engineering problem, but sometimes they use a concept 

inspired from the nature for a broad range of totally different purposes [1-4]. 

Spiral, as an omnipresent geometrical pattern in nature, serves as a profound source of inspira-

tions for humans [6,7]. Engineers across various disciplines have leveraged the spiral pattern, each 

offering their unique perspective, modifying its structure, and adapting it to meet requirements of 

specific applications. Spiral has inspired the development of numerous engineering structures and 

systems, including flexible electronics [8,9], springs [10-12], joints [13,14], metamaterials [15-18], 

wearable thermoelectric generators [19], soft actuators [20-24], antennas [25], soft grippers [26,27], 

and heat exchangers [28,29]. 

Compliant double-spirals have been presented recently as novel spiral-based structures [14]. 

They are inspired by the coiling-uncoiling behavior observed in deformable natural spirals, such as 

the tentacles of octopuses [30], tail of chameleons [31], tendrils of plants [32], among others [33-

36]. Double-spirals hold significant potential in practical applications due to their distinctive be-

havior when subjected to loading [14]. These structures offer the ability to undergo substantial and 

predictable deformations, making them particularly valuable in stretchable electronics, soft robots, 

or biomedical engineering devices where large deformations are necessary [37-39]. Having a high 

level of control on geometry-function relationship in double-spirals allows us to develop structures 

with desired stability and load-bearing capacity, while still benefiting from their high extensibility, 

adaptability, and durability. The purpose of this study is to demonstrate the potential of double-

spirals by harnessing their unique properties and incorporating them into a broad range of novel 

meticulously designed structures with potential for technical applications. 
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Herein, we first develop a software package with a graphical user interface (GUI) to provide a 

user-friendly tool for designing double-spirals with different geometries. We then use the data ex-

ported from this software to make three-dimensional (3D) models of spiral-based designs. Using 

a 3D printer, we manufacture them and investigate their mechanical behavior under different load-

ings. Our results show that structures developed using compliant double-spirals are great examples 

of engineered designs that harness the mechanical compliance of their consisting elements (double-

spirals here) to create motion when force is applied and achieve desired functionalities. By demon-

strating the performance of double-spirals in different structures, this study proves their potential 

in further technical applications. 

 

2. Double-Spiral Design software 

A software package, called Double-Spiral Design, was developed using python scripting to facilitate 

the design and modeling of double-spirals (see Supplementary data). In this software, either loga-

rithmic or Archimedean spiral curves can be used to develop double-spirals with desired geometries 

(Fig. 1). The ability to choose between the logarithmic and Archimedean spirals facilitates the de-

sign of double-spirals with diverse geometries. While a double-spiral consisting of logarithmic spiral 

curves has a variable thickness, Archimedean spiral curves form a double-spiral with almost con-

stant thickness (Fig. 1b). Equations (1) and (2) were used to define the logarithmic and Archime-

dean spirals in the polar coordinate system, respectively: 

0

kr r e −= , (1) 

In this equation, 
0r  is the radius of the spiral at 0 = , and k  is the polar slope. 

0r r k= −  (2) 

Here, 
0r  is the radius of the spiral at 0 = , and k  is the variation of the radius of the spiral 

with a rotation equal to one radian [7]. 

The software uses the values of the design variables as inputs to plot four spiral curves (Fig. 1a). 

Plotting spiral curves 1 and 2 forms spiral surface 1, whereas plotting spiral curves 3 and 4, which 

are rotated about the origin of the coordinate system by 180 degrees, forms spiral surface 2. The 

user can then ask the software to connect the inner ends of the plotted spiral surfaces to each other 

by two straight lines as a connector and accomplish the cross-sectional profile of a double-spiral 

model. Finally, the Double-Spiral Design software enables the user to save all plotted curves and 

surfaces in different formats (.csv, .dxf, .xlsx, .html, .txt, .step, and .stl). 
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Fig 1. Double-Spiral Design software. a) User interface of the software. After choosing between the logarithmic and 

Archimedean spirals, the user can define design variables for the spiral curves 1-4 to plot spiral surfaces 1 and 2. The 

desired double-spiral can be developed by plotting the connector. The data of all spiral curves and surfaces can be 

exported from the software in different formats. b) An example of each logarithmic and Archimedean double-spirals 

and their corresponding design variables. 

 

3. Spiral-based structures 

We imported the data from the Double-Spiral Design software to the Abaqus software v. 6.14 

(SIMULIA), developed five spiral-based structures (.stl files available as Supplementary data), and 

tested their performance in practice (Table 1). We used a fused deposition modeling (FDM) 3D 

printer (Prusa i3 MK3S, Prusa Research, Praha, Czech Republic) and a semi-flexible polyurethane 
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filament (Flexfill TPU 98A, Fillamentum addi(c)tive polymers, Czech Republic) to manufacture 

the models. Fixtures and all other parts required for the experiments were printed with a polylactic 

acid (PLA) filament (Prusa Research, Praha, Czech Republic). The settings used for 3D printing 

and the values of design variables defined for the development of double-spirals are given in Table 

S1 and Table S2, respectively. The mechanical behavior of the developed structures was character-

ized using a ZwickiLine uniaxial testing machine (Zwick Roell, Ulm, Germany) equipped with a 

500 N load cell (Xforce P load cell, Zwick Roell, Ulm, Germany). 

Table 1. Spiral-based structures developed in this study, their specifications, and the desired characteristics. 

Spiral-based structure Design specification Desired characteristic 

Freeform passive gripper 
A chain of double-spirals 

in the form of a loop 
- Local deformation 

- Large, accumulated deformation 

Highly extensible enveloping 
gripper 

Six double-spirals forming 
a triangular structure 

- High extension 
- Reversible deformation 

- Inherent compliance 

Mechanical interlocking 
structure 

Double-spirals consisting of two 
geometrically different spiral coils 

- Asymmetric rotation 

Adaptive impact absorber 
A series of double-spirals 
with different thicknesses 

- Adaptive stiffness 
- High extension 

Compliant planar joint 
Double-spirals with 
low extrusion height 

- In- and out-of-plane deformation 

 

3.1. Freeform passive gripper 

Taking advantage of high rotational deformability of a chain of double-spirals, we designed a struc-

ture with enhanced adaptability. We connected a set of double-spirals with similar geometries to 

form a loop (Fig. 2a). The double-spiral loop deforms easily because each double-spiral can deform 

locally. In other words, it perfectly conforms to objects of various shapes due to the inherent de-

formability of each double-spiral. To clarify this feature, we designed another loop with the same 

diameter and 1 mm thickness (the average thickness of double-spirals), but having no double-spiral, 

and compared their deformability. We brought them in contact with five substrates with distinct 

curvatures: a flat surface, two concave, and two convex surfaces with a small and a large curvature. 

The structures were released to conform to the substrates due to their own weight (Fig. 2b). In all 

cases, the double-spiral loop exhibited a higher compliance and conformity to the substrates than 

the simple loop having no double-spiral. 
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Fig 2. Freeform passive gripper. a) 2D view of the double-spiral and circular loops. b) Deformation of the loops under 

their own weight in contact with a flat, two concave, and two convex surfaces. c) Deformation of the hung double-

spiral loop under its own weight and a 1 kg mass. d) Using the double-spiral loop equipped with tiny disc magnets to 

pick up a 50 g Allen wrench, a 50 g shoehorn, two 15 g tweezers, and multiple 2 g steel beads. 
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In contrast to its high compliancy in bending and compression, the double-spiral loop exhibits 

increased stiffness when subjected to tensile forces, allowing it to withstand considerable tensile 

loads (Fig. 2c). These characteristics are particularly advantageous when the structure is employed 

as a gripper, enabling it on the one hand to efficiently adapt to objects of various geometries and 

on the other hand to endure their weights. Two principles of (i) the multichain structure and (ii) 

being compliant in compression while strong in tension, are well-known from insects’ tarsi [40-43] 

and biological attachment devices [44-46], respectively. 

To demonstrate the functionality of this design, we added small magnets (Neodymium Rare 

Earth Magnets, 3×1.5 mm) to the outer surface of the double-spiral loop and made a magnetic 

gripper for grasping objects of various shapes and masses. We tested the performance of the de-

veloped gripper by picking up five randomly selected objects: a 50 g Allen wrench, a 50 g shoehorn, 

two 15 g tweezers, and multiple 2 g steel beads (Fig. 2d, Video S1). 

 

3.2. Highly extensible enveloping gripper 

Here, we take advantage of high extensibility and reversible deformability of double-spirals. We 

designed and manufactured a triangular structure by assembling three couples of symmetric dou-

ble-spirals (Fig. 3a). This structure was developed to be used as a three-jaw enveloping gripper. 

Owing to the high reversible extensibility of the double-spirals, the area inside the gripper (i.e., the 

area surrounded by the double-spirals) can be remarkably increased. Specifically, by extending dou-

ble-spirals up to their total length, the area surrounded by the gripper extends up to 100 times its 

initial state, and when released, the double-spiral gripper returns to its original coiled state (Fig. 3b, 

Video S2a). While the inherent compliance of the double-spirals enables the gripper to adapt to 

objects of various shapes, their reversible behavior enables the gripper to generate the required 

normal force for the static friction with diverse-shaped objects, developing a stable grip. 

To further investigate the performance of the designed gripper, we 3D printed two double-

spirals and quantified their loading-unloading behavior through tensile tests (Fig. 3c). We fixed one 

side of each double-spiral, pulled its other side to extend it up to a specific length (i.e., 40, 80, and 

120 mm), unloaded it down to 80 % of its initial extension (i.e., 32, 64, and 96 mm), and held it for 

60 s. This process was repeated 30 times for each extension length. In this experiment, the uncoiling 

process corresponds to the gripper being extended up to a specific area relative to the size of the 

object. Once extended, it is then released to grip the object. The gripper must maintain the position 

to securely hold the object; thereafter, it can extend once again to release the object. The resulting 

force-displacement graphs show that: (i) The force required to keep the double-spirals extended in 
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various positions increases during the 60 s holding time of each cycle. (ii) The values of holding 

forces in all three extension lengths are rather the same and become more stable by increasing the 

number of cycles. 

 

Fig 3. Adaptive frictional gripper. a) Modelling the three-jaw gripper using three couples of symmetric double-spirals. 

b) The 3D printed gripper placed on three legs in its initial and extended states. c) Quantifying the mechanical behavior 

of two 3D printed double-spirals under a cyclic loading regarding their function in the gripper. d) Gripping a 200 g 

cubic can, a 400 g loudspeaker, a 500 g cylinder can, and a 750 g filament spool using the developed spiral-based gripper. 
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In the last step, we tested the functionality of the three-jaw gripper and used it to grip four 

objects of different shapes and masses, ranging from 200 g to 750 g (Fig. 3d, Video S2b). It is 

shown here how the three-jaw gripper can envelop the objects and adapt to their shapes. Further-

more, the experiment demonstrates that the gripper can overcome the weight of objects and hold 

them by taking advantage of the frictional forces. 

 

3.3. Mechanical interlocking structure 

Herein, a double-spiral with asymmetric behavior in rotation is designed. This double-spiral con-

sists of two spiral coils with different design variables and geometries: a thin and a thick spiral with 

low and high stiffness, respectively (Fig. 4a). We used this feature of the designed double-spiral to 

develop a mechanical interlocking structure.  

 

Fig 4. Mechanical interlocking structure. a) Developing a double-spiral consisting of a thin and a thick spiral coil with 

low and high stiffness, respectively. The asymmetric rotation of this double-spiral is used to design a mechanical inter-

locking structure. b) 3D printing and testing the performance of the developed interlocking structure. c) The force-

displacement graph resulting from experiments illustrates the anisotropic behavior of the structure in two different 

directions. 

To characterize the performance of the structure, we manufactured it in two parts. We fixed 

one part and subjected the other part to a compressive and then a tensile force to measure the 

force required for their attachment and detachment, respectively (Fig. 4b, Video S3). We performed 

the experiment three times and calculated the results as mean ± SD (Fig. 4c). The results show that 
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the pulling force is more than 40 times the pushing force. By adjusting the design variables of two 

spiral coils forming the compliant double-spiral, anisotropic behavior of the structure can be tuned. 

This characteristic facilitates the development of tunable and reversible attachment. 

 

3.4. Adaptive impact absorber 

Simple adjustability of the geometry of double-spirals and their predictable non-linear mechanical 

behavior was used here to design an adaptive impact absorber. The aim was to reduce the impact 

force exerted on falling objects of different masses by using the high extensibility of double-spirals. 

To achieve this goal, we developed three double-spirals with different initial thicknesses (i.e., 1, 2, 

and 3 mm) and interconnected them in four distinct ways (Fig. 5a). Three double-spirals with the 

smallest thickness (i.e., 1 mm) were connected to form a low stiffness structure (Fig. 5a). By con-

necting three double-spirals with 2 mm thickness and then three double-spirals with 3 mm thick-

ness, we formed medium and high stiffness structures, respectively. We also developed the struc-

ture with adaptive stiffness by connecting three double-spirals each having a different thickness. 

Regarding the function of the developed structures, we extended all models to their maximum 

length (245 mm) at a rate of 1 mm/s and unloaded them at the same rate to investigate their 

loading-unloading behavior (Fig. 5b, Fig. S1). 

To compare the potential of the four developed structures in impact absorption, their behavior 

under tensile forces was quantified (Fig. S2). The area between the loading and unloading force-

displacement curves was calculated and considered as the amount of energy dissipated due to the 

deformation of each structure in response to a specific force value (Fig. 5c, Table S3). 

While each of low, medium, and high stiffness structures are highly efficient only for objects of 

a limited range of masses, the structure with adaptive stiffness could absorb a considerable amount 

of energy in response to the collision of objects of various masses. The adaptive stiffness structure 

benefits from the combination of double-spirals with different thicknesses and deforms under a 

wide range of forces. 

Furthermore, to investigate the impact of loading rate on the mechanical behavior of the devel-

oped impact absorbers, we conducted the same tensile tests on them at a rate of 10 mm/s and 

quantified the resulting energy dissipation (Table S3). Although the values of displacement and 

dissipated energy vary with the loading rate, comparing the performance of structures leads to the 

same conclusion: The adaptive stiffness structure extends in response to a large variety of force 

values and absorbs more energy. 
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Fig 5. Adaptive impact absorber. a) Using three double-spirals with different thicknesses to develop structures with 

low, medium, high, and adaptive stiffness. b) Force-displacement graphs resulted from experimental tensile tests con-

ducted on the four developed structures at a rate of 1 mm/s. c) Comparing the amount of dissipated energy resulting 

from the deformation of four developed structures when subjected to the same tensile forces at a rate of 1 mm/s. 

 

3.5. Compliant planar joint 

Double-spiral is used here as a monolithic compliant joint which allows in- and out-of-plane dis-

placement and rotation of interconnected parts. Taking advantage of the fixed cross-sectional pro-

file of double-spiral, its extrusion height can be simply tuned to meet our requirements. We design-
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ed a double-spiral with 5 mm extrusion height. This is a small extrusion height to facilitate out-of-

plane deformation of the double-spiral. We then 3D printed two specimens to quantify their me-

chanical behavior when subjected to out-of-plane sliding, rotation, and torsion. We tested each 

specimen three times and presented the average force-displacement graphs (Fig. 6a). We then used 

the double-spirals as compliant joints to connect stiff plates to each other and developed modular 

structures with different shapes and mechanical behavior (Fig. 6b, Video S3). 

 

Fig 6. Compliant planar joint. a) Quantifying the mechanical behavior of the 3D printed double-spiral under out-of-

plane sliding, rotation, and torsion. b) Using compliant double-spiral joints and stiff plates to make different modular 

structures. The developed structures can be easily deformed and switched between 3D spatial and planar states. 
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Numerous structures can be developed by assembling different numbers of 3D printed double-

spiral joints and plates. Desired shapes and deformation patterns are exploitable by reconfiguring 

the arrangement of the constituent modules. The high deformability of the double-spiral joints 

enables us to easily fold/unfold the plates and combine them in different spatial orientations. More-

over, the assembled structures are bistable, and we can easily switch them from a 3D spatial state 

to a planar state. Similar to the mechanical behavior of double-spiral in response to planar loading 

scenarios that was studied before [14,18], design variables can be used to manipulate the out-of-

plane behavior of the joints. By assembling rationally designed double-spiral modules with specific 

spatial arrangements, desired properties are achievable. 

 

4. Discussion 

Nowadays, the increased accessibility of advanced equipment and machines across various fields 

has significantly accelerated scientific and technological progress. Consequently, traditional engi-

neering solutions are frequently rendered obsolete as technological advances raise further require-

ments. Many conventional materials and structures fail to meet the demands of modern systems, 

necessitating the replacement of outdated designs with novel and innovative alternatives. Modern 

structures have higher efficiency, durability, and unprecedented tunable properties. These novel 

structures possess the ability to adjust stiffness, change shape, adapt to different conditions, and 

perform multiple tasks or functions. Therefore, in many technological applications, they offer ad-

vantages over conventional materials and structures, which possess fixed mechanical properties 

tailored to limited tasks. Hence, efforts must be focused on promoting low-cost and easily acces-

sible solutions for the development of engineering designs with huge potential [47-49]. 

In this study, we first developed the Double-Spiral Design software as a tool that facilitates the 

design of double-spirals with diverse geometries. The software enables users to design double-

spirals consisting of four different either logarithmic or Archimedean spiral curves, to have a higher 

control over the geometry of their designs and achieve desired mechanical behavior, as previous 

studies have indicated the significant influence of the design variables on the mechanical behavior 

of double-spirals [14,18]. We then used double-spirals in different structures and investigated their 

performance in practice. The possibility of adapting double-spirals to obtain properties that allow 

for a variety of applications has been demonstrated. As a mechanical element designed to regulate 

the functionality of a structure in a passive way, achieving substantial control over the mechanical 

behavior of the double-spiral using only a few design parameters is an exquisite feature.  
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When designing structures, there are instances where conflicting objectives need to be met, 

necessitating the identification of a trade-off point. In this study, we address one of these contra-

dictory scenarios with the introduction of a highly extensible enveloping gripper (section 3-2). On 

the one hand, a double-spiral comprising thinner coils offers greater compliance, enabling better 

adaptation to objects of various shapes and increasing the contact area. On the other hand, a dou-

ble-spiral with thicker coils can exert more force on the gripped objects, which is crucial for estab-

lishing static friction between the gripper and the objects. An optimal compromise between such 

contradictory objectives can be reached in future studies utilizing evolutionary algorithms. 

Thermoplastic polyurethane (TPU) is a material suitable for the fabrication of flexible parts in 

various engineering fields [50]. Consisting of hard and soft segments, TPU has a two-phase micro-

structure and demonstrates strong hysteresis, rate dependence, and softening when subjected to 

mechanical loads. The frictional interactions between hard segments, and the interactions between 

the soft and hard segments are the source of energy dissipation arising from the microstructure of 

the material [51,52]. However, when compliant double-spirals are employed for impact absorption, 

both the constituent material and the structure are crucial for ensuring effective performance. 

The large extension of double-spirals limits the transfer of high forces to the protected objects 

by increasing the duration of impact, even in a scenario where the deformation is perfectly elastic. 

However, energy dissipation enhances the process of impact absorption by reducing the unwanted 

oscillations of objects following impact [53]. The contacts occurring between the coils of double-

spirals serve as a structural energy dissipation mechanism [54]. Desired frictional behavior can be 

achieved by controlling the surface roughness through the fabrication process. In FDM 3D print-

ing, specifically, adjusting the height of layers and printing orientation are two well-known methods 

for manipulating the roughness of printed surfaces [55,56]. 

Future studies can take advantage of other structural and material strategies to enhance the 

efficiency of double-spirals. (i) The highly extensible enveloping gripper (section 3-2) might grip 

objects better if a structural strategy is used to increase the adhesion or surface friction between 

the double-spirals and objects [43,57]. (ii) The mechanical interlocking structure developed in this 

study (section 3-3) is an example showing how we can modify the geometry of a double-spiral to 

improve its functionality for a specific goal. (iii) Regarding the equations of spirals (equations 1 and 

2), reducing the thickness of the coils of a double-spiral is a simple method to decrease its stiffness. 

However, manufacturing precision determines the minimum possible dimensions of parts. In such 

cases, porosity can be used as a strategy to control the mechanical behavior of a double-spiral [58]. 

(iv) The fabrication of double-spirals using other materials, such as composite filaments composed 



Chapter 4 Technical applications 

 

64 
 

of TPU and PLA [59,60] or TPU and wood flour [61] is another possibility that could be useful 

for the development of spiral-based structures with higher efficiency. 

The main purpose of this article was to showcase the versatility of compliant double-spirals as 

an element in various structures to attain specific mechanical characteristics. Detailed investigations 

using theoretical and experimental methods are required for each of the developed structures to 

explore optimized double-spirals and ensure predictability in their behavior. Furthermore, the per-

formance of the developed spiral-based structures can be compared with other designs that are 

currently being used in engineering systems for similar purposes in future studies. 

 

5. Conclusion 

Compliant double-spiral is a design based on highly deformable natural spirals. It is mainly designed 

for being programmed to transmit motion or force via its elastic deformation and meet specific 

requirements by manipulating its geometry. Using a few design variables, its non-linear behavior in 

different directions can be tuned to obtain a broad range of properties. When embedded in engi-

neering systems, a single double-spiral or the combination of double-spirals in specific configura-

tions can offer enhanced adaptability suited to our technical needs. This study contributes to the 

exploration of new ideas and concepts surrounding double-spirals, paving the way for their utiliza-

tion in innovative engineering applications. 

 

Supplementary materials 

The first part of the supplementary data that support the findings of this study are available online 

at: https://zenodo.org/doi/10.5281/zenodo.10880672 

• Double-Spiral Design software. Please download “Software.zip” using the link and run the 

file “DSD.exe” to open the Double-Spiral Design software. You can develop your own double-

spiral models with this software. 

• Models. 3D models of the spiral-based structures presented in this study. 

• Video S1. Freeform passive gripper being used for grasping objects of different shapes and 

masses. We added small magnets to the outer surface of the double-spiral loop and made a 

magnetic gripper for picking up five random objects. 

https://zenodo.org/doi/10.5281/zenodo.10880672
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• Video S2a. High reversible extension of the three-jaw enveloping gripper. The area inside the 

gripper can be remarkably increased, and when released, the double-spiral gripper returns to its 

original coiled state. 

• Video S2b. Highly extensible enveloping gripper being used for gripping objects of various 

shapes and masses. 

• Video S3. Mechanical behavior of the spiral-based interlocking structure. The results show that 

the pulling force is more than 40 times the pushing force. 

• Video S4. Deformation of the spiral-based modular structures under different loading scenar-

ios. Double-spirals were used as compliant joints to develop modular structures with different 

shapes and mechanical behavior. 

 

Tables 

Table S1. 3D printing settings. 

Filament 
Thermoplastic polyurethane 

(Flexfill TPU 98A) 
Polylactic acid 

(PLA) 

Produced by 
Fillamentum addi(c)tive polymers, 

Czech Republic 
Prusa Research, Praha, Czech Republic 

Filament diameter (mm) 1.75 1.75 

Nozzle diameter (mm) 0.4 0.4 

Extrusion temperature (°c) 240 215 

Bed temperature (°c) 50 60 

Layer height (mm) 0.2 0.3 

Fill pattern Gyroid Gyroid 

Fill density (%) 20 50 

 

Table S2. The values of design variables defined for the design of double-spirals in this study. 

Developed 
Mechanical systems 

Design variables 

Polar slope 
Initial thickness 
(r0,2 - r0,1) [mm] 

Angle of rotation 
[rad] 

Extrusion height 
[mm] 

Freeform 
passive gripper 

0.20 
1.5 

(7.0-5.5) 
1.5π 20 

Highly extensible 
enveloping gripper 

0.07 
2.0 

(15.0-13.0) 
2.5π 40 

Mechanical 
interlocking 

structure 

0.10 
0.10 

1.4 
(11.6-10.2) 

4.8 
(13.7-8.9) 

3.0π 
3.0π 

20 
20 
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Adaptive 
impact absorber 

0.10 
1.0 

(12.0-11.0) 
2.0π 20 

0.10 
2.0 

(12.0-10.0) 
2.0π 20 

0.10 
3.0 

(12.0-9.0) 
2.0π 20 

Compliant 
planar joint 

0.20 
2.5 

(15.0-12.5) 
1.5π 5 

 

Table S3. Extension of the low, medium, high, and adaptive stiffness structures under tensile forces, along with the 

corresponding energy dissipation due to their deformation. 

Loading rate: 1 mm/s 

Measured 
parameter 

Developed 
structure 

Applied force (N) 

0.5 1.0 5.0 10.0 14.0 18.0 22.0 

Extension (mm) 

Low stiffness 39.37 96.49      

Medium stiffness 5.74 12.20 107.68 238.70    

High stiffness 1.00 2.04 9.38 24.40 60.45 105.68 213.73 

Adaptive stiffness 19.13 43.74 115.50 178.68 190.34 208.09  

Dissipated energy 
(N.mm) 

Low stiffness 7.67 39.00      

Medium stiffness 1.02 4.41 210.85 543.73    

High stiffness 0.18 0.72 16.12 96.54 362.77 750.17 1403.28 

Adaptive stiffness 3.57 14.38 107.38 298.15 380.16 547.74  

Loading rate: 10 mm/s 

Measured 
parameter 

Developed 
structure 

Applied force (N) 

0.5 1.0 5.0 10.0 14.0 18.0 22.0 

Extension (mm) 

Low stiffness 30.25 72.46      

Medium stiffness 4.20 8.09 51.03 232.41    

High stiffness 1.35 2.15 7.65 16.75 31.22 65.13 100.29 

Adaptive stiffness 12.52 28.79 100.60 139.33 181.71 191.19  

Dissipated energy 
(N.mm) 

Low stiffness 5.58 27.56      

Medium stiffness 0.81 2.88 96.24 605.41    

High stiffness 0.34 0.87 12.27 59.41 165.53 464.32 811.31 

Adaptive stiffness 2.23 10.45 88.62 249.80 379.14 456.13  

 

 

 



Chapter 4 Technical applications 

 

67 
 

Figures 

 
Fig S1. Tensile behavior of four structures consisting of geometrically different double-spirals. The figure compares 

the deformation of the low, medium, high, and adaptive stiffness structures when extended to the same lengths. 
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Fig S2. Mechanical behavior of the low, medium, high, and adaptive stiffness structures under tension. Force–dis-

placement curves illustrate the viscoelastic behavior of complaint double-spirals when subjected to tensile forces at a 

rate of 1 mm/s. 
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Chapter 5: 

Discussion 

 

1. Double-spiral: Design, fabrication, and function 

The first step in the design of a mechanical element is a thorough understanding of its intended 

tasks and functions [1,2]. Knowing the purpose of design, the path to innovation sometimes begins 

with the recognition of structures existing in nature or previously produced by humans. These 

structures, when viewed with a different perspective, can be utilized for entirely new purposes after 

the required modifications are implemented [3,4]. Double-spiral is a prominent example of a mod-

ification applied to an existing design, i.e., spiral, to provide an advantage over it and enhance its 

functionality towards our needs. A planar double-spiral, consisting of two interconnected spirals, 

has two outer ends that are free and can be easily connected to other objects, whereas a single spiral 

has only one outer end and its inner end is not accessible in a planar framework [5]. With this 

specific design, double-spirals could be utilized as joints to interconnect various components or 

connected to other double-spirals as the modules of spiral-based metastructures [5-18]. 

The double-spirals developed in this thesis have a 2D planar design. In other words, their cross-

sectional profile is fixed along their depth, and 3D models of double-spirals can be made using the 

simple out-of-plane extrusion technique. This feature offers some advantages in numerical analysis, 

manufacturing, and the functionality of double-spirals: 

• In the case of numerical analysis, the planar design simplifies both modeling and simulation 

process. On the one hand, this simplification reduces computational costs significantly and in-

creases the efficiency of simulations. On the other hand, it increases computational errors 

[19,20]. Hence, the obtained results should be validated against experimental data to ensure that 

they are accurate and reliable. Comparing the numerical and experimental results, the validity of 

simulations in this study was verified, demonstrating that 2D models can be used to predict the 

mechanical behavior of double-spirals with reasonable accuracy. 

• From a manufacturing perspective, the double-spiral model with a fixed cross-sectional profile 

offers considerable benefits. It is highly compatible with a wide range of fabrication methods, 

from formative and subtractive manufacturing to various additive manufacturing technologies 
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[5,7,12,14-18]. This flexibility in manufacturing is advantageous due to the large variety of ma-

terials available for the fabrication of double-spirals. Moreover, choosing between different 

types of manufacturing techniques suitable for production in small or large volumes can be done 

considering the cost-effectiveness and accessibility [21,22]. It was shown in this thesis that a 

low-cost, easily accessible, single-nozzle fused deposition modeling (FDM) 3D printer can effi-

ciently produce the double-spiral with a straightforward layer-by-layer extrusion, resulting in a 

mechanical component with the desired characteristics. Printing the double-spiral without the 

necessity of using support structures reduces material waste, minimizes the likelihood of defects, 

ensures printing consistency, and accelerates the manufacturing process [22]. 

• In terms of functionality, the fixed cross section of the double-spiral simplifies its integration 

into other structures, making it practical and suitable for various applications. Leveraging this 

feature, the extrusion height of the double-spiral can be easily adjusted to meet specific require-

ments. As demonstrated in this thesis, the double-spiral can be suitable for a wide range of in-

plane and out-of-plane deformations. When it is subjected to planar loading scenarios, an ex-

trusion height close to the other dimensions of the double-spiral can prevent unwanted out-of-

plane deformation and buckling [23-25]. Reducing the extrusion height of the double-spiral 

when it is under out-of-plane loads decreases the undesirable contacts between coils, resulting 

in a more predictable and stable behavior [18,26]. However, contacts between the coils of dou-

ble-spirals can be potentially desirable in specific applications, including where friction forces 

are needed as a solution for energy dissipation [27,28]. Hence, further studies are required to 

investigate these contacts and quantify the parameters affecting them.  

The basis of this study and one of the most important characteristics of compliant double-

spirals is their high reversible extensibility. Fabricating double-spirals with thermoplastic polyure-

thane (TPU) was the strategy used here to achieve large deformations while having negligible plas-

ticity and damage in the developed structures. Owing to the remarkable flexibility and durability of 

TPU, 3D printed parts can withstand different types of repeated mechanical loads without losing 

their structural integrity and functionality [29,30]. TPUs are copolymers consisting of hard and soft 

segments in varying proportions. The interactions between these hard and soft segments result in 

a certain degree of viscoelasticity [31,32]. Previous studies have revealed that the process of 3D 

printing and the defined configurations can affect the viscoelastic properties of the fabricated TPU 

parts [33,34]. Therefore, a smart selection of manufacturing settings and configurations can en-

hance the viscoelastic behavior of double-spirals in line with their intended functions. 

While both geometry and material composition could be investigated as key factors for manip-

ulating the mechanical behavior of double-spirals, this study specifically examined the impact of 
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geometrical parameters on their functionality. Logarithmic spiral curves were employed to develop 

double-spiral models. The simple equation of logarithmic spirals provides a concise and clear 

method for the design of double-spirals. It creates a predictable and repeatable framework, facili-

tates the modification of design variables, and reduces potential errors [35,36]. Meanwhile, the 

simplicity of this design approach does not limit the variety of double-spirals that can be achieved. 

Although employing both Archimedean and logarithmic spirals in the Double-Spiral Design 

software increases the number of design variables, it also provides the possibility of developing 

double-spirals with more diverse geometries. Plotting four independent spiral curves gives us 

higher control over the variation of thickness and the curvature of spiral coils within a double-

spiral. As a result, the thickness of a coil can be constant, decreasing, or increasing from its outer 

end to its inner end. The reason behind the importance of having a higher number of geometrically 

distinct double-spirals lies in the possibility of achieving a wider range of mechanical properties.  

The mechanical behavior of the double-spiral under different loading scenarios can be catego-

rized and correlated with its geometry. This makes the behavior of the double-spiral predictable, 

allowing us to passively control its deformations under mechanical loads. Design variables can be 

used to manipulate the number, density, curvature, and thickness of the coils of double-spiral, 

thereby allowing precise adjustment of its mechanical behavior. When employing the double-spiral 

in a specific application, understanding the relationship between its geometry and function be-

comes crucial, especially where multiple objectives need to be met. 

This study promotes the utility of double-spirals by showing that when rationally designed and 

combined in various configurations, they can exploit more desired properties. When multiple dou-

ble-spirals are linked to each other as the modules of a mechanical metastructure, their spatial 

arrangement and the interactions between them are as important as the characteristics of each 

module. Engineered deformation of all double-spirals together determines the behavior of the en-

tire structure under different boundary conditions and loadings [37-39]. 

In this thesis, metastructures with different forms and arrangements of double-spirals were de-

veloped, including configurations such as a row, triangle, rectangle, circle, and cube, each designed 

for a specific function (see Chapters 3 and 4). The results demonstrated the potential of double-

spirals as an efficient, yet simple solution for creating structures with adjustable mechanical prop-

erties. The non-linear behavior of these spiral-based structures in different directions is tunable and 

they can transform into predictable shapes and deformation patterns in response to mechanical 

loads. Taking advantage of their inherent compliance, double-spirals effectively transmit motion 

or force through elastic deformation to achieve desired functions. 
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Most of the characteristics of compliant double-spirals observed as in this study, such as aniso-

tropic and asymmetric behavior, high extensibility, variable stiffness, and multiple degrees of free-

dom, may not always be desirable for an engineering structure. Depending on the intended function 

of the structure, each of these characteristics can be considered either an advantage or disadvantage. 

However, having precise control over these features is a significant benefit [40-43]. In situations 

where the tunability of mechanical behavior is required, compliant double-spirals can be valuable 

elements. 

 

2. Outlook 

In this thesis, the design of compliant double-spirals was carried out with a focus on comprehend-

ing various features of geometrically distinct models, and the experiments were conducted with the 

aim of providing a proof of concept. Future research could be dedicated to exploring the charac-

teristics required for specific applications and developing double-spirals optimized for each appli-

cation. Moreover, comparing the performance of the developed double-spirals with other designs 

that are currently being used in engineering systems for similar purposes, their advantages and 

disadvantages can be evaluated. 

Simple mathematical equations of spiral curves may facilitate the optimization of the double-

spiral. Increasing the number of independent curves and introducing additional design variables in 

the design of double-spirals enhances the diversity of achievable geometries and mechanical prop-

erties. However, it simultaneously leads to increased computational costs and optimization time 

[44]. Finding a trade-off between the richness of design possibilities and computational efficiency 

is a crucial consideration in optimizing double-spirals. 

Double-spirals with varying extrusion heights were designed and employed in this thesis, with 

a brief discussion on how this height can impact the performance of spiral-based structures. How-

ever, no comprehensive investigation on this matter was conducted here. Future studies should 

delve into exploring the scalability of the double-spiral and quantifying the relationship between its 

stiffness and extrusion height to determine the conditions required for obtaining high stability in 

its behavior and controlling it efficiently. Furthermore, using a higher number of double-spirals in 

the development of complex aperiodic structures needs to be studied as a factor that could hinder 

their coherent and predictable performance [45,46]. 

As mentioned earlier, the high elastic deformability of TPU filament is the key strategy employed 

here to achieve reversible large deformations in double-spirals [29,30]. On the other side, however, 
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natural deformable spirals often have hierarchical designs, leveraging various mechanisms at dif-

ferent length scales to achieve the desired mechanical properties for their specific tasks and func-

tions [47-51]. It might be worthwhile to focus on implementing diverse design strategies in the 

development of double-spirals and investigating their behavior when fabricated using materials 

with different mechanical properties. 
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Chapter 6: 

Conclusion 

 

This study was devoted to understanding the mechanical behavior of compliant double-spirals and 

investigating their potential as highly deformable mechanical elements. The conclusions derived 

from the obtained results are as follows. 

• Inspired by the coiling-uncoiling behavior of highly deformable natural spirals, the compliant 

double-spiral has been designed to serve as a mechanical element with tunable mechanical prop-

erties potentially desirable in engineering fields such as soft robotics. 

• By leveraging the simple equations of spirals and adjusting a few design parameters, one can 

easily manipulate the geometry of the double-spiral, adjust its mechanical behavior, and achieve 

a broad range of properties. Increasing the number of design variables, double-spirals with more 

diverse geometries and a broader range of properties are accessible. 

• Anisotropic and asymmetric behavior, multiple degrees of freedom, reversible non-linear exten-

sibility, and variable stiffness are among tunable characteristics that can be achieved through the 

elastic deformation of a single double-spiral or multiple interconnected double-spirals with ra-

tionally designed geometries, under specific boundary conditions and loading. 

• The fixed cross-sectional profile of the double-spiral and its planar design simplifies its modeling 

and the numerical simulation of its behavior, accelerates the manufacturing process, and facili-

tates its integration into different structures. 

• Among available manufacturing technologies, an easily accessible FDM 3D printer is a suitable 

tool for the rapid and cost-effective fabrication of double-spiral using a single material. 

• The exploration of the double-spiral as a bio-inspired mechanical element aims to contribute to 

the ongoing efforts in developing simple yet versatile and efficient systems. The vision is for the 

double-spiral to serve as a foundational element in the development of various technical struc-

tures, such as soft grippers, continuum manipulators, compliant robot foot, impact absorbers, 

deployable structures, etc. 
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