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Lightweight structures with bioinspired metamaterials, with their uniquely engineered
properties not found in naturally occurring materials, have garnered significant attention
for their potential in various engineering applications. This study explores the mechanical
behavior of sandwich plate structures utilizing the Kresling origami pattern, fabricated through
a straightforward 3D printing process. By conducting 3-point bending and compression
tests, as well as simulations with Abaqus software, the research investigates the distinctive
mechanical properties and performance enhancements these origami-inspired structures offer
under mechanical loading. This study is noteworthy for being the first to investigate the
bending characteristics of sandwich structures utilizing the two cell Kresling pattern or double
Kresling, an area that has not been previously explored. Utilizing the Kresling structure in
sandwich panels poses a challenge due to its rotational behavior. To address this, we employ
a double Kresling pattern, which confines the rotation to the middle layer. This approach
ensures that the outer layers remain stable, maintaining the overall integrity of the sandwich
panel structure during deformation under mechanical loading. The findings reveal that the
3D-printed Kresling origami core significantly reduces weight while maintaining structural
integrity, making it especially beneficial for aerospace engineering, where lightweight yet strong
materials are crucial. This research highlights the potential of Kresling-patterned sandwich
plates to improve efficiency and performance in supersonic vehicles, providing valuable insights
into their structural efficiency and applicability in advanced engineering fields.
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I. Introduction

In recent years, engineers have focused their interest on origami structures and their intriguing characteristics.
Features such as lightweight and portability, reduction in the number of manufacturing components, reduced assembly
time, and deployability make these structures particularly valuable in various fields, including aerospace engineering. In
aerospace, the deployability, lightweight, and portability of origami structures, combined with adequate stability, play a
crucial role in the design of mechanisms and products. To date, several aerospace products utilizing origami structures
have been developed and deployed, such as deployable solar panel arrays and innovative telescopes, demonstrating the
practical application of these materials [1-3]. In addition, origami’s historical origins in the art of skillfully folding paper,
recognized since the 18th century due to Japan’s cultural influence, have evolved significantly beyond its traditional
boundaries. The folding and compression behavior, often observed in nature, can also be found in the spontaneous folds
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of origami [4]. Currently, origami inspires the design of deployable structures, such as the ingenious sunshield used on
the James Webb Telescope, and has captured the interest of researchers in various disciplines, leading to developments
in origami core sandwich panels [5], foldable robotics [6], and the synthesis of DNA nanoparticles [7]. Figure 1 (a) and
(b) illustrate natural and bioinspired structures that resemble origami.

In sandwich structures are composite structures comprising two face sheets known as skins, with a core material
sandwiched between them. An adhesive bonding layer secures each skin to the core material, ensuring that the
components cohere and function as a unified element. Fig. 1 (e) illustrates a sandwich structure that we used in our
study. Generally, skins are made from a composite metal that is both strong and stiff, while the core materials are
chosen to minimize weight while still providing the necessary stiffness. Lightweight core materials, such as foam
blocks, are used when weight reduction is a primary concern, whereas metal honeycomb structures are selected for their
superior compression and shear strength. Sandwich structures are widely used in aircraft bodies and wings of aircraft to
reduce weight, leading to benefits such as increased fuel efficiency, greater payload capacity, and enhanced structural
integrity [§—10]. Research into alternative core materials is driven by the extensive use of sandwich structures in
aerospace. The origami architecture represents one of the most promising advances in this area. The properties of origami
structures can be customized through the manipulation of joint properties and folding patterns, making them inherently
lightweight with substantial voids that can accommodate fluids, cooling systems, storage, and aerospace-specific sensors
and actuators. However, the application of origami as the core in sandwich structures poses significant challenges due
to the current lack of understanding of mechanical instabilities and the relationship between architectural design and
material properties under quasi-static loads [11, 12].

Various origami cores for sandwich structures have been studied in the engineering field. Origami structures are
lightweight, and all properties can be entirely tuned using joint properties and fold patterns. However, employing origami
as the core for sandwich structures poses challenges due to a lack of understanding of the mechanical instabilities, failure
modes, and complex architecture-property correlations under quasi-static and transient loads in such settings. The
past decade has seen an increased interest in origami-inspired engineering. It has been demonstrated that foldable and
spatially expandable structures with unconventional Poisson’s ratios, which have rich kinematics and tunable kinetics,
can be created using origami patterns [16]. One leading origami pattern in engineering research is the Miura-ori, which
has been applied in metamaterials [17], solar cells [18], artificial muscles [19], and soft robotics [20]. Other popular
folds include the Ron Resch [21], origami based square waterbomb [22], and Kresling patterns [23].

The Kresling origami fold has shown great promise from current research and development on it. It is generated
by the twisting and buckling of a cylinder to make it compressible and expandable [24]. Researchers have examined
the Kresling pattern in various studies, including load displacement testing [25], equilibrium and spring behavior
analysis [1], and its application in cryogenic technology [26]. The Kresling origami fold is comprised of a series of
adjacent triangles. Notably, the Kresling fold is of particular interest due to its non-rigidly foldable nature, necessitating
the bending and stretching of facets for compression of the structure [26]. Fig. 1 displays the geometry of the Kresling
fold employed in this paper [27]. The Kresling can be folded based on side length s, number of sides n, and angles &
and S. Research has provided evidence of bi- and tri-stability in Kresling paper structures, as well as advancements in
3D printer and polymer fabrication techniques [26] and their restoring load behavior [1]. It is crucial to note that the
behavior of the Kresling depends on the folds of the structures [16].

Previous studies on the Kresling structure are essential for validating our fabrication process and comparing the
Kresling behavior with previously fabricated polymer samples. In a recent study, the Kresling pattern was utilized to
design springs with nonlinear and tunable behavior, termed Kresling Origami Springs (KOSs) [28]. When axial loads
or torque are applied, the KOS stores energy through deformation and releases it when unloaded, making it useful in
various engineering structures. Many research applications have employed the KOS, such as in vibration isolators [29],
tunable truss structures [30], and modular robotics [31]. A popular method for fabricating Kresling origami structures
involves using additive manufacturing (3D printing). Overall, significant research has been conducted on various
origami patterns for their application as structures in engineering. This study aims to contribute to research in fabricating
and testing origami structures, focusing particularly on the compression behavior and three-point bending response of
the Kresling pattern. Utilizing TPU-based single material manufactured through a low-cost printing technique using
fused filament fabrication (FFF), the research explores the feasibility of using the Kresling pattern as a core in sandwich
structures. This investigation not only provides inspiration for further testing and research into sandwich structures but
also addresses the unique design challenges associated with the Kresling pattern. Additionally, this research seeks to
enhance our understanding of the mechanical behavior of the Kresling pattern with potential applications in aerospace,
particularly in the development of products for hypersonic vehicles. Through a comprehensive examination, we aim to
contribute valuable insights into the potential use of these structures in advanced engineering applications.
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Fig.1 a) Hawk moth (top) and caterpillar (bottom) [13] b) intima of abdominal ait sac in hawkmoth (A & B)
[14] and bioinspired origami structure [15] (C) ¢) schematic of Kresling, d) change of height with the variation of
Kresling internal angle o and c) three different experimental Kresling sandwich samples with different angle «
with side lenght s = 10mm and 8 = 29.5°.

I1. Methodology

This research focuses on the design and fabrication of sandwich structures incorporating Kresling origami cores,
which are known for their unique mechanical properties and potential for high strength-to-weight ratios. The study
involves a comprehensive experimental approach that includes the fabrication of double Kresling origami cores using
by single step with 3D printing techniques with Thermoplastic Polyurethane (TPU), one of the low cost fabrication
techniques. The fabricated samples exhibit desirable flexibility, enabling the origami to fold without fracturing. These
Kresling cores are then integrated into sandwich structures with PET plastic sheets used as the outer panels. We
fabricated three different sandwich structures with varying angles «, while keeping all other geometric parameters
constant. In Fig. 1, part (a) illustrates the schematic of the Kresling geometry, while part (b) demonstrates how the
height of the Kresling structure changes with the changes of @. This study primarily focuses on the effect of changes
in angle « on the bending and compression behavior of these three sandwich panel structures. Mechanical testing,
compression and three-point bending tests, is conducted using an MTS machine to evaluate the performance of these
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sandwich structures. The focus of the mechanical testing is to analyze the bending behavior of the Kresling origami
cores under load, identifying characteristics such as linear spring (LS), non-linear spring (NLS) and quasi-zero stiffness
(QZS) behaviors. These tests provide critical data on how the origami cores respond to bending forces and their potential
advantages in practical applications.

A. Preparation of Test Samples

For the preparation of these Kresling origami samples, we initially developed a 3D CAD model using a CAD
modeling tool. This CAD drawing was then converted into an STL file format, which is suitable for 3D printing. After
3D printing the samples, each single Kresling structure was reinforced with PET plastic at the top and bottom to
prepare it for tensile testing. This single Kresling unit was primarily used to determine the material properties using
FE simulation software (ABAQUS). To create the sandwich panel structure, we glued the Kresling unit onto a PET
plastic plate. Finally, it was left overnight to ensure the glue set properly, preparing it for subsequent compression and
three-point bending tests. For our sample, we exclusively utilized TPU as the material for 3D printing. The geometry of
the sample was designed with a side length (s = 10 mm) and configured into a regular hexagonal shape. Additionally,
we set the angle 8 to 29.5°. For three different samples, the values of @ were 35.5°, 39.5°, and 50.5° respectively. The
height of the sample varied according to the specified equation and as illustrated in Figure 1(b).

B. Experimental Procedures

For the experimental tests, we used the MTS criterion with a sample rate of 0.5 mm/s for both the compression
and three-point bending tests. In the three-point bending test, the rollers were spaced 72 mm apart, with force applied
through the top roller. A 250 N load cell was used for all tests, and total displacement was applied up to approximately
25 mm for each sample. The undeformed and deformed states of the samples for three pint bending are shown in Fig. 2:
(a) for @ = 35.5°, (b) for @ = 39.5°, and (c) for @ = 50.5°, respectively.
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Fig. 2 Initial and deformed shapes of the Kresling sandwich sample for the bending test for three different
angles: (a) @ = 35.5°, (b) @ = 39.5°, (¢) @ = 50.5°.

C. FE Simulation Approach

We use the commercial finite element (FE) software ABaQus/CAE 2021 (Dassault Systémes) for validation. This FE
model is developed to compare the experimental results with those obtained from the three-point bending experiment.
The FE simulations are carried out in ABAQUs/CAE (Dassault Systémes), maintaining all the dimensions and loading
conditions of the scale-covered plate identical to the experimental tests for all three test samples.

Initially, we conducted a mesh convergence study to determine an appropriate mesh size for the simulation. A
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Fig.3 Initial and deformed shapes of the Kresling sandwich sample for the 3-point bending FE simulation in
three different angles: (a) @ = 35.5°, (b) @ = 39.5°%, (¢) @ = 50.5°.

sample with @ = 50.5° was used for this study. The simulations were performed with a fixed modulus of elasticity and
Poisson’s ratio, while varying the mesh sizes. The mesh sizes tested were 1.5, 1, 0.75, 0.6, and 0.5, with the results
shown in Fig. 4.

After evaluating the time efficiency and accuracy of each mesh size, we found that a mesh size of 0.75 provided
the optimal balance between accuracy and computational time. This mesh size was therefore used in all subsequent
simulations. With the optimal mesh size determined, we conducted numerical simulations to identify the material
properties of the Kresling structure. These simulations were set up for @ = 50.5° with a mesh size of 0.75. Subsequently,
we varied the material properties in the simulations to accurately characterize the structure’s material behavior.
Ultimately, we determined the material properties of the Kresling structure, identifying the modulus of elasticity as
E =32 and the Poisson’s ratio as v = 0.35. The resulting plot is shown in Fig. 4.
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Fig.4 Determination of material properties: (a) Mesh convergence study for the sample with o = 50.5° showing
the selected mesh size used for all numerical results; (b) Numerical and experimental force-displacement plot for
the compression test of a single Kresling with a = 50.5°, evaluated with varying Young’s modulus values.
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II1. Results and Discussion

Fig. 5 illustrates the impact of wall thickness on the force-displacement behavior of the Kresling structure. As
observed, the mechanical behavior is almost consistent across the three measured thicknesses, with the distinction that
increasing thickness results in enhanced stiffness of the sandwich panel. Initially, as the force increases, the displacement
rises significantly and almost linearly until the structure reaches a point where it begins to exhibit spring-like, soft
behavior. As displacement continues to increase, the load remains nearly constant, after which the structure begins to
show renewed resistance, causing the load to increase again and displaying linear spring-like behavior. However, with
increased thickness, a degree of nonlinearity emerges, likely due to shear effects in the thicker double Kresling structure.
This behavior is highly dependent on the angle @ = 39.5° used in the Kresling design.
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Fig.5 Effect of thickness in compression load for Kresling sandwich structure for one unit double Kresling
with angle @ = 39.5°.

Figure 6 depicts the impact of varying the internal angle, , on the force-displacement response during compression
and three-point bending tests. It can be seen that changes in have a significant influence on the mechanical behavior
of the structure. For smaller angles, the structure initially exhibits compliance, but as the load increases, it becomes
stiffer, leading to limited displacement. In contrast, at larger angles, the structure initially shows higher stiffness, which
then decreases, followed by a compliant phase before transitioning into a linear spring behavior, resulting in substantial
displacement without a significant increase in load. Under compression, the TPU-based double Kresling structure does
not demonstrate bi-stability but instead displays quasi-zero stiffness (QZS) at specific displacement points for all tested
angles. The angle that exhibits the most pronounced QZS behavior resembles the performance of an ideal cushioning
material. Overall, in this structure, all parameters remain constant except the Kresling internal angle . From these plots,
it is also evident that the energy absorption of the Kresling structure is highly dependent on Kresling internal angle a.
The observed non-linear response indicates that the mechanical behavior of the Kresling structure evolves as it deforms,
with the rate of change being most significant at higher angles.

Fig. 7 illustrates the effect of varying the angle alpha on the force-displacement curve during three-point bending
tests. In Fig. 7, the behavior is similar to the nonlinear spring across all three conditions even though the amplitude of
nonlinearity is highly dependent on the Kresling internal angle @ shown in this case; however, with angle @ = 50.5°, the
bending rigidity initially increases rapidly and subsequently follows a decreasing trend. From Fig. 7 we can observe
that when « is lower the Kresling mostly works as a linear and nonlinear spring the QZS hardly can be seen. On the
other hand, when « is higher, we can see that QZS is more visible with the increase of cross-head displacement. The
same CAD model used for 3D printing the experimental samples was employed as an input in Abaqus. We found that
the simulation plots in Abaqus closely follow the experimental results, demonstrating good agreement between the
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Fig. 6 Effect of @ angle in compression load for three different Kresling sandwich samples
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Fig.7 3-point bending test and FE simulation results for Kresling sandwich structure in three different samples

experiment and the simulation, which is shown in Fig. 7.

Figure 7 presents the three-point bending test and finite element (FE) simulation results for the Kresling sandwich
structure at three different internal angles. Similar to the compression tests, higher internal angles result in greater
stiffness during the bending of the sandwich beam. From different mechanical models, it can be observed that more strain
energy is developed from the compression and rotation of the Kresling structure. A similar characteristic is observed
during the bending of the sandwich beam. The key difference between the loading modes is that the deformation of a
specific unit depends on its location within the sandwich beam, which is influenced by the applied load. The deformation
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is most significant at the center of the beam, with lower deformation towards the sides. Thus, the total energy that
can be absorbed due to indentation during three-point bending is influenced by the Kresling internal angle , while
keeping all other parameters constant. The experimental and simulation curves in Figure 3 show good agreement, with
similar trends for different internal angles, demonstrating the validity of the model. The deformation patterns from the
experiment and simulation, indicate that the internal Kresling angle « plays a crucial role in the structural response,
especially during bending.

IV. Conclusion

This study explores the innovative use of the Kresling origami pattern in sandwich plate structures using a 3D-printed
double structure, focusing on their bending and compression characteristics. Implementing both 3-point bending and
compression tests from the experimental analysis, alongside finite element (FE) simulations in ABAQUS for 3-point
bending analysis, we highlight the unique mechanical properties and potential performance benefits of these sandwiched
Kresling origami structures. The investigation into the bending behavior of Kresling-patterned sandwich structures
reveals that tailored nonlinear bending rigidity can be achieved by varying the internal angle @, making these structures
suitable for applications requiring significant weight reduction while maintaining structural integrity.

Our findings indicate that Kresling-patterned sandwich plates exhibit beneficial mechanical behaviors, such as
nonlinear spring responses and quasi-zero stiffness. By determining material properties from both experimental data and
FE simulations, we achieved close agreement between the simulated and experimental results. This research provides
valuable insights into the structural efficiency and applicability of Kresling origami patterns, especially for aerospace
and other engineering fields where lightweight, high-strength materials are essential.
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