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Origami extends beyond intricate paper creations, envisioning revolutionary

engineering applications. While 3D printing has simplified fabricating complex

structures, Kresling origami remains predominantly paper based due to the chal-

lenge of achieving multistable behavior, especially at a small scale. Our study

focuses on investigating modifications to the energy landscape induced by changes

in crease geometrical parameters, addressing the e!ects of viscoelasticity in the

creases. The latter aspect is investigated using di!erent rubbery materials with

varying relaxation moduli. Considering the limitations of manufacturing tech-

niques, we also provide design insights for crease geometry and distribution,

along with photopolymers suitable for fabricating both multi- and monomaterial

bistable cells, at both micro- and macro- scales. By leveraging 3D printing and

overcoming its material and technological constraints, our goal is to contribute

to a deeper understanding of the mechanics of 3D printed materials and broaden

their applications into new frontiers.
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1 Introduction

Once origami has surpassed the barrier of being merely decorative folded paper objects, it has

become a source of inspiration for creating groundbreaking devices across various engineering

fields (1). Kresling origami is currently one of the most studied origami patterns for the devel-

opment of versatile structures, particularly in the programmable soft robotics area (2–9), highly

deployable and energy absorption devices (10–14), and wave control metastructures (15–18). Kres-

ling origami is considered a natural twisted buckling shape that results from the compression of

two interacting tubes. This pattern can also be identified in nature, for example, in the bellows

shapes found in the abdomen of hawk-moths (19,20). The intrinsic bistability exhibited by a single

Kresling cell, permits the achievement of controlled compliant mechanisms and in the case of cou-

pled Kresling cell modules, multistability (21–27). The material characteristics of the creases play

a key role in Kresling origami mechanics, regulating the contraction/expansion process, tailoring

the overall sti!ness, and leading to mono or bistable behaviour (28). Thus, the creases become

essential components for controlling the energy landscape of the Kresling cell. Manual, subtractive

and additive manufacturing processes have been used for the fabrication of Kresling structures

with materials di!erent than the traditional paper or cardboard. This is mostly done at the macro

and meso-scale. Since multi-material 3D printing techniques, such as Material Jetting (MJ), Fused

Deposition Modeling (FDM), or Fused Filament Fabrication (FFF), enable a more direct method-

ology to manufacture complex origami shapes and the use of rigid and flexible materials during a

single printing round, their popularity has been increasing among academics and industry. There

are current examples that exploit these techniques for the fabrication of Kresling structures, with

panels made up of sti!er materials and softer creases that act as hinges. It allows for a smoother

transition between an expanded and a compressed state, or vice-versa, by using di!erent photopoly-

mers (29–31) or filaments (32–36). In addition, the use of flexible creases improves the fatigue

resistance and life cycle of the Kresling cells (37). Resin-based techniques, such as MJ, o!er the

possibility to build objects with high precision (layers 16-27 microns), a lower level of anisotropy

(<5%), smoother surface finishing, fewer support removal operations, stronger interface bond be-
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tween rigid and flexible parts, and a broader range of soft photopolymers for fabricating flexible

creases, compared to other multi-material printing processes.These types of soft photopolymers

are characterized by a long-range crystalline order, which enhances their mechanical strength and

enables tunable deformation responses (38). However, this type of 3D printing photo-resins exhibits

an inherent viscoelastic (39) behavior that can lead to a temporary bistability in Kresling cells and

a gradual loss of sti!ness over time. Consequently, the expected achievement of this mechanical

characteristic in theory tends to be compromised in practice, and the Kresling cells return to their

initial configuration prematurely. Moreover, the technological limitations of most multi-material

3D printers could restrict the possibility of miniaturizing devices, especially in demanding sectors

such as biomedical for the fabrication of drug delivery soft robotics. For instance, the minimum wall

thickness is constrained by the nozzle size of extrusion printers in FDM and FFF techniques, typi-

cally ranging from 0.25 mm to 1.00 mm depending on the current printer series (40,41). Regarding

MJ, producing strong load-bearing elements with less than 1.0 mm thickness is restricted due to

the likelihood of presenting defects (42). Furthermore, the majority of the ”micro-scale” printers

currently available in the market still utilize a single photo-resin. Therefore, this limitation prevents

direct fabrication of Kresling cells with the required di!erence in sti!ness between rigid panels

and soft creases, and this feature is essential for facilitating the characteristic contraction/expansion

mechanism, as seen in multi-material techniques.

1.1 Motivation and outline

The outcomes of our study provide design insights for programming the energy landscape of 3D

printed Kresling cells, counteracting the material and technological limitations in 3D printing. Our

goal is to enable the manufacturing of more precise, reliable, scalable and multistable Kresling

structures. We explored two main manufacturing approaches: Multi-material and Mono-material.

In the multi-material scenario, rigid and rubbery photopolymers are assigned to the panels and

creases, respectively. Although the bending of the panels plays a significant role in the folding of

non-rigid Kresling cells, as seen in paper-based models, we chose to print the panels using rigid

materials to better understand the role of the geometry of the creases on the energy landscape of

the Kresling cell. Therefore, the primary folding relies mostly on the flexible, rubbery-like creases.
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We initially defined the fundamental geometrical parameters of a cylindrical Kresling cell to

achieve theoretical bistability and developed parametric 3D models based on this configuration, as

illustrated in Fig. 1A. However, the viscoelastic nature of rubbery photopolymers interferes with

practical bistability, causing the cell to prematurely return to its original configuration during the

compression/expansion process. Then, we implemented a design strategy that involved gradually

reducing the cross-section of the crease geometries. This created peak and valley creases with

V+circular shapes, variable widths (𝐿), and internal thicknesses (𝑀𝑁). A parametric study was

conducted to assess the influence of these reductions on cross-section and rotational sti!ness,

using Reduction Factors (𝑂𝑃) ranging from 0.25 ↑ 𝑂𝑃 ↑ 0.80, as shown in Fig.1B. These gradual

reductions facilitated transitions between bistable (Bi), and monostable (M) behavior, as detailed

in the results section 2.

The bistable behavior is related to a Kresling cell whose energy landscape exhibits a second

local minimum of energy, and negative force in the load path. We categorized the behavior as

monostable when the Kresling cell’s load path does not intersect its displacement axis at zero

load (43). Despite the involvement of a second local minimum of energy, the sample immediately

returns to its original configuration after unloading.

Time-dependent stress-strain responses and energy loss are key characteristics of viscoelastic

materials, which exhibit residual strain that recovers over time, allowing the material to return

to its original state. This results in temporary bistability, particularly in structures with snap-

through behavior. Once stress relaxation occurs, stability is lost, and the structure gradually returns

to its initial configuration. In our second analysis, we evaluated these e!ects in bistable multi-

material Kresling cells with rubbery photopolymer creases of varying relaxation moduli. In the

numerical simulations, we considered elasto-plastic and visco-hyperelastic models with 3D hybrid

formulation elements to accurately capture the mechanical behavior of 3D-printed rigid and rubbery

photopolymers, respectively. This approach o!ers a more realistic alternative to traditional 2D

origami models, particularly for materials such as paper or thin polymeric sheets.

We experimentally validated the load paths and energy landscapes obtained numerically by

testing 3D-printed Kresling cells fabricated using the Polyjet technique. In addition, we performed

microscopic characterization of the rubbery creases to assess potential dimensional discrepancies

between the CAD model and actual printed dimensions, as illustrated in Fig. 1C. Lastly, we
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explored alternative designs for a mono-material bistable cell, as depicted in Fig. 1D, aimed

at microfabrication. The sti!ness di!erences between creases and panels are achieved through

geometric reductions, including voids along the peaks and valleys. Furthermore, we also investigated

the e!ects of various 3D printing photo-resins on Kresling multistability and the programmability

of monostable Kresling assemblies through crease sti!ness distribution.

2 Results

2.1 Parametric study of creases geometry for Bistability

First, we selected the following initial sizing configuration for the parametric design of 3D Kresling

cells, shown in Fig. 1A: polygons with n=6 sides, initial relative angle 𝑄𝑅 = 𝑆/6, and an aspect

ratio 𝑇𝑅/𝑈=1.75, as detailed in sections S.1.1 and S.1.2 of Supplementary Materials and Methods.

Initially, we analyzed Kresling cells with intact crease cross-sections. The results showed that

their bistability was compromised by a sudden return to the initial configuration, attributed to the

viscosity of the rubbery creases (as further explained in the Supplementary Text S.2.1).

As a design strategy to achieve bistability and program energy landscapes, we conducted a

parametric study to assess how gradually reducing crease cross-sections influences the energy

landscape. The geometrical changes illustrated in Fig. 1B were proposed based on the following

procedure: The upper V-shape remained constant, preserving the crease width 𝐿, while the bottom

part was gradually reduced by considering a variable cutting radius 𝑀𝑉. It encompasses a circum-

ference with its center at the extreme vertex o. Using imposed reduction factors, denoted as 𝑂𝑃,

we can control the decrease of the parameter 𝑀𝑉 relative to the limiting crease radius 𝑈↓, and thereby

determine the extent of crease cross-section reduction. Accordingly, we can define the reduction

factor as: 𝑂𝑃 = 𝑀𝑉/𝑈↓.
We then introduced a new geometrical parameter corresponding to the internal thickness 𝑀𝑁.

This term represents the di!erence between the external thickness 𝑀 and the variable cutting-radius

𝑀𝑉, which depends on the selected reduction factor 𝑂𝑃. As the 𝑂𝑃 values decrease, the generated

creases exhibit smaller internal thickness 𝑀𝑁 and these gradual reductions can be quantified as the

ratios of the reduced to intact cross-sections, �̃�/𝑊, and their corresponding rotational sti!ness,
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Figure 1: 3D models of the Kresling cell. (A) Multi-material (MM) with crease design cases. (B) Crease cross-section

gradual reductions derived from the former intact creases cross-sections, 𝑊, with a variable width-thickness ratio 𝐿/𝑀,
an internal thickness 𝑀𝐿 obtained from cutting radius 𝑀𝑀 and reduction factors 𝑂𝑃. Here, �̃� and 𝑊 represent the reduced

and intact cross-sections, respectively. Similarly, �̃� denotes the rotational sti!ness of the reduced cross-sections, while

𝑋 corresponds to that of the intact cross- sections. (C) Comparison between 3D printed creases dimensions taken

from microscope images and CAD files of case C8 with gradual reductions. Units: microns. Scale bar:1 mm. (D)

Mono-material cases M-1 and M-2. 6



�̃�/𝑋 . Here, the reduced cross-sections and corresponding rotational sti!ness are denoted by �̃� and

�̃� , respectively, while the intact cross-section and its rotational sti!ness are denoted as 𝑊 and 𝑋 .

As a result, the proposed variable creases geometry consists of a combined V+circular typology,

yielding a series of Kresling cell cases to be analyzed in terms of the parameters: 𝐿, 𝑂𝑃, 𝑀𝑁, and

𝑀. Thereby, we introduced eleven main cases, C1 to C11, derived from the variation of the width

with respect to the external thickness, expressed as the ratio 𝐿/𝑀=0.50, 0.60, 0.75, 0.90, 1.07,

1.20, 1.35, 1.50, 1.65, 1.80, 2.00. The gradual reductions applied to each of the main cases

are represented by the variations in internal thickness 𝑀𝑁, which directly depend on the reduction

factors, denoted as 𝑂𝑃= 0.25, 0.33, 0.40, 0.50, 0.57, 0.66, 0.74, and 0.80. This process subdivided

each crease case into eight sub-cases, each corresponding to one of the specified 𝑂𝑃 values. The

load paths and stored energy landscapes of the generated geometrical combinations were obtained

through numerical simulations, as detailed in Supplementary Text S.2.2, using a multi-material

approach. A rigid photopolymer (VB), modeled as an elasto-plastic material, was assigned to the

panels. A rubbery photopolymer (DM60), modeled as a visco-hyperelastic material, was assigned

to the creases. For this, we incorporated viscoelastic parameters into its characteristic hyperelastic

behavior, such as the Prony series coe”cients (𝑌𝑁, 𝑍𝑁) and relaxation moduli (𝑎 (𝑏)), as explained in

sections 5.3, and S.1.3 of Supplementary Materials and Methods. Then, the e!ect of the gradual

reduction of the creases on the energy landscape was evaluated based on the variation of the width

w and internal thickness 𝑀𝑁 with respect to the external thickness 𝑀, denoted as the ratios w/s and

𝑀𝑁/𝑀, respectively.

Thereafter, in Fig. 2A, we show which geometrical combinations exhibited a bistable, or monos-

table behavior, along with their rotational sti!ness �̃� , estimated using the bending formulations

of an incompressible elastic Neo-Hookean block (44) (as detailed in Supplementary Text S.2.3).

For instance, the Kresling cells that satisfied the bistability criteria were made of wider creases

(1.07 ↑ 𝐿/𝑀 ↑ 2.00) and designed with greater cross-section reductions (0.05 ↑ 𝑀𝑁/𝑀 ↑ 0.58). The

latter were generated by reduction factors relying on the range 0.66 ↑ 𝑂𝑃 ↑ 0.80. Such reduction

factors enabled the creation of creases with the thinnest internal thicknesses si, resulting in the high-

est decrement of cross-section and rotational sti!ness up to �̃�/𝑊=0.50 and �̃�/𝑋=0.90 compared to

the corresponding intact creases, as shown in Fig. 1B. Therefore, this confirms that as the crease

becomes less sti!, it gains enough flexibility to ensure the achievement of bistability. On the other
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Figure 2: Influence of the creases geometrical parameters on the energy landscape. (A) Parametric study of

creases to evaluate the achievement of bistability (Bi), or monostability (M), in terms of the variation of width (𝐿)

and internal thickness (𝑀𝐿) with respect to the external thickness (𝑀), reduction factors (RF) and Rotational Sti!ness

(�̃�). The crease-cutting radius limit determines the range of reduction factors necessary to maintain a circular shape

at the lower part of the crease. ’Limit Bi’: boundary between bistability and monostability determined experimentally.

Results are based on Kresling cells at 1:1 scale (x1). (B) Load paths and (C) stored energy (U) landscapes of case

C8 (𝐿/𝑀=1.50) at 3:1 scale (x3). The corresponding curves are presented in the following order 𝑂𝑃: 0.25, 0.33, 0.40,

0.50, 0.57, 0.66, 0.74, and 0.80. (D) Iterative process to adjust CAD dimensions, verify discrepancies with the real

dimensions of 3D-printed Kresling cells, and determine the corresponding adjusted load paths (FEAad).
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hand, creases designed with reduction factors above 𝑂𝑃=0.66 reached greater internal thickness (𝑀𝑁)

values. They tend to increase the restoring force values of the respective Kresling cells, gradually

moving them away from zero. Therefore, they are unable to achieve bistability and are prone to

show a monostable behavior instead. Thus, we determined a possible limit for achieving bistability

from the combinations with 𝑂𝑃 ↔ 0.66, as shown in Fig. 2A.

In an extreme scenario, when the width versus external thickness ratio is below 𝐿/𝑀 ↑ 1.07,

the creases tend to be narrower and very rigid, falling into a mono-stable category, and when

they presented higher 𝑀𝑁 values, the stored energy values also increased. In general, we observed

that Kresling cells exhibited monostable behaviors when they are formed by sti!er creases. These

crease configurations reached reduction ratios of approximately �̃�/𝑊 ↑ 0.30 for cross-sections and

�̃�/𝑋 ↑ 0.70 for rotational sti!ness. Moreover, we analyzed the load paths and the corresponding

stored energy obtained numerically for the intermediate case C8 (𝐿/𝑀=1.50), as shown in Fig. 2B,

and Fig. 2C. We compared two types of numerical simulations, the first considering the exact

cross-section dimensions from the CAD file and the second with the adjusted dimensions obtained

from the microscope characterization, indicated as FEA and FEAad, respectively. We also observed

that a second local minimum of energy was reached when the creases presented gradual reductions

between the range 0.35 ↑ 𝑀𝑁/𝑀 ↑ 0.40 corresponding to the already mentioned reduction factors

0.66 ↔ 𝑂𝑃 ↔ 0.80.

2.2 Scalability and experimental validation

Furthermore, we observed through numerical simulations that the load paths of the analyzed Kres-

ling cells can be scaled. For instance, Fig.3A shows that the position of the second local minimum of

energy of the C8 𝑂𝑃=0.80 Kresling cell, at a 1:1 scale (x1), varies from a displacement u=4.53 mm,

to 9.06 mm at a 2:1 scale (x2) and 13.59 mm at a 3:1 scale (x3). This fact demonstrates that scaled

Kresling cells maintained the expected bistable behavior at the same geometrical proportions with

respect to 1:1 scale (x1). Thus, Kresling cells can be scaled to meet manufacturing requirements

across di!erent length scales, from microfabrication to large-scale additive manufacturing. In the

present study, Kresling cells for the C8 case were fabricated using the PolyJet technique at a 3:1

scale (x3) for the corresponding experiments, as detailed in section 5.4. This scale ensures feasible
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printing, as the internal thickness dimensions 𝑀𝑁, fall within the PolyJet manufacturing limits of

0.6–1.0 mm.

The experimental setup for the compression tests is illustrated in Fig. 3B. The experiments were

performed by imposing a displacement 𝑐 at one side of the sample and leaving free the rotation in

the opposite side, as detailed in section 5.5. During the test we monitored the applied displacement 𝑐

against the measured restoring force 𝑃. Moreover, the achievement of bistability is highly sensitive

to geometric variations in crease parameters, such as width 𝐿 and internal thickness 𝑀𝑁. The existent

di!erences between the exact (CAD) and the real dimensions of the 3D printed Kresling cells are

attributed to the inherent loss of dimensional accuracy of the 3D printer in use.

Thorough a microscopic characterization (further explained in sections 5.6, and S.1.10 of

Supplementary Materials and Methods), we estimated a mean percentage error, MPE (%), between

the exact and the real dimensions of the analyzed creases and panels from a sample corresponding

to the case C8. In this example, the internal thickness 𝑀𝑁 dimensions exhibited an mean percentage

error in the range: -25 ↑ 𝑑𝑒𝑓 (%) ↑ 10, where negative values imply higher real measures than

the CAD models. This error range represents a small di!erence between the exact dimensions and

the real dimensions of the creases, and corresponds to the expected dimensional accuracy of a

J750 Polyjet 3D printer, which is commonly about %10. Therefore, we primarily relied on the load

paths obtained from the numerical simulations (FEA) using the exact dimensions from the CAD

file geometry for their respective experimental validation, as shown in Fig. 3C, D and E.

Subsequently, we experimentally confirmed that C8 case samples with reduction factors in the

range 0.25 ↑ 𝑂𝑃 ↑ 0.57 exhibited monostability, as illustrated in Fig. 3C. These cases corresponded

to creases with internal thickness 𝑀𝑁 greater than the manufacturing limit of 1.0 mm. The e!ect of

crack formation during the experiments on these thicker creases was minimized. For this reason,

the numerical load paths (FEA) closely matched those obtained experimentally (EXP). In Fig. 3D,

the experiments from C8 cases with 0.74 ↑ 𝑂𝑃 ↑ 0.80 validated the bistable behavior observed in

the corresponding Kresling cells at a 1:1 scale, as described in Fig. 2A.

However, some discrepancies were observed in the load path region where a change in the

sign of the load was expected. This may be attributed to the fact that these narrow creases, with

thicknesses below the manufacturing limit of 0.6 mm, are prone to develop longitudinal cracks that

dramatically reduce their sti!ness. In addition, the load path corresponding to the configuration
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Figure 3: Scalability and experiments on multi-material 3D printed Kresling cells. (A) Observed scalability in

Load paths and in the position of the second local minimum of energy on Kresling cells, at a 1:1 (x1), 2:1 (x2) and

3:1 (x3) scales. (B) Experimental Setup for multi-material 3D printed Kresling cells at 3:1 scale, designed to impose a

vertical displacement 𝑐 corresponding to a restoring force 𝑃, with free rotation at one end. (C-E) Comparison between

Numerical and Experimental tests performed on case C8 with: (C) 𝑂𝑃 = 0.25, 0.33, 0.40, 0.50 and 0.57. (D) 𝑂𝑃 = 0.66,

0.74, and 0.80. (E) E!ect of the degradation of the rubbery crease cross-sections on the load path after performing

three sequential experiments on the same sample (C8, 𝑂𝑃=0.80 creases made of DM60).

with a reduction factor of 𝑂𝑃 = 0.66 may represent the actual limit between bistability and

monostability, denoted as ’Limit Bi’ in Fig. 2A. Its experimental load path tends to remain above

zero, making it di”cult to confirm whether the condition for achieving a second local minimum

of energy is truly satisfied, as shown by the corresponding numerical load path. A summary of the

experiments, including hands-on experimental validation of bistability, is presented in videos S1

and S2. Furthermore, we observed that sequential compression tests can induce degradation in the

rubbery photopolymer, resulting in longitudinal cracks along the creases, particularly in areas with
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cross-sectional dimensions smaller than 0.6 mm. To investigate this, we performed the compression

experiment three times on the same samples.

Gradual decreases in the load values achieved for sample RF = 0.80 were detected across

experimental curves denoted 1, 2, and 3, as shown in Fig. 3E, along with additional details in video

S3 and supporting Fig. S24. We determined that approximately 30% and 50% of the load capacity

achieved in test 1 was lost after tests 2 and 3, respectively.

2.3 E!ects of creases viscosity on bistability

In a second parametric study, we focused on the e!ects of viscosity on the bistability and stored

energy in Kresling cells composed of rubbery creases while preserving the same rigid panels.

Specifically, we analyzed the configurations of creases from cases C8 to C11, which led to bistabil-

ity during the first parametric study described in section 2.1. Those creases were modeled exclu-

sively with the rubbery material DM60, which has a relaxation modulus of G60=0.220 MPa. The

selected groups of creases are located within the following geometrical ranges: 0.05 ↑ 𝑀𝑁/𝑀 ↑ 0.41

and 1.50 ↑ 𝐿/𝑀 ↑ 2.00, as shown in Fig. 4A. We obtained the corresponding numerical load paths

and energy landscapes using various rubbery photopolymers characterized by di!erent relaxation

moduli and viscosity with respect to DM60, including AG30 (G↗=0.7G60), DM70 (G↗=1.4G60),

DM85 (G↗=2.6G60), and DM95 (G↗=3.9G60), as detailed in Supplementary Text S.2.4. Their vis-

coelastic properties, such as relaxation modulus (𝑎 (𝑏)) and Prony parameters (𝑌𝑁, 𝑍𝑁), were de-

termined experimentally (see Section S.1.6 of Supplementary Materials and Methods for more

details). As a result, Fig. 4A summarizes whether bistability is preserved in the geometrical config-

urations analyzed under various levels of relaxation modulus and viscosity. In addition, bistability

was numerically evaluated over di!erent time scales, considering the initial (𝑍→
𝑁
), short- (𝑍), and

long-term (n𝑍) relaxation times exhibited by the visco-hyperelastic materials analyzed, as indicated

in Fig. 4B.

Thus, we observed that Kresling cells composed of creases with a lower relaxation modulus,

characterized by the softest photopolymers AG30, DM60, and DM70, remained in bistable behavior

in the majority of cases and in all the analyzed time scales. Configurations whose reduction factors

are in the range within 0.74 ↑ 𝑂𝑃 ↑ 0.80 can also achieve bistability with rubbery materials having

12



an intermediate relaxation modulus, such as that of DM85. However, in cases where geometrical

configurations are at the limit of achieving bistability, which are generated with a reduction factor

RF=0.66 and when using DM85, a monostable scenario occurred. On the other hand, we inferred

that at the highest relaxation modulus and viscosity, for instance DM95 material, the Kresling

cell tends to exhibit monostability in most cases. Consequently, we estimate that as the rubbery

material in the creases becomes more highly viscous, with a high relaxation modulus, the load

values consistently stay above zero, and the sample tends to return to its initial state, compromising

a bistable behavior.

2.4 Experiments on Kresling Cells with variable visco-hyperelastic creases

We selected the configurations of the case C8 𝑂𝑃=0.80 to experimentally validate their bistable

behavior previously described in Fig. 4A. For this, we compared their numerical and experimental

load paths and stored energy landscapes, as illustrated in Fig 4C. The fabrication of the samples

and the experiments were done as detailed in sections 5.4 and 5.5, respectively. We confirmed

experimentally that bistability is maintained by Kresling cells made of creases with the less sti!

rubbery materials and characterized by lower relaxation moduli, such as AG30, DM60, DM70,

and the intermediate, DM85. Similarly, Kresling cells with creases made of DM95, which has

the highest relaxation modulus among the analyzed rubbery materials, lost the ability to achieve

bistability in practice. Instead, the Kresling cell transitioned to a monostable scenario, where the

load values tend to deviate further from intersecting the displacement axis at zero force. Then,

a corresponding rise in stored energy is observed without reaching a second local minimum of

energy. This occurs despite the fact that the geometrical design favors bistability when using softer

materials with lower relaxation moduli. We can attribute this to the fact that the rubbery material

DM95 is more likely to exhibit higher viscosity than the other photopolymers and retain sti!ness

over time, making even the folding of the Kresling cell more di”cult. Consequently, we observed

that variations in relaxation modulus can aid in tuning the energy landscapes, as well as modifying

the geometrical parameters of the creases.

The experiments were conducted similarly to those described in section 2.2 and included

hands-on experimental validation of bistability, as shown in video S4. We also detected crack
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Figure 4: Visco-hyperelastic e!ects on the achievement of bistability. (A) Parametric study to assess bistable Kresling

cells with creases made of rubbery materials (AG30, DM60, DM70, DM85 and DM95) with di!erent viscoelastic

properties in terms of relaxation modulus 𝑎↗, for Cases C8, C9, C10, and C11 designed with reduction factors within

the ranges 0.66 ↑ 𝑂𝑃 ↑ 0.80. Results of Kresling cells at 1:1 scale (x1). (B) Experimental relaxation curve. Times

𝑍
→
𝐿 , 𝑍 and n𝑍, respectively considered for the numerical analysis of viscosity e!ects. Experiments were performed at

a test speed which correspond to a relaxation time 𝑍
→
𝐿 =180 s. (C) Numerical and experimental load paths, along with

stored energy landscapes (U). Results for C8 RF=0.80 cells at a 3:1 scale (×3), with rubbery creases exhibiting di!erent

relaxation moduli. Filled regions include FEA simulations within the range 𝑍
→
𝐿 ↑ 𝑍 ↑ 𝑔𝑍.
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initiation along the creases made of other rubbery materials di!erent from DM60, including

AG30, DM70, DM85 and DM95, in the tested Kresling cells. This a!ected the accuracy of the

experimental load paths with respect to the corresponding numerical counterparts, as we observed

in the experiments shown in Fig. 3D. Likewise, degradation in the creases was noted after testing

each sample consecutively three times, representing a technological limitation related to the use of

rubbery photopolymers with very small cross-sections (↑0.6 mm), as further detailed in supporting

Fig. S33.

2.5 Mono-material cells

In the context of the multi-material 3D printing approach, the compression/expansion process of

Kresling cells, as well as the achievement of bistability, becomes feasible by combining the bending

of rigid panels and rubbery creases. In the case of using a single material, we propose a strategy

in which we segmented the creases and create voids along the full volume of the valleys (𝑖 𝑗 ),

and peaks (𝑘 𝑗 ), as shown in Fig. 5A and B. This di!erence in volume contributed to reduce the

sti!ness of the creases with respect to the panels. Then, the analyzed Kresling cells, denoted as M-1

and M-2, are designed with the geometrical configuration of case C11 RF=0.80. We selected this

configuration because it potentially exhibits bistability, independently of the viscoelastic properties

of the creases materials, as described in Section 2.3. The variable volume of the valley creases

is denoted as 𝑖. In the M-1 case, where the number of voids along the valleys is zero, and their

volume is 𝑖 = 𝑖 𝑗 . In M-2 case, the number of voids along the valleys is 2, and their volume is

equal to 𝑖=3/5 𝑖 𝑗 .

In both Kresling cell cases M-1 and M-2, the reduction of the peaks volume was also considered

as a minimum fraction of their respective full volume, denoted as 𝑘=2/7 𝑘 𝑗 . The remaining small

amount of material that forms the peaks, only contributes to the connection between the panels. Thus,

we simplify the analysis by regarding the volume of the valleys𝑖 with their voids inclusions, as the

sole variable of analysis. The load paths and energy landscapes corresponding to M-1 and M-2 cases

are shown in Fig. 5C and D. They indicate that both Kresling cells, made completely of rubbery

photopolymers such as Origin 402, IP-PDMS, and DM95, exhibited a monostable behavior. In

addition to these materials, the use of photopolymers with a sti!ness of around 600 MPa, like UTL,
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suggests that monomaterial Kresling cells can also achieve bistability. This type of photopolymers

are used in micro-printing being characterized by high-flexibility and toughness, suitable for snap-

fits or similar fixtures. Additional results with rubbery photopolymers, including DM60, DM70,

and DM85, are presented in Supplementary Text S.2.5 - Fig. S11.

2.6 Programmable Monostable Kresling Assemblies

The variation of geometrical parameters in Kresling cells, such as initial relative angle 𝑄𝑅 and the

aspect ratio between the initial height and the polygon’s radius 𝑇𝑅/𝑈, can lead to programmable

energy absorption levels. We analyzed the following mono-stable Kresling cell configuration:

number of polygon’s sides n=8, 𝑄𝑅 = 45↘, and 𝑇𝑅/𝑈=0.40, determined using the same criteria as

the previously analyzed configuration with n=6. Next, 3D parametric Kresling cells were designed

and coupled in chiral configurations to form multi-story cylinders with five stories (#𝑀𝑏𝑅𝑈𝑁𝑙𝑀=5). In

this analysis, we aimed to explore the crucial role of crease sti!ness in the compression/expansion

process and storing energy in multi-story and monostable Kresling cells.

These structures were numerically analyzed in Abaqus/CAE standard to determine their load

paths and energy landscapes during compression, as detailed in section 5, and were validated

experimentally, as described in section 5.5 and video S5. A maximum vertical displacement

𝑐=20mm, was applied at the top, while the bottom is fixed, as shown in Fig. 5C. The Kresling

multi-story cylinders were designed for fabrication using multi-material 3D printing, with rigid

panels (VB), and creases made of softer (DM60) and sti!er (DM95) rubbery materials. Thereafter,

we generated three di!erent cases to specifically evaluate the influence of creases with variable

sti!ness: (i) creases made entirely of the softer rubbery material DM60 across all five stories, (ii)

sti!er creases in the even stories (DM60-DM95-DM60-DM95-DM60), and (iii) sti!er creases in

the odd stories (DM95-DM60-DM95-DM60-DM95).

During the folding of the multi-story cylinders, the numerical load paths were tracked until

the contact between panels started, reaching a displacement in the range of 12 mm ↑u↑16 mm.

We calculated the stored energy at these points. Using the value from case (i) as a reference, we

observed increases of 59.15% and 139.05% with the inclusion of sti!er creases, as seen in cases (ii)

and (iii), respectively. Moreover, considering the intermediate stories 2, 3, 4 as points of analysis,
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Figure 5: Load paths and stored energy landscapes of monomaterial Kresling cells and programmable Kresling

assemblies. (A) M-1, and (B) M-2 cases. Materials with intermediate sti!ness tend to achieve bistability (Bi). Results

of Kresling cells at 1:1 scale. (C) Compression test and folding process of cases (i) All the creases DM60, (ii) Sti!er

creases (DM95) in the even stories, and (iii) Sti!er creases (DM95) in the odd stories. The number of folded stories at a

displacement u≃ 12mm is indicated. (D) Numerical (FEA) and experimental (EXP) results. The numerical simulations

stopped at the first contact among panels.
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we observed that all the stories are folded uniformly in the case (i), where creases are made of

the same material DM60. On the alternating creases sti!ness cases, stories with creases made of

softer material tended to be folded first than their rigid counterparts. For instance, the odd story 3

(DM60) in case (ii), was folded first than the even stories 2 and 4 made of sti!er material (DM95)

and vice-versa in case (iii), as described in Fig. 5D. Hence, we proposed another approach for the

programmability of stored energy and to control the localized deformation of specific stories during

the folding process of multi-story Kresling structures. Therefore, we aimed to provide design hints

for 3D printed structures that could potentially be employed in programmable motion and damping

devices.

3 Discussion and Limitations

Starting with a Kresling cell configuration (n=6, 𝑇𝑅/𝑈=1.75, 𝑄𝑅 = 𝑆/6), along with the proposed

gradual reduction of the creases cross sections, we conducted numerical simulations to obtain the

corresponding load paths and energy landscapes. Traditional modeling approaches for Kresling

structures typically involve thin-shell elements primarily intended for physical prototypes made

from paper-based or thin polymer sheets. However, using 3D hybrid-modified elements enabled us

to incorporate visco-hyperelastic models, providing a more realistic mechanical response for viscous

and nearly incompressible materials, such as the flexible photopolymers used in 3D printing. Under

the assumptions of paper-based models, such as constant crease cross-sections and zero viscosity,

predictions of mechanical behavior di!er when applied to 3D-printed Kresling cells. For example,

the design of an intact rubbery crease is more likely to not exhibit the theoretically predicted

bistability. For multi-material 3D printing Kresling cells, we established a range of geometrical

parameters, including width-to-external thickness ratio 𝐿/𝑀, internal thickness 𝑀𝑁, and reduction

factor RF, leading to parametric design process to obtain bistable cells. Based on the results of the

parametric study, we have confirmed that the geometry of the creases is influential when aiming a

specific load path.

Particularly, when the crease width 𝐿 exceeds a ratio 𝐿/𝑀 ↔ 1, the energy landscapes of

the multi-material 3D-printed Kresling cells can be significantly controlled by modifying the

internal thickness 𝑀𝑁 using imposed reduction factors 𝑂𝑃, while maintaining the same width w. For
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example, we demonstrated that the internal thickness 𝑀𝑁 is a critical factor in achieving bistability.

Specifically, values in the range 0.05 ↑ 𝑀𝑁/𝑀 ↑ 0.30 generated by reduction factors 𝑂𝑃 between

0.74 and 0.80, ensure bistability while reducing the cross-section relative to the intact cross-

section by an approximate ratio of 0.50 ↑ �̃�/𝑊 ↑ 0.80. Consequently, the rotational sti!ness of the

reduced creases relative to the intact crease decreases to a range of 0.80 ↑ �̃�/𝑋 ↑ 0.90, ensuring

the flexibility required for bistable Kresling cells. In contrast, Kresling cells generated with 𝑂𝑃

values above 0.66 tended toward monostable behavior in practice. In these cases, we observed that

the experimental load path remains above zero, which di!ers from the numerical counterpart’s

prediction. Furthermore, we noted that, after applying a compressive load to the Kresling cell, it

returned to its initial configuration more quickly, as shown in video S2. Thus, we confirmed that

bistability was not achieved in practice.

For this reason, we established a reduction factor 𝑂𝑃=0.66 as a geometric limit for determining

bistability. This discrepancy may be due to slight increases in cross-sectional dimensions resulting

from printing accuracy, potentially leading to a greater thickness, 𝑀𝑁, and closer to that of the next

case with 𝑂𝑃 = 0.57. Although taking measurements along the crease length is complicated due

to the complex geometry of the Kresling cell, the fact of having such a greater crease thickness is

confirmed by the microscopic measurements we performed along an horizontal slicing plane that

cuts the Kresling cell at the mid-height.

We numerically and experimentally determined how the achieved bistability is a!ected by the

visco-hyperelastic behavior characteristic of rubbery 3D printing materials. For example, in the par-

ticular case of C8 Kresling cells with creases made of rubbers with lower (AG30, DM60, DM70) and

intermediate (DM85) relaxation moduli preserved bistability. Considering DM60 relaxation mod-

ulus as G↗=1.0G60, we have AG30 (G↗=0.7G60), DM70 (G↗=1.4G60) and DM85 (G↗=2.6G60).

In contrast, when the creases were characterized by a higher relaxation modulus such as the case

of DM95 material (3.9 G60), the Kresling cells transitioned towards a monostable behavior. Our

numerical simulations also predicted that bistability is preserved over di!erent time scales corre-

sponding to the initial (𝑍→
𝑁
), short- (𝑍), and long-term (n𝑍) relaxation times. Since numerical

simulations showed that the energy landscapes did not vary significantly for relaxation times higher

than 𝑍𝑁, we decided to perform them a test speed which correspond to a relaxation time 𝑍
→
𝑁
=180 s.

This choice allows for e”cient characterization while avoiding unnecessary long-term testing, as
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the observed bistability remains over time. When comparing visco-hyperelastic creases made of

di!erent rubbery materials, the viscoelastic component, specifically the di!erence in relaxation

modulus, appeared to have a greater e!ect on achieving bistability than the time scale of anal-

ysis. Furthermore, these results suggest that specific geometrical parameters leading to creases

with smaller cross-section thickness 𝑀𝑁, such as those generated with a reduction factor RF=0.80,

play a more significant role in the achievement bistability and programming the energy landscape,

counteracting the inherent viscoelastic e!ects.

In the case of a monomaterial approach, the geometrical designs with the narrowest creases

(especially those generated with a reduction factor 𝑂𝑃=0.80) were selected, as they provide the

highest rotational sti!ness reduction �̃�/𝑋 ≃ 0.90 and flexibility. Our design strategy was based

on variations in sti!ness along the creases, achieved through the inclusion of voids in the peaks and

valleys, which facilitated the compression and expansion processes of the Kresling cell. Regardless

of the material used, we also evidenced that decreasing the volumes of the creases by including more

voids along the valleys, can modify the energy landscapes resulting in lower stored energy values.

These di!erences can be observed by comparing the energy landscapes corresponding to the cases

M-1 in Fig. 5A and M-2 in Fig. 5B. For example, considering both cases made of UTL resin, M-1

and M-2, their achieved total stored energy values were U=32 mJ and U=26 mJ, respectively. This

means that the inclusion of two voids along the valleys, corresponding to the fraction 𝑖=3/5 𝑖 𝑗 ,

can result in a decrease of 18.75% in the total stored energy.

Since rubbery photopolymers exhibit low tensile instantaneous relaxation moduli between

1.0MPa ↑ 𝑓𝑅 ↑ 10MPa, the e!ect of their visco-hyperlastic properties on preserving bistability

is almost not mitigated without the interaction with sti!er panels. On the other hand, very rigid

photopolymers led to earlier failure, tending to present a brittle behavior, and the folding mechanism

is limited. For this reason, materials with intermediate sti!ness values can be an alternative for

achieving bistability. We have confirmed this fact by analyzing a Kresling cell composed of UTL

resin (45), with a Young’s Modulus around E ≃ 600 MPa, where bistability was observed. Therefore,

it opens the possibility of miniaturizing bistable Kresling cells using a single material. These

configurations can be used to fabricate downscaled Kresling cells, even at the micro-scale, thereby

overcoming the dimensional limitations of traditional 3D printing technologies.

In addition, we investigated the role of creases in monostable Kresling assemblies. Using a
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multi-material printing approach, we evaluated and fabricated Kresling structures with variable

sti!ness assigned to the creases in even and odd stories. For instance, during the folding process,

deformation occurs first in the stories with softer creases, such as those made of DM60, and later

in the sti!er ones made of DM95. This approach facilitates the control and programming of the

energy landscape. Notably, we also achieved an increase of up to approximately 140% in stored

energy by including sti!er creases.

3.1 Limitations

We validated the numerical predictions experimentally, considering manufacturing limitations

to prevent defects at the time of fabricating 3D-printed parts. Dimensional constraints due to

technological limitations restrict the size of 3D-printed multi-material Kresling cells that can be

tested. In the case of the PolyJet technique, load-bearing elements with cross-sections smaller than

0.6 mm tend not to cure well and may exhibit defects during the photopolymerization and layer

deposition processes. However, considering cross-sections above 1.0 mm helps reduce defects and

they remain intact during post-processing operations (42). During subsequent compression tests

on Kresling cell samples, we observed a reduction in sti!ness and peak loads of 30% after the

second test and 50% after the third test. This can be attributed to crack initiation in thin creases

made of rubbery photopolymers. This suggests material degradation in thin cross-sections made

of the rubbery material after repeated loading cycles, potentially compromising its suitability for

long-term applications. This observation highlights potential limitations in the reliability of this

technique for experiments on multi-material Kresling cells, indicating potential long-term durability

concerns. However, fabricating on a larger scale could be an option to overcome these manufacturing

dimensional limitations, although it might result in higher material costs and longer working times.

4 Concluding remarks

We proposed alternatives to explore the untapped engineering potential of Kresling origami beyond

traditional paper models. The advent of 3D printing has enabled the creation of complex multistable

structures with programmable energy landscapes inspired by Kresling patterns. However, this

approach also faces unique challenges related to manufacturing and material limitations, especially
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at small scales and when addressing the visco-hyperelastic nature of photopolymers.

Our study emphasized the critical role of crease design in achieving reliable multistability

in Kresling cells, highlighting overlooked parameters such as crease geometry and viscosity. By

modifying the crease cross-section, we obtained diverse energy landscapes ranging from bistability,

to monostability.

For instance, reducing the crease internal thickness 𝑀𝑁, through proposed reduction factors RF, by

over 50% of the intact cross-section facilitated bistability, as confirmed by experimental validation

that accounted for manufacturing limitations and scalability considerations. Rubbery creases with

the highest relaxation modulus (𝑎↗ ≃ 0.855MPa) compromised bistability, while those with lower

relaxation moduli preserved it. In addition, the observed bistability remained over di!erent time

scales, including the initial, short- and long-term relaxation times regions. Consequently, we found

that the di!erence in relaxation modulus had a greater impact on bistability than the time scale

of analysis. Our results further indicate that the most significant changes in the energy landscape

were primarily attributed to modifications in the geometrical parameters of the crease cross-

section, which contributed to limiting the influence of visco-hyperelastic e!ects, especially in the

configurations with the smallest cross-sections generated with a reduction factor RF=0.80.

Considering a monomaterial approach, sti!ness variations achieved through voids in crease

geometry improved the compression and expansion of Kresling cells and allowed energy storage

to be tailored. Materials with intermediate sti!ness (E ≃600MPa) were identified as optimal for

foldable, bistable designs, particularly oriented to micro-fabrication.

Moreover, we explored the role of creases in monostable Kresling assemblies by varying their

sti!ness. This allowed us to control the deformation of specific stories, enabling programmable

energy landscapes and adjustable energy storage based on the inclusion of softer or sti!er creases.

In summary, our findings address key 3D printing challenges and o!er potential for applications

such as customized and scalable energy absorbers, actuators, and delivery robots that rely on

compact and programmable energy landscapes. These configurations advance our understanding

of Kresling-origami-inspired structures while also paving the way for future research.
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5 Materials and Methods

5.1 Initial Sizing of Kresling cells

The geometrical parameters that define the initial sizing configuration of the Kresling cells were

estimated using a five-parameters model (26), as further detailed in section S.1.1 of Supplementary

Materials and Methods. Considering a Kresling cylinder defined by top and bottom polygons with

a number of sides n=6, under an axial displacement 𝑐, the total elastic stored energy of the creases

𝑚 can be defined by the sum of the deformation strain𝑚𝑛 and the rotational springs𝑚𝑀 contribution

of the peak and valley creases, by using the expressions:

𝑚𝑛 =
1
2
𝑔𝑋𝑀𝑛 (𝑛 ⇐ 𝑛𝑅)2 + 1

2
𝑔𝑋𝑀𝑉 (𝑉 ⇐ 𝑉𝑅)2

, (1)

𝑚𝑀 =
1
2
𝑔𝑋𝑜 (𝑝𝑜 ⇐ 𝑝𝑜𝑅)2 + 1

2
𝑔𝑋𝑛 (𝑝𝑛 ⇐ 𝑝𝑛𝑅)2 + 1

2
𝑔𝑋𝑉 (𝑝𝑉 ⇐ 𝑝𝑉𝑅)2

, (2)

𝑚 = 𝑚𝑛 +𝑚𝑀 (3)

Here, 𝑋𝑀𝑛 and 𝑋𝑀𝑉 represent the stretching sti!ness of the creases, while 𝑛 and 𝑉 denote the final

lengths during the compression/expansion corresponding to the peaks and valleys, respectively. The

original peak and valley lengths are denoted as bo and 𝑉𝑅, respectively. The terms 𝑋𝑜,𝑋𝑛, and 𝑋𝑉

represent the rotational sti!ness of the creases. The dihedral angles in the original configuration are

𝑝𝑜𝑅, 𝑝𝑛𝑅, 𝑝𝑉𝑅, while those in the folded configuration are 𝑝𝑜, 𝑝𝑛, 𝑝𝑉, corresponding to their respective

creases. An iterative process was performed applying Eq.3 to select the initial sizing configuration

that theoretically leads to a second local minimum of energy when 𝑝𝑚/𝑝𝑐=0 (46,47).

5.2 Parametric Design

The cylindrical Kresling cells were designed as solid bodies in Autodesk Inventor in 1:1 scale

(x1), following the initial sizing configuration: polygons with n=6 sides, rotating at an initial angle

𝑄𝑅 = 𝑆/6 with respect to each other, and an aspect ratio 𝑇𝑅/𝑈=1.75. The panels were modeled with

a small thickness value with respect to the initial height (0.04 𝑇𝑅↑ 𝑀 ↑ 0.08 𝑇𝑅). In addition, rings

were included at the top and bottom of the cylinders to ensure a uniform rotation of the upper and
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lower polygons. Moreover, we created a small gap at the top and bottom intersections of the creases

with the rings to prevent stress concentrations, as illustrated in the 3D Kresling cell renders from

Fig. 3A.

In the Multi-material approach, the creases of the Kresling cells were parametrically designed

with dimensional and geometrical variations. The dimensionless ratio w/s represents the creases

width, w, variation relative to its thickness, s, ranging within 0.50 ↑ 𝐿/𝑀 ↑ 2.00, and being grad-

ually reduced considering the reduction factors 0.25 ↑ 𝑂𝑃 ↑ 0.80. The generated configurations

were obtained by combining the mentioned parameters and they are detailed in section S.1.2 of

Supplementary Materials and Methods.

In the Mono-material approach, the Kresling cells were similarly designed following the initial

sizing configuration and incorporating the creases design from the case C11- RF=0.80. The latter

represents the most flexible crease with the lowest rotational sti!ness (�̃�= 1.26x10-5 N.mm/rad).

The voids inclusions along the peaks and valleys, corresponded to a fraction of the total volume of

their respective full creases, as explained in section 2.5. Thereby, multiple Kresling cell configura-

tions for Multi-material and mono material approaches were exported as *.step and *.𝑞𝑛 Parasolid

files, for the respective numerical simulations and 3D printing, respectively.

5.3 Numerical simulations and constitutive models

Quasi-static non-linear analyses were carried out in Abaqus/CAE Standard meshing the systems

with quadratic tetrahedron C3D10MH elements due to the complexity of the geometry. This

type of mesh contains 10 node quadratic tetrahedron with hybrid modified constant pressure

elements. This choice was dictated by the hyperelastic nature of the rubbery material which is

nearly incompressible. Tie constraints were assigned to the panels, creases, top and bottom ring

surfaces to create a uniform contact among them. The defined boundary conditions at the bottom of

the cylinder constrained all the displacements and the rotations. An imposed vertical displacement

close to the one third of the initial height (≃ 1/3 𝑇𝑅) was applied at the top.

Simultaneously, the rotation of the upper part was also released to simulate the natural twisted

motion, characteristic of the Kresling patterns along with a compressive force. Furthermore, we

remark that the quasi-static simulations were conducted using a VISCO step to capture the time-
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dependent behavior of the visco-hyperelastic elements. The simulations proceeded until the target

displacement was reached, ensuring that while the panels made initial contact during the folding

process, overlapping was prevented. Further details are explained in section S.1.3 of Supplementary

Materials and Methods. Moreover, we incorporated calibrated material models obtained from their

respective material characterization tests, as described in section S.1.5 of Supplementary Materials

and Methods. The components made of rigid materials, such as the panels and rings, were modeled

with an elasto-plastic behavior. In contrast, flexible photopolymers were assigned to the creases,

being initially characterized by a Neo-Hookean strain potential energy function described as follows:

𝑚𝑟 = 𝑠10(𝑡1 ⇐ 3) (4)

where 𝑠10=𝑎𝑅/2, being 𝑎𝑅 the instantaneous shear modulus and 𝑡1 is the first stretch invariant.

This hyperelastic model assumes an almost incompressible material and was fitted to experimental

data to find the𝑠10 coe”cients, which define the rate-independent behavior (48). Subsequently, the

viscoelastic e!ects of the rubbery materials were then incorporated into the hyperelastic model. The

Prony parameters dimensionless weight 𝑌𝑁 and relaxation time 𝑍𝑁 characterize the time-dependent

behavior associated with viscosity (49). They were determined by a non-linear regression analysis by

fitting them to the relaxation test data, as detailed in section S.1.6 of Supplementary Materials and

Methods. We then applied the obtained Prony parameters to the constants within the strain energy

function 𝑚𝑟 (𝑏), which is defined by the instantaneous constant 𝑠𝑅

10, and the visco-hyperelastic

relaxation function can be expressed as follows:

𝑚𝑟 (𝑏) = 𝑠
𝑅

10

(
1 ⇐

𝑟∑
𝑁=1

𝑌𝑁 (1 ⇐ 𝑙
⇐𝑏/𝑍𝐿 )

)
(5)

In the context of Polyjet photopolymers, the selected rigid material for the panels in all the

numerical simulations of multi-material cases was VeroBlack (VB). Regarding the flexible creases,

the rubbery digital material DM60 was used for the first parametric study (section 2.1). In subsequent

analyses, we included additional rubbery photopolymers with di!erent relaxation moduli and

viscosity than DM60, such as Agilus30 (AG30) and digital materials DM70, DM85, and DM95,

to evaluate and predict the e!ects of viscosity on bistability (section 2.3). The duration of each

numerical simulation using the VISCO step, was set equal to the initial, short-term and long-term

relaxation times exhibited by the di!erent rubbery materials, based on their relaxation times 𝑍𝑁 from
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the Prony series. For the mono-material approach, flexible photopolymers used in other 3D printing

techniques were also considered, including Origin 402 (Direct Light Processing), IP-PDMS and

UTL-BMF (Two-photon polymerization for micro-fabrication).

5.4 Fabrication of Multi-material Kresling cells

The Kresling cell samples were fabricated following the framework of Polyjet multi-material

technique. It is important to remark that cross-sections of structural elements lower than 1.0 mm

demand special attention during the Polyjet process. They are prone to exhibit defects and demand

extremely careful post-processing operations. For this reason, the printed Kresling cells were scaled

three times to make the printing feasible, maintaining the ratios and proportions previously detailed

in the parametric design section 5.2, video S6 and section S.1.2 of Supplementary Materials and

Methods. Based on the materials we used in the numerical simulations, the panels were fabricated

with VeroBlack (VB). For the creases, the following flexible materials were employed in the di!erent

Kresling cells: AG30, DM60, DM70, DM85 and DM95.

5.5 Experimental validation

The 3D CAD models were generated in Autodesk Inventor, to be subsequently printed in a Stratasys

J750 printer series. The selected printing setting was High-Mix mode with a layer resolution

thickness of 27 microns and glossy surface finishing. The majority of the supports grids made

of SUP706B material surrounding the printed Kresling cells were manually removed, and briefly

rinsed in water for less than five minutes. A prolonged contact between small elements or multi-

material interfaces, lower than 1.0 mm cross-section, with water or alkaline solutions lead to a

premature breakage and detachment. Further details on the fabrication of 3D printed Kresling

cells protocol are presented in section S.1.7 of Supplementary Materials and Methods. A series of

quasi-static experiments were carried on the 3D printed Kresling cells to validate the numerical

simulations results. A compression load was applied at the top with an imposed displacement of

approximately 𝑐 ≃ 1/3 𝑇𝑅. The experimental setup, described detail in section S.1.8 - Fig. S10 of

Supplementary Materials and Methods, consists on a fixture that resembles free rotation assigned

to the top of the sample, with a fixed bottom fixture to prevent displacements and rotations. Thus,
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replicating the natural twist under compression inherent in Kresling patterns kinematics (26). The

connections between the sample and the setup were implemented in two di!erent systems: (i) A

female-male pinned system, and (ii) Use of magnets to prevent the sliding of the samples. The

cross-head testing speed was 0.1 mm/sec, which can be considered su”ciently slow to capture

viscosity e!ect (relaxation time 𝑍
→
𝑁
= 180 s), as well as the most representative bistable behavior

according to numerical predictions across di!erent time scales.

5.6 Microscopic characterization of 3D printed creases

The real dimensions of the 3D printed samples were determined via a stereo microscope (Nikon

SMZ800) equipped with an ED Plan 1.5x lens and with a DS-Ri2 camera. The analyzed creases be-

long to the configurations presented in case C8 with gradual reductions between 0.25 ↑ 𝑂𝑃 ↑ 0.80.

We compared the mean values of the real measurements of the 3D printed Kresling cells, versus the

exact measurements of the CAD models, as detailed in section S.1.10 of Supplementary Materials

and Methods. Thus, we determined the mean percentage error, 𝑑𝑒𝑓 (%) between the dimensions

from the tested samples and those used in the numerical simulations. Hence, this estimated error

was incorporated to update the analyzed geometrical configurations and considering the loss of

dimensional accuracy attributed to the Polyjet printing process.
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