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S.1 Materials and Methods

S.1.1 Initial sizing of Kresling cells

We determined an initial geometrical configuration of the Kresling cell that could potentially

exhibit bistability. The approach relied on a five-parameters model incorporating the elastic

deformation of stretchable mountain and valley creases [1, 2] with their rotational behavior [3].

As illustrated in Fig. S.1A, we first considered the following initial geometrical parameters:

an initial height denoted by ho, upper and lower polygons with n sides circumscribed within a

radius r, an initial relative angle θo between these polygons. The original lengths of the creases,

denoted by ao (side of the polygon), bo (peaks), and co (valleys), and their corresponding

dihedral angles δao, δbo, and δco, can be calculated using the expressions:
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When the compressive load F is applied to the top of the Kresling cell, it produces an axial

displacement u and a twisting rotation ϕ between the upper and lower polygons, while the

final height of the Kresling cell becomes h, as shown in Fig. S.1A. Furthermore, the length of

the crease corresponding to the side length of the polygon ao remains constant with negligible

deformation, as it remains circumscribed within the polygon’s circle of radius r. At this stage,
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it can be considered that a = ao, and the lengths of the creases corresponding to the peaks, b,

and valleys, c with their respective dihedral angles δa, δb, and δc are defined as follows:
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During the compression process, the total elastic energy stored in the creases, denoted as

U, can be calculated as the sum of the deformation energy of the peaks and valleys, Ub,

and the contribution from the rotational springs of the creases, Us, as given by the following

expressions, which are defined by five parameters: b, c, δa, δb and δc.

Ub =
1
2

nKsb(b − bo)2 +
1
2

nKsc(c − co)2 (12)

Us =
1
2

nKa(δa − δao)2 +
1
2

nKb(δb − δbo)2 +
1
2

nKc(δc − δco)2 (13)

U = Ub + Us (14)

Here, Ksb and Ksc represent the stretching sti�ness of the peaks and valleys, respectively,

while the rotational sti�ness of the creases is represented by Ka for the side polygon, Kb for

the peaks, and Kc for the valleys. The total potential energy in the Kresling cell, �(u) , can be

determined by the sum of the total elastic energy stored in the creases U, and the work done by
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the external force F that produces an axial displacement u:

�(u) = U − Fu (15)

If we adhere to the principle of minimum total potential energy, we can identify an equilibrium

state [4]. Thus, we assume that:

δ�/δu = 0 (16)

Then, we can define the applied axial force F, under the mentioned equilibrium conditions

and in terms of the total elastic energy stored energy in the creases, as follows:

F = δU/δu (17)

The previously mentioned equations enabled a preliminary evaluation of various geometrical

configurations to determine the initial sizing of a Kresling cell. The energy landscapes

calculated from Eq. 14, determined which initial geometrical parameters can be used to shape

Kresling cells prone to ensure a second local of energy minimum and satisfying the condition

δU/δu = 0, for further analyses. The geometrical configurations considered in this preliminary

assessment include: aspect ratios ho/r within the range of 0.4 to 2.25, polygons with a number of

sides equal to n=6 and initial rotational angles θo ranging from π/4n to 3π/n (7.5◦ ≤ θo ≤ 90◦).

The total elastic energy stored in the creases U, and axial displacement u, were normalized to

represent dimensionless quantities in the plots.

The stretching sti�ness Ks is defined in terms of Young’s modulus E, and cross-sectional area

A as Ks = EA. By defining the stretching sti�ness of the peaks and valleys per unit length,

we obtain Ksb = Ks/bo and Ksc = Ks/co, respectively. Similarly, the rotational sti�ness K,

can be also expressed per unit length, with Kb = Kbo for the peaks and Kc = Kco for the

valleys. For this initial analysis, the contributions of both sti�ness components to the total

elastic energy were introduced as three di�erent ratios: K/Ks = 0, 0.5 × 10−4, 1.0 × 10−4. As a

result, two main scenarios were observed during the compression process of the Kresling cells:

Bistability (Bi) and Monostability (M), as illustrated in the plots of Fig. S.1B. When considering

a rotational sti�ness K = 0, the results correspond to those obtained by the bar and truss model

defined by two parameters, (b,c).

Configurations with an initial rotational angle within the range 15◦ ≤ θo ≤ 60◦ and an

aspect ratio ho/r ≥ 1.5 exhibited an apparent bistability. Those Kresling cells showed
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Figure S.1: Initial sizing of the Kresling cell. (A) Kresling cell geometrical parameters during compression/expansion
process. (B) Initial assessment of monostable (M) and Bistable (Bi) con�gurations through a �ve-parameters model, by
considering their initial relative angle� o and aspect ratio ho/r and rotational versus stretching sti� ness ratio K/Ks. (C)
Normalized Force (F) and Energy (U) plots versus normalized displacement u/r of the con�guration� o = 30o and ho/r=1.75.

normalized energy landscapes with a second local of energy minimum (� U=�u = 0). In

addition, we observed that the majority of con�gurations with initial rotational angles lower

than � o = 40� and ho=r <1.5 tended to present a monostable behavior. While those with

higher values,� o > 60� , allowed small rotational displacements limiting the folding process

and the panels tended to overlap prematurely. In contrast, Kresling cells with initial relative

angles� o < 7:5� , were prone to buckle during the initial folding stages, displaying an almost

rigid behavior and higher energy values. Furthermore, Fig. S.1C presents the corresponding

normalized force and elastic energy landscapes obtained for the con�guration:� o = �=6, and

ho=r=1.75. It exhibited a potential tendency towards bistability in all the evaluated scenarios
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(K=Ks = 0;0:5 � 10� 4; 1:0 � 10� 4). Thus, we selected these geometrical parameters for the

initial sizing of the Kresling cells used in the subsequent analyses.

S.1.2 Parametric design of 3D Kresling cells

The 3D CAD parametric models were generated in Autodesk Inventor following the initial

geometrical con�guration: polygons with n= 6 sides, initial relative angle� o = �=6, initial

height versus radius ratioho=r=1.75, and panels thicknesss � 0:04ho. The parametric design

process is summarized in Fig. S.2. Firstly, the upper and lower polygons are de�ned in 2D

sketches and rotating with respect to each other in an angle equal to� o = 30� . The panels

thicknesss was de�ned through an o� set to the polygons' perimeter and the width limit of the

creases was determined by auxiliary circles with radiusr0. Then, 3D sketches were constructed

to enable the 3D structure of the panels, and by using the command Boundary-surface their

pro�les can be linked to form the surfaces of the panels. Next, the surfaces were merged with

the Patch command, and volumetric bodies were obtained to shape the panels and the creases.

As a result we obtained a 3D Kresling cell which represent the intact crease case.

The creases were designed with gradual reductions in their cross-sections, preserving a V

shape at the top and a variable circular shape at the bottom. A cutting radiussc = r0 � RF

is de�ned according to the imposed reduction factors from 0.25� RF � 0.80, decreasing the

external thicknesss and an internal thicknesssi is obtained. Afterwards, the 3D CAD model

were saved as *.step �les for the Abaqus/CAE numerical simulations.

Figure S.2: Parametric design process of a 3D Kresling cell. Creation of former 2D and 3D sketches in Autodesk Inventor.
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S.1.3 Numerical simulations considerations

The entire modeling process for simulating the kinematics of Kresling cells and generating

the load paths for the parametric study is schematized in Fig. S.3. The input 3D CAD �les for

the Kresling cells models were saved as *.step �les to be imported from Abaqus/CAE Standard

for their assembly. Traditionally, 3D printed Kresling cells have been designed and modeled as

linear elastic shells. This is particularly applicable to polymeric sheets with thicknesses less than

1 mm, while also considering the use of rigid or �exible materials. However, employing rubbery

creases, which are treated as nearly incompressible material, requires the use of hyperelastic

models with 3D hybrid modi�ed formulation elements to achieve more realistic results.

In addition, complex and irregular 3D geometries such as Kresling inspired structures, require

the use of tetrahedron elements besides the application of free mesh with partition strategies.

Thus, intricate shapes can be accurately modeled while maintaining computational e� ciency at

the same time. Given the hyperelastic nature of the �exible Polyjet photopolymers, the selected

mesh was composed by 10 node quadratic tetrahedron with hybrid modi�ed constant pressure

elements C3D10MH. An adaptive mesh re�nement study determined a suitable mesh density

that enables the achievement of convergence within a balanced computational time.

Four types of tetra-mesh from a coarse to re�ned number of elements were analyzed

comparing their obtained maximum force, that leads to the highest stress concentrations on the

Kresling cell, as well as the CPU time and re�nement error (RE(%)), as described in Fig. S.4.

The latter was obtained by using the expression: 100 (FMi � FM4)=FM4, whereFMi represents

the maximum force obtained in the numerical simulation with each mesh casei, FM4 is the

maximum force from the last attempt corresponding to the very re�ned mesh case M4. The

selected mesh corresponded to the case M3, which is formed by minimum three elements

assigned across the panels and creases cross-sections. This re�ned mesh �tted more accurately

to the Kresling cell geometry, reducing modeling errors and ensuring convergence.

Moreover, kinematic couplings were assigned between the reference points RP and the top

and bottom ring surfaces to e� ectively transmit the applied displacement, and the assigned

boundary conditions along the entire cylinder. The constitutive models used in the analyses

included an elasto-plastic model for the rigid photopolymers assigned to the panels, and a

visco-hyperelastic model for the �exible materials assigned to the creases. The material

characterization data necessary to de�ne these constitutive models were obtained through

uniaxial tests, detailed in the following sections S.1.5 and S.1.6, and summarized in Tables 1
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Figure S.3: Numerical simulations process in Abaqus/ CAE Standard. Mesh generation, boundary conditions (BC) and
example of obtained results in terms of Von Mises stress in MPa, VM, and vertical displacement, u, in mm. *RP2 represents the
reference point where the vertical displacement is applied, generating a restoring forceFR considered for the load path plots.

and 2.

Furthermore, tie constraints were used to create a uniform contact among the panels, creases,

top and bottom ring surfaces. Fixed boundary conditions were applied at the bottom of

the cylinder, speci�cally at reference point RP1, to restrict displacements and rotations in

all directions. A vertical displacement,u, approximately equal to one third of the initial

height of the Kresling cells (� 1=3 ho), was imposed at the top in the respective reference

point RP2 and the corresponding applied Force was computed to determine the respective

force/displacement curves. This target displacement prevents further overlapping of the panels

during the compression of the Kresling cell.

The rotation at the top was released to simulate the natural twisting plus compression motion

of Kresling cells. A VISCO step was used to perform quasi-static analyses, incorporating

time-dependent material behavior without inertia e� ects. The geometric nonlinearity option

(NLGEOM) was activated to consider large deformations in the analysis. We �rst focus on the

initial relaxation region of the analyzed rubbery materials within a time de�ned as� �
i , during

which most of the stress decay occurs, as shown in Fig.4B, to observe the viscosity e� ects

during bistability achievement. Then, the total simulation durationtt was estimated to lie within
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Figure S.4: Mesh re�nement study parameters.Based on the maximum force achieved, Max(F), total number of elements,
including number of seeds along creases (crs) and panels (PAs), CPU time in seconds and re�nement error percentage (RE(%)).

this initial relaxation region by using a velocity of 0.1 mm/s to reach the target displacement

u. The VISCO step was de�ned with a initial time size set to 0.01tt, while the maximum

and minimum increments were 0.1tt and 10� 6, respectively. Thus, we can accurately capture the

viscosity e� ects and ensure the convergence by reducing the number of increments in the solver.

In addition, we performed simulations for each rubbery material over extended time periods to

predict whether bistability can also be achieved in both short- and long-term relaxation regions.

For instance, to determine the total simulation durationtt for the short-term relaxation region,

we considered a reference time� equal to the highest� i term from the Prony series described in

Table 2. In this region, a lower stress decay in the relaxation curve of each rubbery material was

also observed. For long-term e� ects, when the material is fully relaxed and the stress relaxation

curve approaches a horizontal asymptote, we used total simulation durationstt of n� , with n=6.

S.1.4 Design and Fabrication of samples for tensile tests

Polyjet photopolymers main groups can be classi�ed into rigid thermoplastics, rubbers and

a hybrid types of composites, so called Digital Materials. The latter represent a combination

between glassy and �exible polymers, with various levels of shore hardness from A30 to A95.

In the present study, the selected rigid photopolymers were VeroYellow, VeroBlack and Digital

ABS. The tested rubbery Digital Materials were: AgilusClear 30 (Shore A30), FLXA-YT-S60

DM (Agilus30 + Vero Yellow, Shore A60), FLXA-9970 DM (Agilus30+ VeroClear, Shore

A70), FLXA-9985 DM (Agilus30+ VeroClear, Shore A85) and FLXA-YT-S95 DM (Agilus30

+ VeroYellow, Shore A95). In this study they are referred with the acronyms AG30, DM60,

DM70, DM85 and DM95, respectively.

All the samples were fabricated using a 3D printer Stratasys J750 with a layer resolution of

approximately 27 microns in High-Mix mode. The support material was �rst smoothed in a

soapy water solution bath for one hour and then, it was removed using water jetting.
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Figure S.5: Specimens made of photopolymers for uniaxial tests. (A)Fabrication via Polyjet technique with orientations
along the X,Y,Z axis of the build tray.(B) Experimental setup for uniaxial tests.

For the uniaxial tensile tests, dog-bone-shaped samples were designed following the ASTM

D638 standard for rigid polymers, and the ASTM D412 standard for rubbers. Five samples

were fabricated for each material type. They were printed in three directions: longitudinal (X),

transversal (Y) and perpendicular (Z) to the build tray, as shown in Fig. S.5A. For the stress

relaxation tensile tests conducted on the rubbery material, dog-bone sample design adhered

to the ISO 6914, ASTM E328, and ASTM D412 standards. Three samples were printed

longitudinally oriented to the build tray for each type of Digital Material.

S.1.5 Uniaxial tensile tests and constitutive models

The uniaxial tests were carried with a MIDI 10 testing machine by imposing a cross-head

velocity of 0.1 mm/sec, as shown in Fig. S.5B. The tests stopped when fracture occurred in

the sample. During the test both applied displacement and load were recorded. In particular,

two types of load cells with di� erent capacities were used to measure the applied tensile load

during the experiments: 100 kN for rigid polymers, and 10 kN for rubbery materials. The data

rate acquisition was equal to 1 sample/sec. The constitutive models employed in the numerical

simulations, were obtained based on experimental data from the previously mentioned uniaxial

tests. The average among the di� erent printing orientations, in X,Y and Z, was considered for

the mechanical properties estimation. In the case of rigid photopolymers, such as VeroBlack

(VB), an elasto-plastic model was selected. The average stress-strain curves and Young's

modulus are shown in Fig. S.6A and B, respectively. The Young's Modulus was estimated
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from the slope of the� � " curves within the elastic range. The latter is determined by �tting a

straight trendline to the experimental curve, which extends from the beginning of the curve to

the point where theR2 values approach closest to 1. The elasto-plastic behavior was modeled

in Abaqus/CAE standard, considering the experimental (� � " ) curves by using the material

calibration utility.

First, the nominal (� � " ) curves inputs get converted into true strains (" t) and true stresses

(� t) with the expressions:" t = ln(1 + " ) and� t = � (1 + " ). The Young's modulus is calculated

as previously explained and used as an input datum. Thus, the yield point can be identi�ed and

the plastic strains," PL, and stresses,� PL, are �nally estimated to characterize the elasto-plastic

model: (" = " EL + " PL). Moreover, we evaluated the loss of mechanical properties over time

of rigid photopolymers from the Vero group, such as VeroBlack (VB). Similarly, samples were

fabricated and tested one day, one and six months after, following the mentioned uniaxial test

procedure.

Figure S.6: VeroBlack experimental data. (A)Average Stress-Strain (� � " ) plots. (B) Average Young's modulus E+/-
standard deviation obtained per each group of samples with a printing orientation in X, Y, and Z axis, and overall average (VB
Avg*). Loss of mechanical properties, including:(C) Young's modulus, E, and(D) Ultimate tensile strength,� u, due to aging
e� ects analyzed using data obtained from tests conducted after 1 (E=100%), 30, and 180 days of sample fabrication.
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Rubbery materials are mostly de�ned by strain energy potential functions due to their

hyperelastic behavior. Their mechanical characterization requires a further step to �nd a model

that �ts the nominal curves (� � " ) with the tensile tests of the Digital materials group: AG30,

DM60, DM70, DM85 and DM95. Considering that the experimental data was obtained from

uniaxial tests, the material constantsCi j from linear hyperelastic polynomial models were

�tted to the nominal stresses. Thus, they were calculated through a least-squares method in

Abaqus/CAE material model calibration tool [5]. Then, the relative error (RE) of the stress

measure is minimized and it is de�ned by the expression:

RE =
nX

i=1

 
1 �

� th
i

� exp
i

!2

; (18)

where� exp
i represents the experimental stress measures and� th

i is the nominal stress. In this

case, the latter is determined by the tensile uniaxial stressT1, which is derived from the strain

energy potential U and the stretch in the loading direction� 1, as follows:

T1 = 2(1� � � 3
1 )

 
� 1

@U

@I1

+
@U

@I2

!
(19)

Thereby, a Neo-Hookean model �tted the nominal stresses of the tested digital materials group

from AG30, DM60 to DM95 as Fig. S.7A depicts. The �tting was obtained with relative

errors between the range 5%� RE� 10%. Moreover, this strain energy function is described

in Invariant base form as:UN = C10(I1 � 3), and its equivalent stretch base is written as:

UN =
� 10

2
(� 2

1 + � 2
2 + � � 2

1 :� � 2
2 � 3); (20)

Additional mechanical properties, including average elongation at break (" b), were determined

from the experimental curves (� � " ), as shown in Fig. S.7B. Other hyperelastic models, such

as Mooney-Rivlin and Polynomial N=1, showed higher relative error values ranging from

10%� RE � 32%, and they also presented unstable strains during the calibration process.
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Figure S.7: Rubbery Digital materials (DM) experimental data. (A) Average stress-strain curves obtained during the
uniaxial tests (Exp) and hyperelastic models �tting with Neo-Hookean (NH-Fit) strain energy potential.(B) Average Elongation
at break," b, +/- standard deviation. (*) Average obtained per each group of samples with a printing orientation in X and Y axis.

S.1.6 Stress Relaxation tests and Viscoelastic parameters

Rubbery materials present high sensitivity to strain rates and time-dependent behavior, which

can be further characterized by a visco-hyperelastic model. The time dependent constitutive

equations that de�ne linear viscoelastic materials, are based on the stress and strain history,

loading-displacement rate and loading application time. Polyjet elastomers usually exhibit a

signi�cant relaxation of their peak stresses in a short time span, some of them reaching it in 20

seconds [6].

The most common viscoelastic models are based on the combination in series or in parallel of

linear elastic (springs) and viscous components (dashpots). Then, the viscoelastic components

can be determined by conducting a stress relaxation test and therefrom, obtaining the subsequent

Prony parameters. The load and time data considered for determining the viscoelastic properties

are recorded once the imposed strain value" 0 is reached. The initial part of loading phase,

where the strain is rapidly increasing, is usually disregarded. After this initial phase, a time

t=0 is established as the starting point for analysis under a constant strain" 0, together with an

initial stress� 0 and the corresponding elastic instantaneous modulus Eo. Therefore, the time

dependent stress� (t) is de�ned by:

� (t) = E(t)" o (21)

Considering that the material behaves as a Maxwell solid, the time dependent relaxation

modulus Et can be expressed in terms of a Prony series expansion and calculated fromEo [7],
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as shown below:

E(t) = Eo

0
BBBBB@1 �

NX

i=1

Ei(1 � e� t=� i )

1
CCCCCA (22)

whereEi corresponds to the ”i-th” Prony coe� cient,N represents the total number of terms

of the Prony series, and� i is the relaxation time constant. Thereby, the Tensile relaxation

modulusE(t), can be determined byE(t) = � (t)="0. Then, the Shear relaxation modulusG(t),

can be obtained by the expression:G(t) = E(t)=[2(1+ � )] and the corresponding values per

each analyzed rubbery photopolymer are illustrated in Fig. S.8A. Furthermore, the tensile

instantaneous relaxation modulusEo, corresponding to the time t=0, is de�ned byEo = � 0="0.

Similarly, the shear instantaneous relaxation modulusGo, is calculated byGo = Eo=[2(1 + � )].

The Poisson's ratio� of elastomeric photopolymers and composites with shore hardness

between DM60 and DM95, can vary from 0.48 to 0.46, and 0.49 for the rubbery AG30 [8].

The rate-independent behavior of the material can be de�ned as hyperelastic under large

strains in Abaqus/CAE solvers and being described by the instantaneous relaxation tensile

modulus. After, we estimated a normalized shear relaxation modulus from the experimental

curve (G(t) � t) employing the expression:Gn = G(t)=G0. Thus, Eq. 22 can be re-written in

terms of the normalized shear relaxation modulusGn(t), and the dimensionless Prony constants

gi, as follows:

Gn(t) = 1 �
NX

i=1

gi(1 � e� t=� i ) (23)

In addition, the long-term shear relaxation modulusG1 is de�ned by the shear instantaneous

relaxation modulusGo and the dimensionless Prony constantsgi, as given by Eq. 22:

G1 = Go

0
BBBBB@1 �

NX

i=1

gi

1
CCCCCA (24)

Assuming a linear viscosity and nearly incompressibility of the material, given that the

Poisson's ratio of the studied rubbery materials ranges within 0.46 and 0.49, the long-term

tensile relaxation modulus can be estimated as:E1 = G1 [2(1 + � )].

The viscoelastic material properties, de�ned by the dimensionless Prony series parameters,

can be determined by �tting them to experimental relaxation test data. For this reason, a series

of stress relaxation tests in tension were performed by adapting the ISO 6914 and ASTM E328

standards. Three di� erent constant strain values," 0 = 10%, " 0 = 15%, and" 0 = 25%, were

imposed on each rubbery sample.
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The stress relaxation tests for rubbery materials were conducted with a MIDI 10 testing

machine by imposing a cross-head velocity of 0.1 mm/sec and at controlled room temperature

(23 � C). A 10 kN load cell measured the applied tensile load. When the displacement

corresponding to the target strain was reached, the machine stopped and the load relaxation

was monitored. At this point, an initial timet = 0 is established in the force-time curve (F � t),

along with its corresponding peak forceFo and a constant strain" o. The tests were considered

concluded when the force-time curve (F � t) approached an almost horizontal asymptotic line.

Subsequently, the stress depending on time� (t) was calculated by dividing the forceF(t) by

the cross-sectional area of the sampleAo. This conversion transformed the force-time (F � t)

curve into a stress-time (� � t) curve, which begins at the peak stress� o. Next, the average (� � t)

curves for each group of samples subjected to constant strain values," 0 = 10%, " 0 = 15%,

and " 0 = 25%, were obtained. Since the Kresling creases are designed to overcome large

deformations, and ISO 6914 standards recommend the use of high strain values, we selected

the maximum strain value (" o=25%) for estimating the Relaxation modulus and the Prony

series parameters. The di� erence between theG(t) andGn(t) curves obtained from the average

values and the selected maximum strain (" o=25%) was not signi�cant. We then applied these

obtained Prony coe� cients to the constants within the strain energy functionUN(t) in order to

introduce the rate-dependent behavior associated with viscosity. Consequently, in the case of a

Neo-Hookean material model de�ned by an instantaneous constantCo
10, the visco-hyperelastic

relaxation function can be expressed as follows:

UN(t) = Co
10

0
BBBBB@1 �

NX

i=1

gi(1 � e� t=� i )

1
CCCCCA (25)

These parameters are then incorporated into a visco-hyperelastic constitutive model described

by Eq. 25 for subsequent numerical simulations in Abaqus/CAE. Then, we �tted the

obtained Prony parameters to the experimental data (Gn � t) using a damped least squared

method (DLS). It was implemented using a Matlab optimization toolbox script based on the

Levenberg–Marquardt algorithm. As a result, the selected �tting coe� cients correspond to the

lowest goodness of �t values, as shown in Fig. S.8B. The latter is obtained from the norm of

residuals, denoted askek and calculated as follows:

kek =

vt
nX

i=1

e2
i ; (26)
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where the residualsei represent the sum of the di� erences between the observedyi and predicted

valuesf (xi), being de�ned as:ei = yi � f (xi).

Figure S.8: Stress relaxation tests of the Rubbery Digital Materials AG30 to DM95. (A)Relaxation function G(t) with the
corresponding Instantaneous modulus Go. Units: MPa. (B) Experimental and �tted data of the Normalized shear relaxation
modulus Gn(t), in logarithmic scale with their respective goodness of �t in terms of the norm of residualskek, where: AG30kek =
3:9 � 10� 4, DM60 kek = 4:0 � 10� 4, DM70 kek = 5:8 � 10� 4, DM85 kek = 3:1 � 10� 3, DM95 kek = 2:5 � 10� 3.

Material E (MPa) � y (MPa) " b (%) � u (MPa)

VeroBlack 1543.58 19.79 15.75 44.89

UTL Resin (BMF) 567.00 10.00 40.80 14.10

Origin 402 42.00 - 230 5.5

IP-PDMS 15.30 - 240 -

Table 1: Elastic and Elasto-plastic materials mechanical properties.

AG30 DM60 DM70 DM85 DM95

C10 = 0:111 C10 = 0:157 C10 = 0:163 C10 = 0:237 C10 = 0:457

Eo = 0:545 Eo = 0:782 Eo = 1:398 Eo = 3:200 Eo = 6:621

E1 = 0:459 E1 = 0:651 E1 = 0:938 E1 = 1:676 E1 = 2:498

Go = 0:183 Go = 0:268 Go = 0:479 Go = 1:095 Go = 2:267

G1 = 0:154 G1 = 0:220 G1 = 0:317 G1 = 0:570 G1 = 0:855

gi � i gi � i gi � i gi � i gi � i

0.030 7.612 0.035 10.350 0.060 10.717 0.071 10.787 0.143 11.435

0.052 64.359 0.055 98.390 0.099 93.980 0.132 78.847 0.189 93.977

0.045 333.610 0.048 547.863 0.090 498.890 0.131 404.112 0.154 520.646

0.030 2310.2422 0.041 4151.017 0.089 3632.445 0.146 3116.457 0.137 3697.450

Table 2: Flexible materials mechanical properties and Prony series parameters.*Eo, E1 , Go, G1 units in MPa

S17



S.1.7 Fabrication protocol via Polyjet 3D printing technique

The 3D printed Kresling unit cell fabrication process contemplates three main stages:

Design, 3D printing and Post-processing. During the design stage, the 3D CAD parametric

models were generated in Autodesk Inventor. The selected geometrical con�guration for

the experimental validation of the Kresling cells is: C8 case, polygons with n= 6 sides,

� o = �=6, ho=r=1.75,t � 0:04ho, creases width/thickness ratiow=s=1.50 andRF � 0.66.

The Kresling cell dimensionsho=17.5 mm andr=10 mm, were scaled three times in order to

make feasible their printing and to avoid the dimensional limitations regarding manufacturing.

The other geometrical parameters and ratios were maintained to keep the proportions of

the analyzed Kresling cells. The parametric design process was previously summarized in

Fig. S.22, section S.1.2. The 3D CAD model were saved as Parasolid �les (� :xb) to facilitate

the exportation of the assembled components in a unique �le for 3D printing. At the same time,

it enables to identify separately the di� erent components of the Kresling cells, such as panels,

peaks, valleys and rings, for the assignation of di� erent materials.

For the printing process, the GrabCAD software was used for the preparation of the printing

�les to be send to a Stratasys J750 printer series, including automatic slicing. Once the �les

are imported, the respective dimensions and position along the build tray are controlled. Since

the panels were conceived to be made of rigid materials, the VeroBlack photopolymers was

selected. In the case of the creases, the following �exible materials were employed in di� erent

Kresling cells: AG30, DM60, DM70, DM85 and DM95. The selected support material was

SUP706B with the standard grid density mode. It is important to remark that supports were

also assigned to the panels during the printing process, because of the presence of inclined

faces with respect to the build tray. The printing setting was the following: High-Mix mode

with a layer resolution thickness of 27 microns and matte surface �nishing.

The post-processing operations include mostly the supports removal, which demands to be

meticulously carried on specially considering the small dimensions of the Kresling cells creases

being at the edge of Polyjet manufacturing limitation� 1:0 mm. The prolonged contact with

water or alkaline solutions of small elements and multi-material interfaces lower than 1.0 mm

cross-section, lead to a premature breakage and detachment. For this reason, the exposure of

the 3D multi-material sample to humidity should be controlled. As an alternative, the support

residues were carefully removed mostly by hand and brie�y rinsed in water for less than �ve

minutes.
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Figure S.9: Fabrication of multi-material Kresling cells. (A) Polyjet printing process and multi-material deposition of rigid
(VB), �exible (DM60) and support grid (SUP706B).(B) Support material distribution along the samples with matte surface
�nishing. (C) 3D printed Kresling cell from case C8 (RF=0.80) used in the experiments, with the following dimensions: r=30,
hR=3, ho=52.50, and thickness of the panelss=2.25. Units: mm. Scale bar: 10 mm.

S.1.8 Experimental setup

A further experimental validation was carried on to involve quasi-static tests on the 3D

printed Kresling cells to validate the numerical simulations results. A compression load was

applied at the top of the Kresling cell with a Messphysik� -strain loading frame machine (from

ZwickRoell, 0.01µm stroke measurement resolution). The experiments were performed at a

testing speed of 0.1 mm/sec. The applied Load F and displacement u were measured with a AEP

TYPE F1-1kN load cell and with a displacement transducer mounted internally to the testing

machine, respectively. The tests were stopped once a displacementu = 1=3ho was applied the

sample. The experimental setups, shown in Fig. S.10, consists of two �xtures. The top �xture

guarantees free rotation,� , during the folding of the Kresling (allowing the natural twist under

compression inherent to Kresling patterns kinematics), while the bottom �xture prevent both

displacements and rotations [3].

The free rotational �xture is formed by a rotating plate coupled to a ball bearing (SKF 608

SKF 8x22x7) and a rotational fastener. The Kresling cell samples are directly linked to the

top and bottom plates through two di� erent systems. The �rst one consisted in a female-male

connection system used for the Kresling cells with thicker creases, as shown in Fig. S.10A. Pins

were created on the surfaces of the samples rings and distributed to coincide with the vertices

of the hexagonal polygons. These pins were then inserted into the corresponding holes located

in the plates. However, in this system, when using Kresling cells with thinner creases, the

samples tended to slide. To prevent this problem, we implemented a second connection system
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