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A B S T R A C T

Origami-inspired metamaterials have gained significant attention for their ability to mimic the complex me
chanical behavior of biological tissues and their potential applications in advanced surgical treatments. Inspired 
by Kresling origami, we introduced a metamaterial capable of large recoverable deformations. A parametric 
design explored the effects of changing geometrical parameters on the mechanical properties of the meta
material. Eighteen designs were fabricated and mechanically tested for practicability assessment and validation 
purposes. Non-linear finite element method was leveraged to test the entire design space of the metamaterial. 
Using Bayesian machine learning, the sensitivity of surface to volume ratio, porosity, elastic modulus, strain 
energy density, and maximum local strain to the design inputs was assessed and their corresponding predictive 
models were created. The fabricated designs could withstand 80 % and up to 70 % recoverable strain in quasi 
static and cyclic loading, respectively, while exhibiting a wide range of structural and mechanical properties. 
From predictive models, elastic modulus of 0.1 Pa to 1.8 KPa was attainable, while having porosities from 49.7 % 
to 99.9 %. This study demonstrated the feasibility of the design and manufacturing of an origami-inspired super 
deformable metamaterial with highly-tunable structural and mechanical properties, which can be used for 
various tissue engineering applications.

1. Introduction

There has been a growing interest in the application of 3D printed 
scaffolds for tissue engineering [1–4]. For instance, large bone defects, 
which have a high likelihood of non-union and failure have been suc
cessfully treated in large animal models by using tissue engineered 
scaffolds [5,6], which shows the great potential of translating these 
complementary treatments into clinic [7]. However, finding scaffold 
architectures that can achieve suitable mechanical and structural 
properties remains a design challenge. Several 3D architecture patterns, 
such as grid [6], honeycomb [8], and triply periodic minimal surface 
[9], have been investigated. These structures can attain a range of 
stiffness and porosity by modifying design parameters such as wall 
thickness, and material composition [8,10–12]. However, in order to 
achieve extreme mechanical properties, such as super compressibility or 
negative Poisson’s ratio, new design concepts should be implemented.

Metamaterials inspired from origami patterns can exhibit flat fold
ability with tunable mechanical properties [13–15]. By changing the 

magnitude of geometrical inputs, such as angles, and crease length, 
different mechanical properties can be achieved [13,15,16]. Kresling 
pattern is an origami pattern that can be created by segmenting a sheet 
of paper into a row of triangles connected to each other, folding the 
segmentation lines to create mountains and valleys in the planar state, 
and connecting the first and the last triangle to make the 3D state 
[16–18]. The concept of removing panels from the Kresling pattern and 
replacing it with flexible linkage to create metamaterials with tunable 
stiffness has been introduced in previous studies [17,19]. However, 
these metamaterials were manually assembled from several non- 
biocompatible components in a scale larger than biological tissues 
[17,19]. Moreover, the sample size for experimentations was small, 
which weakened the predictability of the mechanical behavior of the 
metamaterials [15,16]. This suggests that designing scaffolds inspired 
by origami patterns is likely the approach to obtain super deformability 
in tissue engineering scaffolds, but the final outcome is highly depen
dent on the manufacturing process.

Optimizing a design for scaffolds to get the best outcome for tissue 
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regeneration remains a challenge due to its multi-parametric nature 
[20,21]. The regenerative capacity of scaffolds depends on several fac
tors such as material composition, surface topology, and structural 
property [3,10,22]. For instance, for load-bearing scaffolds for bone 
healing, characteristics such as elasticity, porosity, and free surface to 
volume ratio have shown to impact bone regeneration outcomes [22]. 
Studies reported that using scaffolds with materials with lower Young’s 
modulus enhances bone healing [22]. Highly porous scaffolds with 
interconnected structure promote angiogenesis and cell growth [8,23], 
and the effect of free surface to volume ratio on bone growth is still a 
place of debate [22,24,25]. Hence, identifying the key structural pa
rameters influencing the performance of scaffolds and creating predic
tive models are essential for tuning the design for different applications.

Fabrication of highly porous and geometrically complex meta
materials demands additive manufacturing modalities that allow free- 
form printing. Selective laser sintering (SLS) is suitable as unsintered 
powder will support the printed structure. Feasibility of fabricating 
highly porous scaffolds by SLS printing with resulting high strain 
tolerance has been established in former studies [11,26,27]. This widely 
extends the design possibilities, and enables the creation of sophisti
cated metamaterials in large scale.

The objective of the present study was to introduce a design concept 
of an origami inspired super compressible metamaterial (OISCM), to 
fabricate and conduct a comprehensive structural and mechanical 
characterization of OISCM. We hypothesize that OISCM can have wide 
range of mechanical properties while preserving its recoverable super 
compressibility.

2. Materials and methods

2.1. Design of an origami inspired metamaterial

The design of OISCM consists of two struts forming a triangular shape 
tessellating through the lateral surface of a cylindrical cell with height h, 
and diameter dcell (Fig. 1a). Out of the horizontal plane, two struts each 
with identical circular cross sections with a diameter dstrut connect the 
bottom and top disk of the cell(Fig. 1a). By having the number of tri
angles (n), the location of struts can be set by evenly distributing them 
around the bottom circular edge of the cell. The end of the struts co
incides at the top circular edge of the cell at a point which has a rotation 
angle of ϕ relative to the bottom (Fig. 1a). In order to develop the 
parametric design of OISCM, h was assumed to remain constant and 
equal to 10 mm, while 0.1 mm < dstrut < 0.7 mm, 0◦ < ϕ < 60◦, 6 < n <
36, and 10 mm < dcell < 50 mm were defined as possible input variables.

2.2. Fabrication and super compressibility assessment of OISCM by 
experiment

Nine design groups of the OISCM were selected for fabrication and 

mechanical experiment (Fig. 1b) with the details provided in Table 1. 
Each design group consisted of the same inputs except for dcell, which 
was 20 mm and 40 mm. Computer-aided design (CAD) of each sample 
was automatically generated using a customized Python script in ABA
QUS V6.24 (Vélizy-Villacoublay, France). A volume of interest (VOI) 
was defined as the smallest cylinder that can fit the struts inside. The 
minimum outer radius of the cylinder (rout) was calculated by: 

rout =

(
dcell

2
+

dstrut

2

)

To calculate the maximum inner radius of the cylinder (rin), point 1 
and 2 were defined as points at the intersection of the longer strut (red 
strut in Fig. 1a) and bottom disc and top disc, respectively. The co
ordinates of the points were: 
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rin and VOI were then calculated as: 

rin =

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
x1 + x2

2
)

2
+ (

y1 + y2

2
)

2
√ )

−
dstrut

2 

VOI = π
(
rout

2 − rin
2)h 

The porosity (P) and surface area to volume ratio (S/V) of OISCM 
corresponding to each design point were calculated by the following 
equations: 

P =
VOI − VSolid

VOI
× 100 

S/V =
S

VTotal 

where Vsolid and S were volume of the solid parts and surface area of the 
solid parts in the VOI, respectively, extracted directly from the models. 
STL files of the designs were generated and exported from ABAQUS to 
Sinterit Studio (Version 3.6, EOS GmbH) for slicing to layers of 50 µm, 
with a laser scanning speed of 1500 mm/s. Six samples for each selected 
design were fabricated by SLS 3D printing using Lisa Pro (Sinterit Sp. z o. 
o., Kraków, Poland). The printed material was Flexa gray, a commer
cially available powder from Sinterit (Poland, Kraków) for SLS 3D 

Fig. 1. (a) Parametric design of the OISCM with dstrut, ϕ, n, and dcell as input variables, and h as input constants. (b) Computer aided designs corresponding to 9 
different combinations of input variables selected for fabrication and mechanical testing. (c) Mechanical testing setup to apply axial displacement to OISCM samples. 
(d) Reduced FE model with struts connected from the bottom disc to the top disc. Bottom end of the struts had no degrees of freedom. Top end of the struts could have 
rotation only about the z axis. The translational movement was free in all directions.
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Table 1 
Input variable set for each selected design, the corresponding printed samples, and visualization of the response to a quasi-static strain up to 80 %.

Group Input parameters Mechanical Experiment

Fabrication Apparent strain (%)

dstrut (mm) Φ (◦) n dcell (mm) 0 50 80

1 0.55 5 8 20, 40

2 0.55 5 14 20, 40

3 0.55 5 20 20, 40

4 0.55 25 8 20, 40

5 0.55 25 14 20, 40

6 0.55 25 20 20, 40

7 0.55 45 8 20, 40

8 0.55 45 14 20, 40

9 0.55 45 20 20, 40
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printing.
Each sample was fixed in all degrees of freedom at the top disc by 

using a double sided tape, while was free to have rotation about its 
cylindrical axis at the bottom disc by using a customized revolute joint 
with a thrust bearing (Fig. 1c). Samples were then subjected to a quasi- 
static uniaxial compression apparent strain of 80 % (Table 1) at a 
crosshead speed of 2 mm/min to investigate the initial mechanical 
property, and to 10 %, 30 %, 50 %, 70 % uniaxial compression apparent 
strain for 200 cycles with a loading frequency of 1Hz to assess the 
recover capability of the metamaterial [11]. All the tests were done 
using a Mach-1 micromechanical system (Biomomentum Inc., Laval, QC, 
Canada). The Load-displacement data was recorded with a load cell of 
100N. By dividing the reaction load to the cross section of OISCM and 
dividing the displacement of the actuator to h apparent stress and 
apparent strain were calculated, respectively. The stress–strain graphs of 
each sample was separated to three regions based on the general 
behavior of porous structures under compression [11,13]: Linear region 
for the calculation of the elastic modulus; Plateau region with zero or 
negative stiffness due to buckling; and densification region with 
increased stiffness due to contacts of struts. Apparent elastic modulus of 
each sample was calculated from the linear region as follows: 

E =
Fr/A

ε =
Fr/πrout

2

Δh/h0 

where Fr is the reaction force, A is area of the discs, ε is the apparent 
strain of the metamaterial, Δh is the height change of the metamaterial, 
h0 is the initial height, and rout is the outer radius of the discs. Stress at 
which the plateau region initiated was recorded as critical buckle stress. 
Strain at which the densification region started was recorded as the 
densification limit. To quantify the non-linear behavior of the meta
material, strain energy density (U) was calculated as follows: 

U =

∫ ε

0
σd∊ 

where the area under the stress–strain curve for ε = 25 % was calculated 
using the Simpson’s rule [28].

2.3. Statistical analysis

Experimental data was described as mean ± standard deviation. 
One-way ANOVA and Tukey multiple pairwise comparison was con
ducted. P value smaller than 0.05 was considered as statistically sig
nificant. Only relevant statistical relationships are presented in figures.

2.4. Development of a finite element model of OISCM

Non-linear finite element analysis was implemented to computa
tionally predict the initial deformation of struts due to axial displace
ment at the top disc of the OISCM (Fig. 1b). The struts were meshed with 
ten-node tetrahedral elements to be able to mesh complex geometries at 
the merging region of the two struts. Mesh convergence analysis showed 
that at least 12 elements in the perimeter of the struts is required to 
achieve mesh independence of the outputs. Therefore, the mesh size was 
defined as follows: 

Meshsize =
πdstrut

k
, k ≥ 12 

where k is the minimum number of elements in the perimeter of the 
struts required to achieve mesh independency. Flexa gray was assumed 
as an isotropic material with linear elastic modulus of 13.78 MPa and 
Poisson’s ratio of 0.35, and elongation at break of 130 %, which was 
derived from bulk SLS 3D printed samples and was assigned to the struts. 
This mechanical properties corresponds to biomaterials such as high 
molecular weight PCL [11]. The top end of the struts attached to the top 
disc were free to rotate about the z axis and have translation in the x, y 

and z directions, while having zero rotation about the x and y axis to 
avoid tilting of the top disc. The bottom end of the struts attached to the 
bottom disc were fixed in all degrees of freedom. A compressive load was 
applied at the top end of the OISCM (Fig. 1b).

To capture the non-linear buckling behaviour of struts, the arc-length 
method was implemented [29,30]. First, buckle analysis was done in 
ABAQUS to find three different buckling modes of the struts. The first 
buckling mode was chosen as it was similar to the buckling mode of the 
fabricated prototypes and most likely to happen. As a linear material 
was assumed to make the struts and no geometrical non-linearity was 
expected before the buckling, confirmed by the stress–strain graphs from 
the experiments, a linear eigenvalue analysis was implemented with 
Riks method, in which geometrical imperfections from the linear buckle 
analysis (fist buckle mode) were used as an input to the Riks solver to 
capture the post buckling non-linearity of the struts.

2.5. Verification and validation

Uncertainty quantification was undertaken by assessing the effect of 
introducing different magnitudes of imperfections on the non-linear 
behavior of the system. Imperfection was applied to the nodes co
ordinates of each of the 9 models. The magnitude of the imperfections 
was controlled by defining an imperfection multiplier (IM): 2, 1.5, 1, 
0.5, 0.25, 0.125, 0.062, and 0.032. It was found that applying less than 
25 % of the geometrical imperfections (IM = 0.25) minimizes its effect 
on the stress–strain response of the system, while causing no conver
gence issue. For the simulation of the nine selected samples in the ex
periments, effect of all the IMs were simulated and reported as 
stress–strain graphs of each design with an average and confidence in
tervals. The FE model was then validated against the experiments. An IM 
of 0.5 was used for the simulation of the 1500 samples for calibrating the 
FEA with the experimental results.

2.6. Virtual lab and data-driven Bayesian machine learning

An automated virtual lab was created to investigate structural and 
mechanical properties of OISCM. Using a Sobol sequence, 1500 samples 
were defined within the design space (Fig. 2a). The 3D CAD model 
corresponding to each design point was generated and the correspond
ing P and S/V were calculated with the same approach as in the selected 
samples. The FE model corresponding to each design point was gener
ated. In order to minimize the computational cost and avoid conver
gence issues, each sample was reduced to its two building struts (Fig. 1d) 
based on the assumption that the struts have no contact during the 
compression and the principle of superposition [29]. Therefore, the 
simulations were limited to the apparent strains less than 25 %, which 
was found to be the minimum apparent strain in which strut contact 
occurred in the experiments. This apparent strain corresponded to a 
OISCM design point with dstrut = 0.6 mm, ϕ = 60◦, n = 36, dcell=20 mm, 
which was quite an extremity in the design space. The response of each 
design point was recorded as equivalent stress–strain graphs, and 
maximum local principal strain in the struts (εmax). E and U were 
calculated with the same approach as in the mechanical tests (Fig. 2c).

An input vector consisted of (dstrut, ϕ, n, dcell) for the 1500 samples 
was generated and associated with the corresponding output vector of 
(P, S/V, E, εmax, U). A variance-based Sobol global sensitivity analysis 
was then conducted using SAlib [31] library to assess the impact of each 
input variable on the outputs. Following the sensitivity analysis, a pre
dictive model was developed for each output using Bayesian machine 
learning, specifically Gaussian Process Regression (GPR) using GPflow 
[32]. GPR is a non-parametric, probabilistic model that provides a 
measure of uncertainty along with predictions [21,29,33], making it 
particularly suitable for our study as we dealt with uncertainties related 
to the magnitude of geometrical imperfection. The GPR model utilized a 
Matern 5/2 kernel with Automatic Relevance Determination (ARD) to 
model the relationships in the design space. The optimization of the GPR 
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model hyperparameters, including the kernel’s length scales and vari
ance, was performed using Scipy optimizer, which minimized the 
model’s negative log marginal likelihood. The optimization process was 
terminated based on the maximum number of iterations and an internal 
tolerance criterion. The model was trained using 1100 data points, with 
the remaining 400 samples reserved for testing.

3. Results

3.1. Quasi static experimental testing

In the stress–strain curve presented in Fig. 3a, the mechanical 
response of Group 6 under gradual increase of compressive apparent 
strain to 80 % is divided into distinct regions. Initially, within the linear 
region (0–5 % strain), the stress increases proportionally with strain, 
indicative of elastic behavior. As the strain progresses into the plateau 
region (10–40 %), the stress reaches a critical point at which the struts 

start to buckle causing a snap through, which causes the stress to remain 
relatively constant or decrease, signifying the post buckle non-linear 
behavior of the metamaterial. Beyond 40 % strain, the material transi
tions into the early densification region, where the struts make contact, 
causing a gradual increase in stress. This trend becomes more prominent 
in the densification region (70–80 %), where stress increases drastically 
due to compaction of the struts to the top and bottom discs and to each 
other.

The results of the porosity (P) and surface area-to-volume ratio (S/V) 
measurements are shown in Fig. 4. A reduction in P was observed from 
Group 1 to 3, decreasing from 95.4 % to 81 %, and from 98.6 % to 91.45 
% for dcell = 20 mm and dcell = 40 mm, respectively; from Group 4 to 6, 
decreasing from 96.6 % to 87 %, and from 98.6 % to 94.3 % for dcell =

20 mm and dcell = 40 mm, respectively; and from Group 7 to 9, 
decreasing from 97.2 % to 90.4 %, and from 98.7 % to 95.6 %, for dcell =

20 mm and dcell = 40 mm, respectively. An increasing trend in P was 
noted across Groups 1, 4, and 7 (95.4 % to 97.2 % for dcell = 20 mm, and 

Fig. 2. (a) Design space of the OISCM generated by Sobol sequence. To show the uniform distribution of the samples in the design space first and last 10 % of the 
1500 designing points were highlighted in blue and red, respectively. (b) Buckling behaviour and local strain contour of two different designs of the OISCM due to the 
defined displacement and boundary conditions. (c) Equivalent stress–strain graphs of the entire samples with linear and nonlinear parts corresponding to pre-buckle 
and post-buckle behaviour of the struts. Two design points are selected to show the range of responses.

Fig. 3. (a) Stress–strain curve of the OISCS under 80 % compression strain with average and confidence intervals corresponding to 6 tested samples of the Group 6. 
(b) Densification strain for each group measured from experiment.
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98.2 % to 98.7 % for dcell = 40 mm), Groups 2, 5, and 8 (88.4 % to 93.85 
% for dcell = 20 mm, and 95.1 % to 97.2 % for dcell = 40 mm), and 
Groups 3, 6, and 9 (81 % to 90 % and for dcell = 20 mm, and 91.4 % to 
95.6 % for dcell = 40 mm). Notably, Group 7 exhibited the highest 
porosity at 97.2 % (dcell = 20 mm) and 98.7 % (dcell = 40 mm), while 
Group 3 showed the lowest at 81 % (dcell = 20 mm) and 91.4 % (dcell =

40 mm). In contrast, S/V increased from Group 1 to 3 (0.34 mm− 1 to 
1.34 mm− 1 for dcell = 20 mm, and 0.14 mm− 1 to 0.62 mm− 1 for dcell =

40 mm), Group 4 to 6 (0.25 mm− 1 to 0.92 mm− 1 for dcell = 20 mm, and 
0.11 mm− 1 to 0.41 mm− 1 for dcell = 40 mm), and Group 7 to 9 (0.21 
mm− 1 to 0.67 mm− 1 for dcell = 20 mm, and 0.2 mm− 1 to 0.67 mm− 1 for 
dcell = 40 mm). A decreasing trend in S/V was found for Groups 1, 4, and 
7 (0.34 mm− 1 to 0.21 mm− 1 for dcell = 20 mm, and 0.14 mm− 1 to 0.09 
mm− 1 for dcell = 40 mm), Groups 2, 5, and 8 (0.84 mm− 1 to 0.44 mm− 1 

for dcell = 20 mm, and 0.36 mm− 1 to 0.2 mm− 1 for dcell = 40 mm), and 
Groups 3, 6, and 9 (1.34 mm− 1 to 0.67 mm− 1 for dcell = 20 mm, and 
0.62 mm− 1 to 0.32 mm− 1 for dcell = 40 mm). Group 7 had the lowest S/V 
at 0.21 mm− 1 (dcell = 20 mm) and 0.09 mm− 1 (dcell = 40 mm), while 
Group 3 exhibited the highest S/V at 1.34 mm− 1 (dcell = 20 mm) and 
0.62 mm− 1 (dcell = 40 mm).

The stress–strain responses of the nine groups, shown in Fig. 5 and 
quantified in Fig. 6, demonstrate that as the number of struts increased 
from 8 to 20 (ϕ = 5◦), E increased from 5.3 ± 1.7 Pa to 41.8 ± 9.1 Pa, 
and from 2.5 ± 1.1 to 23.4 ± 6.1 for dcell = 20 mm and dcell = 40 mm, 
respectively, the buckling stress increased from 46.6 ± 6.5 Pa to 274.3 
± 53.7 Pa, and from 22.3 ± 8.3 to 155.6 ± 55.1, for dcell = 20 mm and 
dcell = 40 mm, respectively, U increased from 0.7 ± 0.3 kJ/m3 to 5.9 ±
1 kJ/m3, and from 0.5 ± 0.1 kJ/m3 to 2.9 ± 0.5 kJ/m3, for dcell = 20 mm 
and dcell = 40 mm, respectively, and the densification limit decreased 
from 55.3 ± 2.6 % to 37.7 ± 1.3 %, and from 65.4 ± 3.1 to 44.1 ± 1.5, 
for dcell = 20 mm and dcell = 40 mm, respectively. This trend was 

consistent for other constant ϕ values of 25◦ and 45◦. As ϕ increased 
from 5◦ to 45◦ with a constant n = 8, E decreased from 5.3 ± 1.7 Pa to 
1.8 ± 1.1 Pa, and from 2.5 ± 1 to 0.8 ± 0.5, for dcell = 20 mm and dcell =

40 mm, respectively, the buckling stress decreased from 46.6 ± 6.5 Pa to 
25.5 ± 5.3 Pa, and from 22.3 ± 8.3 to 9.6 ± 6, for dcell = 20 mm and 
dcell = 40 mm, respectively, U increased from 0.7 ± 0.3 kJ/m3 to 0.3 ±
0.1 kJ/m3, and from 0.5 ± 0.3 kJ/m3 to 0.3 ± 0.1 kJ/m3, for dcell = 20 
mm and dcell = 40 mm, respectively, and the densification limit 
decreased from 55.3 ± 2.6 % to 46.6 ± 1.4 %, and from 65.4 ± 3.1 to 
52.9 ± 2, for dcell = 20 mm and dcell = 40 mm, respectively. This trend 
was also observed for n = 14 and n = 20. Group 7 exhibited the lowest E 
(1.8 ± 1.1 Pa for dcell = 20 mm, and 0.8 ± 0.4 Pa for dcell = 40 mm) and 
U (0.5 ± 0.1 kJ/m3 for dcell = 20 mm, and 0.3 ± 0.1 kJ/m3 for dcell = 40 
mm), while Group 3 showed the highest E (41.8 ± 8.9 Pa for dcell = 20 
mm, and 23.4.8 ± 6.1 for dcell = 40 mm) and U (5.9 ± 1 kJ/m3 for dcell 
= 20 mm, and 2.9 ± 0.5 kJ/m3 for dcell = 40 mm). Similarly, Group 7 
had the lowest buckling stress (25.5 ± 5.3 Pa for dcell = 20 mm, and 9.7 
± 5 Pa for dcell = 40 mm), and Group 3 had the highest (274.3 ± 53.7 Pa 
for dcell = 20 mm, and 155.6 ± 55.1 Pa for dcell = 40 mm) (Fig. 3b). 
Group 9 had the lowest densification limit (26.2 ± 0.2 % for dcell = 20 
mm, and 30 ± 0.7 % for dcell = 40 mm), and Group 1 had the highest at 
55.3 ± 2.6 % for dcell = 20 mm, and 65.4±3.1 % for dcell = 40 mm 
(Fig. 3b).

3.2. Validation of the FE model

The comparison of the simulation with the experiments for the early 
response of the metamaterial (<25 % strain) showed that the simulation 
captured the experimental trend (Fig. 5). Strain energy density in the 
simulation corresponded to the experiments. However, deviation be
tween the simulation and experiment was found in elastic modulus in 

Fig. 4. Comparison of P and S/V across the nine selected Groups. Each group has two designs that only differ in dcell. Predicted values from the trained GPR models 
are presented beside each calculated value for comparison. (a) The porosity values, with Group 7 exhibiting the highest porosity and Group 3 showing the lowest. (b) 
The surface area to volume ratio values, where Group 3 demonstrates the highest value and Group 7 the lowest. These metrics highlight the structural differences 
between Groups.
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Fig. 5. Stress–strain response of each design group with dcell = 20 mm to Quasi-static compressive strain. For each group, the experimental data (red) and simulation 
results (blue) are plotted along with their respective confidence intervals, represented by shaded areas. Each subplot includes the main stress–strain curve and an 
inset focusing on the early mechanical response. The comparison of the simulation and the experiment are limited to 25 % strain, which is before any contact.

Fig. 6. (a) Elastic modulus measured from each group compared to the corresponding simulation, and predicted GPR model outcomes. (b) Buckle stress measured 
from each group compared to the corresponding simulation outcome. (c) Densification strain for each group measured from experiment (* P < 0.05). (c) U measured 
from each group compared to the corresponding simulation, and predicted GPR model outcomes.

Fig. 7. Distribution of maximum principal strain in the struts for each selected design group. Strains more than 15 % are in gray and black for tension and 
compression, respectively. Dotted circle shows the location of the critical region in each group. The deformation of struts in each simulation is compared with its 
corresponding experiment.

M.A. Bagheri et al.                                                                                                                                                                                                                             Materials & Design 251 (2025) 113701 

7 



Group 1, Group 2, and Group 3 all with a similar ϕ of 5◦.

3.3. Strain distribution

Fig. 7 shows the FE analysis of the nine selected designs. Both tensile 
and compressive strain were found in the struts suggesting a combina
tion of bending, tension and compression force acting on the strut 
network. It was found that under the same amount of displacement 
(structural strain), the struts in Group 1 with the fewest n and smallest ϕ 
among other groups, experienced greatest compressive and tensile 
strains with values around 15 % along the short strut. Increasing the 
number of struts resulted in a marginal reduction of strain. The smallest 
strains with values less than 2 % were found in Group 9. Moreover, a 
critical strain region was found at the connection point of the struts, 
where peak strains more than 15 % for Group 1 occurred. In contrast 
with the trend of strain in the struts, maximum strains in the critical 
region increased as the number of struts increased. Increasing ϕ reduced 
the maximum strains at the critical region.

3.4. Cyclic response

Stress–strain response of Group 6 under 200 cycles of compressive 
strain(10 %, 30 %, 50 %, and 70 %) is shown in Fig. 8a as an example to 
show the recovery capability of the metamaterial. The plots showed that 
after the first 10 cycles the loading and unloading paths overlap. As the 
strain exceeded the densification limit of Group 6 (after 32 % strain), for 
50 % and 70 % strains cycles, the hysteresis area became larger, which 
was mainly attributed to the part of the stress–strain graphs that cor
responded to the densification region. It also took more than 20 to 50 
cycles to reach the overlapping of the loading and unloading paths. 
Fig. 9b shows the reduction in the maximum stress as the number of 
cycles increases. Same behavior was observed for other Groups.

3.5. GPR and sensitivity analysis

The output dataset for P, S/V, E, U, and εmax, obtained from the 
virtual lab, is illustrated in Fig. 9. P and S/V exhibit considerable vari
ation, ranging from 49.7 % to 99.9 % and 0.04 mm− 1 to 2.8 mm− 1, 
respectively. E spanned from 0.1 Pa to 1.8 kPa, while εmax ranged from 
1.2 % to 42.5 %. U ranged from 0.005 kJ/m3 to 23.1 kJ/m3. A noticeable 
trend was observed, where higher P generally correlated with lower S/V 
ratios. Additionally, a weak relationship was found between lower P and 

higher E and U values. Samples with higher E and U also exhibited 
increased εmax. A slight trend of increasing εmax was observed in samples 
with lower P.

Fig. 10 summarizes the variance-based Sobol global sensitivity 
analysis. The sensitivity analysis of the input variables dstrut/h, ϕ, n, and 
dcell/h revealed that ϕ had the strongest influence on E, with dcell/h, 
dstrut/h and n playing a lesser role. εmax was highly affected by dcell/h 
and dstrut/h, while ϕ and n had minimal impact. U was highly influenced 
by ϕ and dstrut/h, while dcell/h had less impact, and n had the lowest 
impact. For P, dstrut/h and dcell/h had a greater influence than n, and 
both n and ϕ had a moderate effect. S/V was primarily influenced by 
dcell/h, n and ϕ, with dstrut/h showing a weaker influence.

GPR models for each output parameter were created. Testing the 
trained models showed high quality of regression for all the models 
(R2=0.98). GPR analysis outcomes showed that predicted P, S/V, E, U, 
and εmax corroborated with the sensitivity analysis results and the 
experimental data (Fig. 4a and b, and Fig. 6a and c). Lowest porosity was 
predicted to be achievable at dstrut/h = 0.7, ϕ = 0, and n = 36. As the 
dstrut/h approached towards 0.01, and n to 6, or ϕ to 60◦, P reached 
values above 90 % (Fig. 11a). Increasing dcell/h shifted the P to higher 
values with minimum values in dcell/h = 1 and maximum values in dcell/ 
h = 4.

S/V was maximized as n approached 36 and ϕ closer to 0. dstrut/h had 
marginal effect on S/V, where increasing dstrut/h to 0.07 will cause 
higher S/V (Fig. 11b). Increasing dcell/h shifted S/V to lower values with 
maximum values in dcell/h = 1 and minimum values in dcell/h = 4. A 
wide range of elasticity, from 0.1 Pa to 7 kPa, was predicted to be 
achievable by simply changing the four input design variables (Fig. 12a). 
Highest E of 23 Kpa was predicted to be achieved at dstrut/h = 0.07, ϕ =
0, n = 35, and dstrut/h = 1. Increasing dstrut/h and n increased E while 
increasing ϕ reduced E. The effect of dstrut/h and ϕ on E was more 
prominent compare to the effect of n. Increasing dcell/h shifted E to 
lower values with maximum values in dcell/h = 1 and minimum values 
in dcell/h = 4. Strain energy absorbed was predicted to range from near 
zero values to 34 kJ/m3. Similar to E, highest U was predicted to be 
achieved at dstrut/h = 0.07, ϕ = 0, n = 35, and dstrut/h = 1 (Fig. 12b). 
Increasing dstrut/h, and reducing ϕ increased U while increasing n had 
minor effect on the increase of U. Increasing dcell/h reduced U similar to 
E. Maximum local strain in the OISCM was highly sensitive to the change 
in dcell/h and dstrut/h, while showing low dependency to ϕ and n 
(Fig. 12c). εmax ranged from 2 % to 36 % with the maximum achieved at 
the highest dstrut/h = 0.07, lowest ϕ = 0, highest n=36, and lowest dcell/ 

Fig. 8. (a) Stress–strain response of Group 6 to cyclic loading with sequential strain change of 10 % (top left), 30 % (top right), 50 % (bottom left), and 70 % (bottom 
right). (b) Change in the maximum stress at each specific loading cycle.
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h = 1 in the design space.

4. Discussion

In this study we aimed at introducing a new metamaterial design 
inspired from an origami pattern. The goal was to assess the super 
compressibility of the metamaterial and check the range of program
mability of the design for potential use in tissue engineering.

The tested OISCM exhibited stress–strain response under quasi static 
compression similar to porous architectures that have been studied 
before [11,13,34] (Fig. 3a). Control buckling has been previously 
implemented in the design of metamaterial [21,34]. It has been reported 
that micro-architected metamaterials for tissue engineering can undergo 

buckling modes due to biological forces from cells or external force 
[3,34]. These buckling modes can improve the metamaterial’s compli
ance and permeability [3,34], which is advantageous for cell ingrowth 
in a dynamic physiological environment. The distinguishing feature of 
the OISCM design is the negative stiffness observed after the linear re
gion of the stress–strain graphs and post buckling and full recoverable 
flat-foldability. This behavior inherent from the bi-stable properties of 
Kresling origami [16,17,35] was more prominent when ϕ was closer to 
zero (Fig. 5 Groups 1 and 4). However due to the monolithic printing of 
the metamaterial and having fixed joints at the attachment point of 
struts to discs (Fig. 1d), some strain was stored in the joint. This caused 
the second stable point to be a bit above zero stress. Therefore, bi- 
stability of the OISCM depends on the type of the fabricated struts 

Fig. 9. Distribution and correlation between outputs for the set of 1500 samples in the design space. (a) Distribution of P, S/V, E, and εmax. The color gradient 
represents the values of εmax (%). (b) Distribution of P, S/V, U, and εmax. The color gradient represents the values of εmax (%). (c) Distribution of P, S/V, U, and E. The 
color gradient represents the values of E (kPa). Gray points indicate the projection of each data point onto the P-S/V, S/V-E, E-P, S/V-U, P-U planes, highlighting 
trends within these two-dimensional slices.

Fig. 10. Sensitivity scores for the four input variables, dstrut/h, ϕ, n, and dcell/h showing the influence of each variable on the output of interest. Sensitivity score 
values near to 1 shows strong influence of that variable to the output of interest.
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joints. The flat foldability of Kresling origami is partly owed to using thin 
papers with thickness around 0.05–0.1 mm [17]. Therefore, we expect 
that as the strut diameter dstrut (Fig. 1a) becomes closer to the thickness 
of a regular paper, flat foldability can be achieved even without 
changing the strut joint type. This is because less stress will be required 
to deform the thinner struts at the joints. High compressibility of OISCM 
is advantageous for designing scaffolds for special procedures such as 
distraction osteogenesis, which is the gradual elongation of a very small 
osteotomy to reach a large gap in bone while bone starts to form in the 
gap [36]. OISCM can be inserted in the gap in the compressed config
uration and then be gradually deployed with the elongation of the gap 
and help the healing.

To ensure the functionality of the metamaterial, it is necessary to 
make sure that the OISCM can withstand loads during the deformation 
of the struts without failure. In Fig. 12c, the dependency of maximum 
strain to the input variables was demonstrated for the material used in 
this study. Furthermore, results of the cyclic loading tests showed a good 
strain recovery at different strain levels and full recovery after a few 
cycles (Fig. 8b). There was a trend of reduction in the maximum stress as 
the number of cycles increased until peak stresses overlap each other. 
This trend suggests initial microstructural adjustments within the 
OISCM, leading to stabilization after multiple cycles. These adjustments 
required more cycles when strut contacts are included with 50 % and 70 
% strain, which indicates the importance of preconditioning. Flexa grey 
is a material that has strain failure limit of 120 %, which is above the 
maximum values of strains that was predicted in the design space. This 
explains why no failure happened in the experiments. Similarly, 
biocompatible materials such as high molecular weight PCL are known 
for their large strain tolerance and have high elastic modulus 70 MPa 

[11,26]. These biocompatible materials can be used to manufacture 
OISCM that has biological applications. Same predictive model as 
Fig. 12c can be created for other materials using the data-driven 
Bayesian machine learning that was implemented in this study to help 
choosing designs with lower risk of failure.

It was demonstrated that, within the design space of OISCM, porosity 
and S/V, can alter by 50 % (about 101 % increase compared to the 
minimum amount) and 2.76 mm− 1 (about 70 times more than the 
minimum amount), respectively (Fig. 9 and Fig. 11). In the context of 
bone tissue engineering, the porosity of scaffolds is a crucial factor in 
their design, significantly influencing both biological and mechanical 
properties. High porosity has been reported to facilitate cell migration, 
proliferation, and differentiation, as well as the diffusion of nutrients 
and oxygen, essential for cell viability and vascularization [12,37]. A 
porosity of around 80 % has been reported to have the best bone for
mation [38]. Additionally, a higher S/V provides more surface area for 
cell attachment and growth factor retention [37], which can further 
promote osteogenic activity. However, some studies reported that a 
lower S/V favors bone growth in large bone defects [9]. Wide range of 
structural properties in OISCM design can be used to further investigate 
the impact of P and S/V on the biology of bone healing.

Although, altering the P and S/V can be beneficial for biological 
functions, they can compromise the mechanical properties [39]. By 
comparing predictive models in Figs. 11 and 12 it was shown that with 
the OISCM design it is possible to achieve a specific elastic modulus and 
energy absorption with a range of densities and S/V, and vice versa. It is 
important to ensure that the scaffold can support the intended physio
logical loads while promoting tissue regeneration. The challenge in 
scaffold design lies in achieving sufficient porosity and S/V to enhance 

Fig. 11. GPR prediction illustrating the effect of varying input parameters dstrut/h, ϕ, n, and dcell/h on two key structural variables: (a) P, and (b) S/V. The color 
gradient in each plot represents the respective output value across the design space.
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Fig. 12. GPR prediction illustrating the effect of varying input parameters dstrut/h, ϕ, n, and dcell/h on key mechanical variables: (a) E, (b)U, and (c) εmax. The color 
gradient in each plot represents the respective output value across the design space.
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biological performance while maintaining the necessary mechanical 
properties to fulfill the scaffold’s mechanical demands. Our predictive 
model of OISCM elasticity and strain energy (Fig. 12a and b) can be used 
for optimization based on biological evidence in the future.

The elastic modulus in the linear region captures the performance of 
the metamaterial under small deformations, particularly when the 
structure is fully deployed. While E may not reflect the total deformation 
capacity of the structure, it remains significant for applications where 
micromotion plays a critical role after deployment of OISCS. For 
instance, in clinical applications such as distraction osteogenesis (DO) or 
bone elongation, micromotion at the osteotomy site after complete 
elongation is a crucial factor influencing bone healing [40,41]. In such 
cases, E represents the mechanical performance of the metamaterial and 
its potential for enhancing bone regeneration. Additionally, strain en
ergy complements the elastic modulus by capturing the overall me
chanical response, ensuring structural integrity while enhancing 
mechanical stimuli to the neighboring tissues and cells. Together, these 
properties provide a comprehensive understanding of the meta
material’s potential to support and promote bone regeneration.

A wide spectrum of elastic modulus, from 1 Pa to 20 GPa can be 
found inside the human body [42]. Therefore, tunability of stiffness in 
the design of scaffolds is important in order to have a design that can 
adapt to different applications. We showed that our OISCM can have up 
to 18,000 fold change in elastic modulus, from 0.1 Pa to 1.8 kPa, by 
tuning the four key design parameters, while preserving super- 
compressibility. We hypothesize that by choosing a stiffer material, it 
is possible to offset this range of elasticity to MPa and GPa, which can be 
investigated in future studies. Adding other input variables such as bulk 
elastic modulus, that were considered constant in this study, can help to 
gain a more coherent characterization of the design. The currently 
developed predictive FEA combined with GPR enables us to explore 
within the entire design space of scaffolds providing a robust framework 
for optimizing the design for specific tissue engineering application.

5. Limitations

The FE model developed in this study was limited to strains less than 
25 % to avoid contact simulation, which significantly reduced the 
computational cost. This simplification was necessary to preserve the 
efficiency of the virtual lab and avoid convergence issues. Although the 
simulation captured the early non-linear behavior of OISCM there were 
some inconsistencies between the FE analysis and experiment. Un
certainties in the geometry and mechanical properties of additively 
manufactured samples can highly influence strain–stress response of the 
metamaterial. For instance, dstrut which highly influenced E, was 
considered to have constant value in the printed samples while it could 
have deviated from the CAD models due to the length of the struts 
compare to their cross section. Despite, printing angle could have 
changed the bulk elastic modulus, a constant Young’s modulus was 
assigned to all the samples. Finally, the high sensitivity of the FE models 
to the initial magnitude of geometrical imperfection, which can give a 
wide range of values for elastic modulus as depicted in Fig. 5 Group 2 
and 3.

6. Conclusion

This study introduced a new metamaterial design inspired from 
origami, demonstrating its significant tunability in porosity and surface- 
to-volume ratio (S/V), which are crucial for tissue engineering. The 
OISCM’s adjustable mechanical properties and bi-stable behavior make 
it suitable for applications like distraction osteogenesis, where no reg
ular scaffold can be used. FE data-driven Bayesian machine learning 
model predicted a wide range of elastic moduli and strain energy den
sity, that can be achieved with this design. This versatility in the me
chanical properties of OISCM makes it suitable for a wide range of tissue 
engineering applications. Future research should explore the effect of 

including additional variables to widen the programmability and further 
optimize the design for specific applications.
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