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Bio-Inspired Pressure-Dependent Programmable
Mechanical Metamaterial with Self-Sealing Ability

Naeim Ghavidelnia,* Viacheslav Slesarenko, Olga Speck, and Christoph Eberl

Self-sealing is one of the fascinating functions in nature that enables living
material systems to respond immediately to damage. A prime plant model is
Delosperma cooperi, which can rapidly self-seal damaged succulent leaves by
systematically deforming until the wound closes. Inspired by this self-sealing
principle, a novel programmable mechanical metamaterial has been
developed to mimic the underlying damage management concept. This
material is able to react autonomously to changes in its physical condition
caused by an induced damage. To design this ability into the programmable
metamaterial, a permeable unit cell design has been developed that can
change size depending on the internal pressure. The parameter space and
associated mechanical functionality of the unit cell design is simulated and
analyzed under periodic boundary conditions and various pressures. The
principles of self-sealing behavior in designed metamaterials are investigated,
crack closure efficiency is identified for different crack lengths, the limitations
of the proposed approach are discussed, and successful crack closure is
experimentally demonstrated in the fabricated metamaterial. Although this
study facilitates the first step on the way of integrating new bio-inspired
principles in the metamaterials, the results show how programmable
mechanical metamaterials might extend materials design space from pure
properties to life-like abilities.
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1. Introduction

For many years, scientists have striven to
create engineered materials with the built-
in ability to automatically repair them-
selves without external diagnosis or hu-
man intervention. Several studies[1,2] have
shown that the self-repair process of bio-
logical and artificial material systems, in-
cluding bio-inspired material systems, can
be divided into a rapid self-sealing phase
and a subsequent longer-term self-healing
phase. As a fundamental premise, the self-
repairing process in material models be-
gins with self-sealing, swiftly reinstating the
system’s “mechanical functionality” by pre-
venting further damage propagation. This
initial phase prevents complete system col-
lapse and assists in the realization of the
subsequent self-healing phase. The aim of
the self-healing phase is to gradually re-
store the material system’s “mechanical
properties”, such as stiffness and strength.
Successful completion of both self-sealing
and self-healing phases is essential for the
restoration of mechanical properties and
load-bearing capacity in the self-repairing
process. Nevertheless, artificial materials
are generally referred to as self-healing

materials.[3–5] The engineered materials designed and estab-
lished for self-healing purposes to date include all classes of ma-
terials, such as polymers or elastomers with embedded internal
adhesives that can be activated in response to an external stimu-
lus (light, temperature, etc.) to initiate the healing processes,[6–11]

metals with an intrinsic repair mechanism of the material to the
addition of a repair agent contained in microscopic vessels,[12–15]

ceramic matrix composites having a self-healing mechanism of
particle rearrangement or viscous flow of a glass melt into the
crack and restoration of material strength,[16–18] and cementi-
tious materials containing capsules of bacterial spores that start
the production of CaCO3 crystals when water enters the con-
crete cracks.[19–21] However, while self-healing materials can self-
repair damage by closing microscopic cracks, they do not pro-
vide successful healing mechanisms for larger cracks.[22–24] This
shortcoming is because conventional self-healing materials rely
on the ability to initially flow into the damaged area, and if the
crack is too large, the material would not be able to flow into
the crack and repair it. In both living and artificial material sys-
tems, this phase is called the self-sealing or mobile phase, which
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Figure 1. Self-sealing function of the plant model Delosperma cooperi. a.1) Delosperma cooperi plant with succulent leaves, a.2) schematic drawing of a
transverse cut projected onto a leaf, a.3) simulation of water flow to the outside due to the distortion of hydro-mechanical equilibrium, b) self-sealing
process of the succulent leaves of Delosperma cooperi, b.1) 15 minutes, b.2) 25 minutes, b.3) 37 minutes, b.4) 47 minutes after introducing a transverse
cut by a razor blade. Adopted from ref. [29]

refers to the ability of plants, animals, and inanimate material
to seal the damage.[1] With self-sealing ability, the material can
close larger cracks and gaps, allowing the material to reduce the
cracks size and complete the repair process afterward.[25] There-
fore, self-sealing is a necessary step before the self-healing pro-
cess, especially for materials that are prone to larger cracks. The
subsequent self-healing step, which involves various chemical re-
actions and more complex processes, could heal the damage and
restore the mechanical performance of the material.

In advanced biomimetic material systems, both self-sealing
and self-healing principles have to be implemented.[1] In plants,
rapid self-sealing of external wounds, manifested as superficial
closure of the injury, prevents dehydration and infection by ex-
ternal germs.[26,27] Additionally, internal growth-related incisions
are rapidly closed, preventing the gap from expanding to the sur-
face and eliminating potential entry points for infection.[28] In
this study, we specifically investigate the wound-sealing princi-
ple of Delosperma cooperi as a plant model (Figure 1). Following
external damage, the succulent leaves of Delosperma cooperi ex-
hibit a self-sealing principle through the deformation of the en-
tire leaf, completed in approximately 60 minutes. After transverse
(Figure 1b) and longitudinal cuts, the leaves bend, and after a cir-
cumferential cut, they contract until the wound edges meet.[29]

The self-sealing principle of Delosperma cooperi involves a hydro-
statically driven deformation of the entire leaf, captured by a nu-

merical model.[30] Furthermore, the deformation can be acceler-
ated through mechanically driven deformation based on alterna-
tively pre-tensioned and pre-compressed tissue layers,[31] a prin-
ciple substantiated by an analytical model.[32] Immediately after
injury, a rapid initial opening in the wound area occurs due to
pre-tension in the dermal tissue layer. Subsequent wound clo-
sure is primarily a hydrostatically driven deformation, serving
as a model for self-sealing principle transferred from biological
world to engineering paradigm in the present study. The numer-
ical model,[30] based on the theory of porous flow and poroelas-
ticity, indicates that water loss through the free wound surfaces
initiates the self-sealing process. Consequently, the turgor pres-
sure of the parenchyma cells in the wound area decreases, and
water loss is compensated by water flow from the surrounding
parenchyma. This flow creates a pressure gradient that propels
the deformation of the entire leaf, bringing the wound edges into
contact and resulting in the self-sealing of the wound (Figure 1b).

Inspired by the mechanically driven self-sealing principle of
Delosperma cooperi leaves, Yang et al.[33] developed a self-healing
polymer. At a temperature of 65°C, an 8 μm × 50 μm scratch is
optically healed within 10 minutes. After 120 minutes, mechan-
ical properties (e.g., stress at break, tensile strain) are restored
by more than 80%. Becker et al.[34] developed a biomimetic mul-
tilayer actuator with self-sealing function. Inspired by the pre-
stresses in the Delosperma cooperi leaf, they developed a planar
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three-layer material system with built-in pre-stresses. Triggered
by the damage to one layer, the entire material system bends un-
til the damage edges meet.

To achieve an engineered material capable of self-sealing,
it appears that intricate mechanisms and specific features are
necessary to effectively replicate natural mechanisms, such as
those found in plants. Mechanical metamaterials, with their ex-
treme potential for being designed to exhibit unique mechan-
ical properties[35–37] and functionalities,[38–40] could serve as a
distinctive solution for developing new material systems that
mimic self-sealing in plants and efficiently close large cracks.
In this study, inspired by the Delosperma cooperi plant, we pro-
pose a novel programmable mechanical metamaterial by imple-
menting hydraulic pressure-dependent unit cells that exhibits the
self-sealing function according to the corresponding biological
model. We present a comprehensive description of the geomet-
rical design of the unit cells, elucidating the crucial mechanical
properties and behaviors necessary for the self-sealing function
based on the plant model. The effective parameters of these unit
cells are clearly defined and thoroughly investigated. To capture
the available design space and the range of mechanical properties
for the metamaterial, we conduct a comprehensive set of nonlin-
ear finite element analyses of the single unit cells with various
geometrical parameters. In addition to analyzing the elastic prop-
erties of the metamaterial, we explore the major fluidic features,
such as porosity and permeability, and discuss the influence of
these parameters in the self-sealing process. Subsequently, by in-
troducing a crack in the metamaterial, we illustrate the active and
successful self-sealing function that leads to an effective closure
of the damaged metamaterial. Besides demonstrating feasibility
of self-sealing in the developed metamaterial, we study the seal-
ing effectiveness for different crack lengths, noting existing lim-
itations and suggesting available solutions for improvement. Fi-
nally, we propose a new method of manufacturing such perme-
able metamaterials with a large number of unit cells and demon-
strate the crack-closure effect for a sample of mechanical meta-
material.

2. Results and Discussion

Inspired by the remarkable self-sealing abilities of the succu-
lent plant Delosperma cooperi, our designed mechanical metama-
terial exhibits a similar self-sealing capability that enables it to
restore functionality after structural damage. A schematic rep-
resentation of the developed metamaterial, inspired by the self-
sealing process of Delosperma cooperi, is shown in Figure 2. Its
primary innovation lies in the pressure-dependent structures of
its unit cells, which can expand in response to internal hydro-
static pressures and store mechanical energy for autonomous re-
actions (Figure 2a). The unit cells of the metamaterial are de-
signed with a permeability feature, facilitating fluid exchange
between neighboring cells in case of any disturbance, such as
damage, in the mechanical equilibrium of the system. When a
crack occurs, the fluid within the material begins to seep out
due to the differential pressures inside and outside the material
(Figure 2b). This fluid flow, owing to the permeability of the in-
terconnected structure, generates a pressure gradient around the
damaged area (Figure 2c), resulting in global deformation in the
metamaterial. As a consequence, the metamaterial contracts in

the damaged zone and restores its functional integrity by bring-
ing the crack surfaces together (Figure 2d). In the following sec-
tions, we explain the details of the different structural features
of the designed mechanical metamaterial and discuss the self-
sealing ability of this mechanical metamaterial.

Figure 3a illustrates the fundamental design of the unit cell,
showcasing the essential features required for self-sealing abil-
ity. The primary characteristic necessary for the unit cells of the
mechanical metamaterial is a substantial volume change result-
ing from internal hydraulic pressure. This pressure-dependent
volume change is achieved by integrating bending-dominant el-
ements, such as curved shells, into the square-shaped, bending-
dominant unit cells. The second vital characteristic that unit cells
must fulfill is the permeability of the structure walls. Since the
interconnected lattice structure of the corresponding mechani-
cal metamaterial should facilitate the flow of internal fluid from
each unit cell to the neighboring cells, a small hole is introduced
at the center of each curved shell. The complete geometrical de-
scription of the unit cell, including short and long arc lengths,
is available in Section SA (Supporting Information). To investi-
gate the pressure dependency of the unit cells under large de-
formations, finite element analysis is conducted under periodic
boundary conditions in horizontal and vertical directions, with
internal hydrostatic pressure (P0) as the loading condition, as
depicted in Figure 3b. To capture the realistic geometry change
of the unit cell under high strain due to high internal pressure,
the hyperelastic nonlinear material model is considered for the
base material of the structure. Detailed information about the
material model and finite element simulations can be found in
Section SB.1 (Supporting Information). The pressure-volume re-
sponse graph for a specific unit cell with a normalized radius
of r∕l = 0.31 and slenderness ratio of t∕l = 0.075 is presented in
Figure 3c. As anticipated from the curved shells of the structure,
a nonlinear pressure-volume behavior is observed, indicating a
significant change in the mechanical properties due to volume
change. With increasing internal normalized pressure (P∕Pmax),
the curved shells begin to flatten, and the total volume of the
unit cell increases until the critical region where the stretching
stiffness of the shells becomes dominant compared to the bend-
ing stiffness. For the depicted configuration in Figure 3c, this
transition occurs between 0.3 and 0.4 of the volume change ra-
tio (ΔV/V1). During this transition, the effective elastic modu-
lus of the unit cell and the corresponding metamaterial struc-
ture dramatically increase, resulting in a higher slope (E2 > E1) of
the pressure-volume graph, increasing the elastic stiffness of the
metamaterial. At higher pressure values, when the curved shells
are fully stretched with almost zero curvature, the stiffness of the
structure slightly decreases due to the thickness reduction. The
pressure (or volume) dependency of stiffness plays a crucial role
in the final design of the metamaterial system with self-sealing
ability, which must function in a specific predefined pressure
range and respond to pressure changes resulting from damage.

To attain distinct pressure-volume behaviors for the mechan-
ical metamaterial, a fundamental prerequisite for achieving
successful crack closure in the self-sealing mechanism for
different crack sizes, we propose adjusting the behavior based
on two main parameters of the unit cell. Figure 4a,b illustrates
the effects of various thicknesses and radii of the shells on
the pressure-volume behavior of short arc unit cells. Both
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Figure 2. Schematic representation of the self-sealing mechanical metamaterials. a) Higher energy state through pressurizing the unit cells of the
intact metamaterial, b) fluid flow to the crack zone triggered by the damage, c) subsequent pressure gradient in the porous media due to fluid flow,
d) self-sealing of the crack gap resulted by the metamaterial responds to the new loading condition.

thickness (t) and radius (r) values are normalized with respect
to the unit cell length (l) to present the results in a practical
manner for upscaling or downscaling. The internal hydrostatic
pressure (P) and volume change (ΔV = V2 − V1) values are
also normalized with respect to the maximum pressure (Pmax),
making the curvature of unit cell shells near zero, and the initial
volume (V1) of the unit cell before pressurizing, respectively.
In general, changing the normalized radius has a significant
impact on the potential volume change in the unit cell. Smaller
radii result in longer shell curves and, consequently, a greater
ability for volume change in short arcs unit cells. It is worth
noting that the minimum limit of the normalized radius of the
shells is restricted to r∕l = 0.25, leading to an arc with 𝜃 = 180°,
which yields the highest volume change and lowest stiffness
compared to other configurations. Higher volume changes are
also achievable for some configurations with long arcs having

𝜃 > 180° (see Section SA, Supporting Information). The transi-
tion from bending-dominant curved shells (with low stiffness)
to stretching-dominant straight shells (with high stiffness) for
all unit cells occurs in the range of 0.1 to 0.2 of the normalized
pressure and is smoother for lower values of r/l (Figure 4a).
Therefore, by adjusting the normalized radius of the shells (r/l),
control over the volume change, the pressure range needed for
inflation, and the stiffness of the structure is achievable. On the
other hand, Figure 4b demonstrates the adjustment of properties
by varying the slenderness ratio of the shells. Increasing the
slenderness ratio (t/l) linearizes the pressure-volume behavior
and diminishes the effect of stiffness change. Consequently,
the stiffness transition region can be fine-tuned by altering the
thickness of the shells to achieve the desired properties.

To ensure that the design of a permeable structure has the
ability to meet the required permeability and porosity properties

Adv. Mater. 2024, 36, 2313125 2313125 (4 of 12) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202313125 by A
L

bert-L
udw

igs-U
niversitaet, W

iley O
nline L

ibrary on [20/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. Mechanical behavior of the designed unit cells of the mechani-
cal metamaterial. a) Expandable unit cell shape with internal holes for per-
meability. b) Periodic boundary conditions with guiding reference points
(RP1, RP2, and RP3) in horizontal (red) and vertical (blue) directions and
internal pressure (P0) as loading condition. c) Pressure-volume behavior
of unit cells, where the slope of the curve corresponds to the effective elas-
tic modulus E.

for creating the proper flow rate and pressure gradient necessary
for a successful sealing mechanism, we conducted a finite ele-
ment analysis of creep flow for the corresponding mechanical
metamaterial (see Figure 5). Detailed information about the fi-
nite element modeling can be found in Section SB.2 (Supporting
Information). Figure 5a illustrates the interconnected fluid cav-
ity of a porous lattice structure composed of 10 by 10 unit cells,
where the right-hand side is under high pressure (Pin = P0) and
the left-hand side is under low pressure (Pout = 0). Due to the
pressure difference on both sides of the interconnected lattice, as
per Darcy’s law, fluid flow (Q) is generated from the inlet to the
outlet of the media, creating a pressure drop for each unit cell that
the flow crosses. Consequently, a pressure gradient is established
within the porous media of the mechanical metamaterial. Per-
meability (𝜅) and porosity (ϕ) are crucial properties influencing
fluid flux and pressure gradient within the porous metamaterial.
Porosity is the geometrical feature of the metamaterial, defined
as the fraction of the volume of voids over the total volume of the

structure (𝜙 =
Vvoid

Vtotal
), dictating the amount of fluid that can be

stored in the metamaterial in its intact form. Permeability is the
other main property controlling fluid flux and the resistance of
the fluid to move through the porous media of the metamaterial.
Although the hole diameter plays a negligible role in the porosity

of the structure, the thickness of the shells shows a significant
impact on the porosity and consequently the fluid storage capac-
ity of the metamaterial. In Figure 5b, the variation of the ratio of
permeability of the structure to dynamic viscosity of the fluid (𝜅

𝜇
)

is demonstrated. This ratio represents the resistivity of the meta-
material to the movement of the fluid within the interconnected
lattice structure. The ratio is dramatically changed by altering the
normalized hole diameter in the unit cells from 0.09 to 0.01, re-
ducing the permeability up to six times for the same fluid. It is
worth noting that the ratio of permeability over dynamic viscosity
explains the speed of the fluid moving out from the metamate-
rial due to the existing pressure gradient. Hence, the higher the
ratio, the faster the metamaterial gets depressurized. The results
show that by utilizing different thicknesses and hole diameters,
various values of permeability and porosity are achievable, which
can be adjusted for different conditions to have fast or slow seal-
ing mechanisms.

Figure 6a illustrates an artificial leaf of Delosperma cooperi com-
posed of pressure-dependent unit cells with r∕l = 0.26 and t∕l =
0.075 from a mechanical metamaterial, subjected to a transverse
crack. The initial condition is characterized by high hydrostatic
pressure, generated by the fluid stored in the intact metamaterial
structure. Upon the introduction of damage, a pressure differ-
ence between the internal fluid and the atmosphere causes the in-
ternal stored fluid to flow out of the metamaterial, seeking a new
physical equilibrium. Figure 6b illustrates the stabilized physi-
cal condition of the internal fluid after the damage occurs in the
metamaterial. Boundaries located far from the cracked zone ex-
hibit high pressure values (P0) due to the surrounding internal
pressure. Conversely, boundaries at the crack surface have pres-
sures equal to zero, resulting from the outflow to atmospheric
pressure. The pressure gradient, a consequence of fluid flow,
varies from Pmax at the corner of the lattice (i.e., at the maximum
distance from the crack) to Pmin at the surrounding damaged zone
of the lattice (i.e., at the crack surfaces). Other unit cells between
these boundaries, with varying hydraulic pressures, contribute
to a gradient from Pmax to Pmin based on their distance from the
crack surfaces. Upon subjecting the metamaterial to a crack, as
depicted in Figure 6b (with the crack length is considered to be
45% of the total length of the lattice structure), the self-sealing
process initiates through the interaction between unit cells by ex-
changing the fluid and creating a fluid flow towards the cracked
area. These cells locally exchange fluid, creating a global pres-
sure gradient within the metamaterial structure. The resultant
varied pressures in each unit cell lead to different volumes in cor-
responding unit cells within the metamaterial lattice. Based on
these pressures, the unit cells surrounding the crack surfaces de-
flate faster than distant unit cells, causing a significant variation
in volumes between unit cells. This volume difference induces
a shape change in the entire structure, ultimately squeezing and
completely closing the crack surfaces (Figure 6c). Details regard-
ing the finite element simulations, detailed loading conditions
and procedure of the crack closure modeling can be found in Sec-
tion SB.1 (Supporting Information). It is essential to note that the
slight unsymmetrical deformation of the metamaterial during
crack closure is due to the chirality effect of the structure, leading
to an asymmetrical fluid flow and, consequently, a pressure gradi-
ent, as demonstrated in Section SB.2 (Supporting Information).
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Figure 4. Pressure-volume behavior of the unit cells. a) Effect of normalized radius (r/l) of the shells on the pressure-volume behavior (t∕l = const.),
b) effect of slenderness ratio (t/l) on the pressure-volume behavior (r∕l = const.).

It must be pointed out that successful crack closure is lim-
ited and only possible with some of the available configurations
of unit cells, requiring specific normalized radius and slender-
ness ratio. To gain a deeper understanding of the crack clo-
sure limitation, two different configurations for unit cells with
r1∕l = 0.26 and r2∕l = 0.28 are considered (cf. Figure 7). As de-
scribed in Figure 6, the metamaterial made by unit cells with a
lower normalized radius (r1∕l = 0.26) can close the crack within
a specific pressure gradient ranging from P∕Pmax,1 = 0.055 to
P∕Pmin,1 = 0.006, where P∕Pmin,1 and P∕Pmax,1 represent the min-
imum and maximum pressures in the unit cells of the meta-
material after the crack occurs. The corresponding required vol-
ume change ratio for this pressure difference is calculated as

ΔV1∕V1 =
Vmax,1 − Vmin,1

V1
= 0.477 (blue line in Figure 7). There-

fore, this volume change is necessary for the successful crack
closure of the metamaterial. By considering the same required
volume change for the metamaterial structure with r2∕l = 0.28
(red line in Figure 7), the maximum normalized pressure of
P∕Pmax,2 = 0.114 is calculated. However, since the ratio of the

maximum to minimum pressure in the lattice structure must

be constant (
Pmax

Pmin
= const.) due to the creep flow of the fluid in

porous media, the minimum pressure around the cracked area
cannot reach the required minimum volume ratio (ΔV2∕V1 =
Vmax,1 − Vmin,1

V1
= 0.365) to create the necessary volume change

ratio for this pressure difference. Therefore, the metamaterial
structure with r2∕l = 0.28 will not be able to close the crack com-
pletely (red structure in Figure 7), whereas the structure with
r1∕l = 0.26 facilitates the successful crack closure (blue structure
in Figure 7). It is also worth noting that due to the higher stiff-
ness (or steeper slope of the pressure-volume graph) of the meta-
material with r2∕l = 0.28, choosing a higher pressure of P∕Pmax,2
could not improve the sealing efficiency because P∕Pmin,2 also in-
creases dramatically.

The crack length is another crucial aspect of sealing efficiency
that should be addressed, as it significantly influences success-
ful crack closure and the self-sealing mechanism. To analyze the
effect of crack length, the metamaterial lattice was subjected to

Figure 5. Finite element models of a lattice structure composed of 10 by 10 unit cells. a) The creep flow of the fluid within the interconnected metamaterial
structure with symmetrical boundary condition at top and bottom, b) the effect of normalized hole diameter and slenderness ratio on the ratio of
permeability over dynamic viscosity (𝜅

𝜇
).
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Figure 6. a) Damaged metamaterial mimicking the hydraulically driven self-sealing of the succulent Delosperma cooperi leaves, b) pressure gradient in
the cracked area of the metamaterial, c) fluid flow toward the out of metamaterial due to the disturbance of mechanical equilibrium, d) crack closure
by deformation of the metamaterial around due to pressure gradient (the colors of hydrostatic pressure gradient and deformed metamaterial were
superimposed).

cracks of varying lengths. The parameter 𝛼 was defined as the
ratio of the crack length to the length of the metamaterial struc-
ture (𝛼 = LCrack

LMetamaterial
), indicating the severity of damage in the meta-

material. Figures 8a–e displays mechanical metamaterials con-
sisting of unit cells with a normalized radius of r∕l = 0.26 and
a slenderness ratio of t∕l = 0.05. The colormaps in Figures 8a
to e, illustrate the pressure gradients resulting from different
cracks with 𝛼 = 56%, 45%, 34%, 23%, 12%. Based on the re-
sults shown in these figures,the greater the crack length (higher

𝛼), the larger the crack surface and fluid outlet, leading to a
substantial low-pressure area around the damaged zone. Hence,
the deformation of the metamaterial due to the corresponding
pressure gradients, and the low-pressure zone creates the nec-
essary volume change for 𝛼 = 56% and 𝛼 = 45% to completely
close the crack (Figure 8a,e). However, crack closure was not
successful for smaller crack lengths (Figure 8c, d, e). As dis-
cussed in the context of Figure 7, implementing lower values
of normalized radius can improve the volume change necessary

Figure 7. Crack closure behavior of two different metamaterials with r∕l = 0.26 and r∕l = 0.28.

Adv. Mater. 2024, 36, 2313125 2313125 (7 of 12) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 8. Self-sealing efficiency for various relative crack lengths 𝛼. a–e) Final sealed condition of the cracked metamaterials with r∕l = 0.26 unit cells
according to the distribution of internal pressure, f–g) successful sealing mechanism for metamaterials with crack length of 𝛼 = 34% and 𝛼 = 23% after
implementing the r∕l = 0.25 unit cells.

for the sealing mechanism. Figure 8f,g illustrates cracked meta-
materials with a structure made of r∕l = 0.25, which exhibits
a higher volume change at the same pressure gradient (see
Figure 4a). It is evident that these structures can successfully
close the crack gap even for smaller crack lengths (𝛼 = 34% and
𝛼 = 23%).

It is worth highlighting that, in reality, the damage can be
quite irregular, resulting in non-straight cracks. To address this
issue, four cracks of different geometries are introduced to as-
sess the self-sealing functionality of developed metamaterial. A
metamaterial composed of unit cells with normalized radius of
r∕l = 0.28 and slenderness ratio of t∕l = 0.5 is selected for this
analysis. Figure 9a–d illustrates the horizontal crack with asym-
metry, inclined crack with a 45-degree slope, zigzag-shaped crack,
and an irregular crack, respectively. The cracks are introduced to
the metamaterial by removing the irregular pattern of unit cells
according to the assumed crack shapes. Since the shapes of the
cracks are not regular and symmetrical, the resulting pressure
gradient is noticeably non-homogeneous. Following the non-
uniform distribution of fluid pressure in the metamaterials, non-
homogeneous deformation patterns were observed in the unit
cells around the cracked area. Despite the fact that the introduced
cracks are relatively large in comparison to the metamaterial’s
total dimensions, the metamaterials showed significant global
shape morphing required for closing the outlet gap and reduc-
ing the fluid flow to the outside of the metamaterial system (see
Figure 9e–h).

When selecting manufacturing method, one should keep in
mind that the designed metamaterial has to be deformable
enough to carry the high strains from large deformations, ini-
tially sealed from the leakage under high hydrostatic pressures,
but simultaneously facilitates the exchange of the fluid between
unit cell. Here, the metamaterial satisfying these requirements
was fabricated from soft silicone rubber using puzzle-like molds
(see Section SC, Supporting Information for details of step-by-
step manufacturing process). Figure 10a illustrates the experi-
mental setup used to demonstrate the self-sealing deformation of
an example structure under real conditions. For the convenience
of the experimental demonstration, air was employed to pressur-
ize the metamaterial. A lattice structure, measuring 10 by 13 of
the designed unit cell with a normalized radius of r∕l = 0.30 and
a slenderness ratio of t∕l = 0.05, was constructed from stretch-
able Ecoflex rubber silicone (Ecoflex 00-50) to achieve the capa-
bility of high strains due to internal pressure and corresponding
volume change. A transverse crack was applied to the metama-
terial by cutting four unit cells from the left edge of the struc-
ture (Figure 10b). To maintain symmetrical boundary conditions
due to the repeated structure in the third dimension, the meta-
material was placed between two Plexiglases to keep the struc-
ture undeformed in the out-of-plane direction. Additionally, a
low-viscosity lubricant was applied to reduce friction between the
sample and the glasses. The fluid (i.e., air) was injected from a
single inlet point on the opposite side of the cracked zone. To fa-
cilitate conditions closer resembling those used in simulations

Adv. Mater. 2024, 36, 2313125 2313125 (8 of 12) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 9. Self-sealing efficiency for various crack shapes. a–d) Different crack shapes with horizontal (asymmetrical), inclined, zigzag, and irregular
cracks, e–h) effectively closed cracks by bringing the crack edges together and reduction of fluid flow.

Figure 10. Crack closure of the self-sealing metamaterial consisting of unit cell with a normalized radius of r∕l = 0.30 and a slenderness ratio of t∕l = 0.05.
a) Experimental set-up for applying the air pressure to the cracked metamaterial, b) initial shape of the metamaterial with Pin = 0, c) pressure gradient
resulting from the local inlet, d) final shape of the metamaterial with Pin = P0.

Adv. Mater. 2024, 36, 2313125 2313125 (9 of 12) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 11. Undeformed and deformed states of the mechanical metamaterial under axial loading in (a, b) cracked, (c,d) sealed and (e, f) healed condi-
tions, (g) stress-strain curves for mechanical metamaterial with t∕l = 0.05 and r∕l = 0.26, in the intact, cracked, sealed, and healed conditions.

and enable the pressurization with a single inlet, the higher per-
meability in the unit cells at the intact sides of the metamate-
rial was introduced by increasing the diameter of the holes be-
tween unit cells. This adjustment ensured that the pressure gra-
dient within the lattice resembled the actual pressure gradient,
as shown in Figure 10c, where the fluid starts to flow at the edges
initially, acting as a distributed inlet for the lattice structure. As a
final result, the metamaterial deformation followed the pressure
gradient, successfully closing the crack (Figure 10d). Although
the manufactured specimen was able to demonstrate the basic
self-sealing ability similar to the observed in Delosperma cooperi
plant, a slight difference in deformations between the experimen-
tal and simulation results was observed. The thin layer of silicone
on two sides of the structure, designed to maintain the flow in the
structure, and the friction between the symmetrical glasses could
be considered the most dominant causes of the deviation in the
final results. The straight thin walls significantly increased the
stiffness of the structure, requiring high pressure (around 2 bar)
to inflate the metamaterial.

As already mentioned, two core benefits of the self-sealing pro-
cess in biological materials are decreasing the crack area and,
more importantly, assisting in the subsequent self-healing pro-
cess by bringing crack faces together. To prove that similar be-
havior can be observed in the proposed metamaterial concept,
we performed additional experiments on fabricated specimens.
Beyond the ability to pressurize and depressurize the considered
metamaterial, we were able to assess its reaction to tensile load-
ing using a custom-built testing setup. The details of the experi-
mental setup and the designed grippers for applying the tensile
loading to the specimen can be found in Section SC (Supporting
Information). First, the intact specimen was subjected to a ten-

sile load to have a reference stress-strain curve (solid black line
in Figure 11g). A specimen without the crack experiences rela-
tively uniform stretching with lateral shrinkage. If a crack is intro-
duced on the side of the specimen, then the subsequent loading
results in the noticeable opening of the crack tip (Figure 11a,b).
The pressurizing of the metamaterial interior in an undeformed
state leads to generating the pressure gradient, which yields the
self-sealing and closure of the crack, in line with the simula-
tion results (Figure 11c). Since the crack faces are not attached
to each other, subsequent loading causes further crack opening.
At the same time, due to the internal pressure gradient inside
the metamaterial structure, it demonstrates a smaller crack tip
angle (Figure 11d) as compared with the non-pressurized case
(Figure 11b). Simultaneously, sealing results in a stiffer response
of the metamaterials, as shown in Figure 11g. Therefore, even
without a self-healing process taking place, the self-sealing helps
to bring the crack faces together, reduce the crack opening an-
gle and partially restore the stiffness of the metamaterial. To
further highlight the importance of self-sealing for the subse-
quent realization of the self-healing process, we carefully applied
a healing agent of Ecoflex 00-35 fast-cure silicone rubber on the
faces of cracked specimens. This is a simplification of the pro-
cess happening in the biological model, aimed purely at demon-
strating the interplay between self-sealing and self-healing. About
five minutes after application, the first specimen without inter-
nal pressure was subjected to stretching. Since the faces of the
crack were never in contact (Figure 11a), the existence of the
liquid silicone did not affect the deformation behavior of the
specimen. In contrast, when internal pressure was added to the
specimen, pushing the crack faces together, curing of the sil-
icone led to the closure of the crack (Figure 11e). Subsequent

Adv. Mater. 2024, 36, 2313125 2313125 (10 of 12) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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stretching demonstrates reliable attachment between crack faces
and reveals noticeable stiffening of the specimen. Unsurpris-
ingly, the healed specimen still underperforms compared to the
intact one (Figure 11g). However, the stress-strain curves show
a much stiffer response as compared with a damaged metama-
terial. This fact emphasizes the importance of the sealing phase;
without bringing the crack surfaces into contact, even with the
presence of the healing agent, the healing phase cannot be com-
pleted, and the crack surfaces will stay separated.

3. Conclusion

In conclusion, programmable mechanical metamaterials offer an
incredible design space that allows the integration of novel and
advanced abilities into materials. Notably, their behavior is pre-
dominantly dictated by the fundamental unit cell structure, facil-
itating the accurate prediction of interactions with incoming sig-
nals. This contrasts with conventional materials design, making
the attainment of metamaterial design significantly more accessi-
ble. A step-by-step programming of the basic unit cell structures
within the mechanical metamaterial makes it possible to achieve
the integration of complex functions and algorithms, similar to
those found in living nature. In this study, we demonstrated that
through a comprehensive analysis of self-sealing in the succu-
lent leaves of Delosperma cooperi, the necessary properties and fea-
tures of the interconnected cellular structure can be extracted and
translated into mechanisms and functions available in mechani-
cal metamaterials. It is noteworthy that the use of systematic ap-
proaches can greatly facilitate the transfer of knowledge from bi-
ological models to technical systems.[1,27,41] Transferring the es-
sential characteristics of the plant tissue encoding the self-sealing
ability is a crucial step toward creating damage-tolerant engi-
neered materials. Here, the pressure-dependent volume change
and permeability of the underlying cell structure, as well as the
necessary information gradients about the local damage, allow
a successful implementation of this ability into an artificial me-
chanical metamaterial. The parameter space provided by the slen-
derness ratio and radius of the curved shells within the unit cells
allowed fine-tuning to reach the expected nonlinear mechanical
behavior. The overall stiffness and transition point during expan-
sion, together with the permeability, can be adapted to accommo-
date various crack sizes as well as tune the reaction time. Nev-
ertheless, while the design space of programmable materials in-
vites creativity, the manufacturing process becomes the real chal-
lenge. The unit cell design presented here requires precise struc-
tural manufacturing, as bending stiffness or fluid flow through
holes is highly nonlinear in nature. In this regard, the fabrication
of the hollow and permeable structures was made possible by
a single-shot mold and successfully produced a perfectly sealed
and inflatable metamaterial. Moreover, this modular manufactur-
ing method can easily be scaled up. Finally, having a mechanical
metamaterial that can seal cracks independently of the surround-
ing environment brings us one step closer to materials with a self-
repairing ability. This opens up a new research challenges to com-
bine structural or mesoscopic self-sealing mechanisms similar to
the proposed mechanical metamaterial in this study, with avail-
able self-healing methods such as light- or heat-induced healing
polymers,[42] capsule-based systems,[43] or vascular-network heal-
ing techniques,[44] to complete the repairing process and fully re-

store the functionality and mechanical properties of the material
system even after enduring large or repeated damage.
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the author.
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