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Abstract

Self-sealing is becoming a necessary function in sustainable systems for enhancing materials lifetime and
improving system resilience. In this context, plants are prime models as they have developed various concepts.
Moreover, implementing self-sealing into engineering applications is becoming more feasible with the advent of
programmable materials. That is because these materials are able to implement simple algorithms by locally and
globally processing information and adapting to changing conditions. However, the transfer of bio-inspired system
functions into technological applications is tedious. It requires an intimate understanding of the selected biological
models and the technological problem. To support the transfer of concepts and principles, we propose easy-to-read
flow charts as a common language for biologists and engineers. Describing the functions of biological models and
their underlying functional principles as process flow diagrams, allows to convert detailed biological insights into
sequential step-wise algorithms, which turns the focus on building blocks necessary to achieve specific functions.
We present a first set of flow charts for selected plant models exhibiting different self-sealing mechanisms based
on hydraulics, mechanical instabilities, and sap release. For these plant-inspired control flows, we identified
technical statements to classify metamaterial mechanisms and unit cells, which represent possible solutions for
the steps in the algorithms for sealing procedures in future technical applications. A common language of flow
charts will simplify the transfer of functional principles found in plant models into technological applications.
Programmable materials expand the available design space of materials, putting us within reach to implement self-
sealing functions inspired by plants.

Introduction

Since both living organisms and technical systems face different types of damage, the ability to self-
seal wounds, fissures, cracks, and ruptures markedly contributes to their long-term structural integrity
and functionality to achieve their expected lifetime. Longevity concepts of system functions, such as
redundancy and damage repair (e.g., self-sealing and self-healing) increase the failure tolerance of
living and inanimate materials systems (Mylo and Speck, 2023). Structural adaptivity of technical
systems and initial response (e.g., streamlining under wind load) or acclimation (e.g., increase or
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decrease of geometric and mechanical properties) of plants to loading conditions can improve the
ability of preventing damage, so that technical systems and plants can withstand higher stresses
without damage. Moreover, self-sealing and self-healing principles of plants provide a treasure trove
of inspiration for technical materials systems because a self-repairing function would ensure service
lifetime extension (Garcia, 2014).

Definition and quantification of self-repair, self-sealing, and self-healing

In recent years, scientists have developed a variety of artificial materials systems with self-sealing
and self-healing functions that were inspired by biological models. In this context, the term ‘self-
repair’ seems to be a paradox, because ‘repair’ usually means that damage is eliminated by a craftsman
with the help of tools and ‘self” implies that the repair is autonomous. Here, we use self-repair as an
umbrella term that encompasses both a self-sealing phase and a self-healing phase (Harrington et al.,
2015). In the following, however, the generic term self-repair is only used when it is not clear from
the literature whether it is self-sealing or self-healing, or when the statements refer to both equally.
When aiming to incorporate self-sealing and self-healing into technical systems, we must not only
define what this means in our context, but we must also quantify self-repair. However, quantifying self-
repair raises a few additional questions: What size of damage can be self-repaired? How quickly should
self-repair be carried out? How often can the damage be self-repaired? What is being restored? What
does autonomous mean? (Speck and Speck, 2019; Mylo and Speck, 2023). The size of the damage,
the speed, and repeatability of the self-repair must be defined in the specifications according to the
product.

With respect to the question ‘what is being restored’, we can answer that mechanical properties,
structures and functions can be restored. Several equations can be found in the literature which
quantitatively analyse mechanical properties. In all these equations, the properties of various states of
the entire self-repairing process such as the damaged state (freshly injured), sealed state, and healed
state are compared with the intact state (without damage). All equations can be used for biological
and artificial samples. The beauty of the calculated dimensionless values is that they allow biological
or artificial samples to be compared with each other, as well as biological samples to be compared with
artificial samples, such as the intact state (without damage), damaged state (freshly injured), sealed
state, and healed state. Some equations calculate the healing efficiency by comparing the intact state and
healed state (Diesendruck et al., 2015; Cohades et al., 2018), other formulas additionally consider the
influence caused by the injury (damaged state) (Mylo et al., 2020). It is essential that the same material
property is compared in different states (intact, damaged, sealed, and healed), because the repair
efficiency of the individual material properties can differ considerably from each other. Restoration
of structural integrity can only be qualitatively assessed by imaging techniques that show the extent to
which the damage has been sealed or healed (e.g., closure of a fissure by released plant sap or newly
formed tissue) and whether the same material was used in the wound area (e.g., callus formation or
lignification).

With respect to ‘self-repair’ another question arises: What does autonomous mean? Fully
autonomous means that no trigger other than the damage is required to initiate and promote repair.
Nevertheless, artificial self-repairing materials systems often enumerate external factors such as
temperature, light, humidity, mechanical compression that support repair. In order to compare the repair
efficiency of different systems, the size of the damage to be repaired should also be defined, whether a
single repair is sufficient or multiple repairs are necessary and how much time is available for repair.

Self-sealing and self-healing in plants

In the course of biological evolution, plants have developed a huge variety of functional principles
to cope with internal and external wounds. In all plant species studied to date, two phases have been
found after a damage in the form of a gap (= fissure) that separates tissues and/or cells. First, rapid

https://doi.org/10.1017/pma.2023.11 Published online by Cambridge University Press


https://doi.org/10.1017/pma.2023.11

Programmable Materials 3

self-sealing of damage takes place immediately after injury, resulting in a still present fissure that is
functionally repaired, but the mechanical properties in the wound area have not yet been restored. In
the case of self-sealed fissures, the wound gap may be filled by the release of plant sap or minimised
by deformation of the wound area where the wound surfaces are pressed together. Second, there is a
longer-lasting self-healing phase in which the fissures are structurally repaired and thus are no longer
present, while the mechanical properties in the wound area are (at least partially) restored. In the case of
self-healed fissures, the wound gap may be filled by the formation of new plant cells (wound periderm)
(Harrington et al., 2015; Speck et al., 2020). The division into a rapid self-sealing phase and a longer-
lasting self-healing phase, however, is not only found in plants but also in animals and even in technical
materials systems. Even in plants, the duration of the phases varies greatly and the underlying functional
principles are highly different (Speck and Speck, 2019). A multitude of principles exist because, on
the one hand, the function of self-sealing and self-healing has developed independently several times
in the course of biological evolution in the Plant Kingdom. On the other hand, functional principles
of self-sealing and self-healing in plants can occur at various hierarchical levels (e.g., molecules,
cells, tissues, organs, and systems) both individually and in combination. Decisively, each individual
cell with its individual properties (e.g., geometry, size, shape, mechanics, etc.) is integrated into the
respective tissue and further hierarchical levels and thus contributes to the reaction of the overall
system.

The self-sealing principles of plants include mainly physical reactions such as (i) cell deformation
(e.g., squeezing of sealing cells into fissures), (ii) tissue deformation (e.g., rolling-in of dermal tissues),
(iii) deformation of entire plant organs (e.g., succulent leaves bend or contract), and (iv) discharge of
plant sap such as mucilage (e.g., cacti), resin (e.g., trees), or latex (e.g., latex-bearing plants) into the
wound region (Bauer and Speck, 2012; Anandan et al., 2018; Klein et al., 2018; Speck et al., 2018;
Hesse et al., 2020; Mylo et al., 2020). During the subsequent self-healing phase, chemical reactions and
more complex biological metabolic processes dominate including (i) coagulation of latex (e.g., latex-
bearing plants) (Bauer and Speck, 2012), (ii) local lignification of tissues (e.g., flax cultivars) (Paul-
Victor et al., 2017), (iii) formation of a (ligno-suberised) boundary layer in almost all studied plants
(Rittinger et al., 1987; Evert, 2006; Anandan et al., 2018; Mylo et al., 2020), and (iv) the development
of a wound periderm (Evert, 2006; Anandan et al., 2018; Mylo et al., 2020).

Biomimetic approaches

In the past, materials systems with a self-sealing and/or self-healing function were found exclusively
in living nature. In recent years, engineers and materials scientists have developed artificial materials
systems that can autonomously seal and heal damage, some of which even have a biological model. In
order to transfer functional principles from living organisms to technical systems, we use a systematic
and step-by-step process called biomimetics (Speck et al., 2017). In the context of this study, we use the
ISO guideline for biomimetics (ISO:18458, 2015), and distinguish between the biomimetic top-down
approach (= technology pull process) and biomimetic bottom-up approach (= biology push process).
With respect to self-repair, the aim of the technology pull process is to equip an already existing
technical product with a self-sealing and/or self-healing principle found in a biological model. Whereas
in the biology push process, a completely new technical product with self-repair function is developed.
Both interdisciplinary biomimetic approaches consist of six steps, which differ only in the first step. In
the bottom-up approach, biologists start with (1) the biological question of wound sealing and healing
in biological models, whereas in the top-down approach, engineers start with a (1) technical challenge.
After having (2) selected and investigated suitable biological models, (3) the functional principles of
self-sealing or self-healing are (4) translated into an engineer-compatible language such as numerical
or analytical models. This abstraction step (4) is the prerequisite for developing biomimetic technical
products in the framework of a (5) feasibility study on a laboratory scale, prototypes, pilot series, and
finally, a (6) market launch.
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In general, taking the decisive step from understanding the functional principle of a biological
model to applying the functional principle in technology relies on a successful abstraction. The word
abstraction comes from the Latin word abstractus and can be translated as subtracted, removed, or
separated. Thus, abstraction describes the thought process of omitting extraneous details and translating
it into something more general or simpler. In the context of biomimetics, there have been no attempts
to simply copy all of the details of the biological model, instead only aspects essential to the functional
principle have been extracted and translated into a language compatible with engineering. The results
of abstraction are, for example, numerical and analytical models, flow charts, circuit diagrams, simple
hand models, or prototypes (ISO:18458, 2015). Choosing which type of abstraction is most suitable
depends on the prerequisites of the selected model. For an analytical model, usually only a small amount
of data from the biological model is needed. In contrast, numerical models require a larger amount
of data, which must be collected from the biological model and usually must also be supplemented
with data from the literature. This can be illustrated by the example of the self-sealing principles of
Delosperma cooperi. The analytical model (Konrad et al., 2013), which models the deformation of the
whole leaf after a transverse, longitudinal, or circumferential injury, refers to the pre-stresses in the five
leaf tissues. For the analytical model, we needed the layer thickness, elastic modulus and Poisson’s
ratio for each tissue layer, thus a total of 15 values. For the numerical model (Klein et al., 2018),
which models the deformation of the entire leaf after a circumferential damage driven by shrinking and
swelling, a total of 28 values were necessary. The advantage of analytical models is the generation of
formulas that allow predictions and a tailored design for the respective technical application. Although
numerical models offer approximate solutions, they can be applied to complex geometries (Marschik
et al., 2020).

Aim of the study

The main aim of this review article is to establish flow charts as a common language understandable
by biologists and engineers to transfer functional principles of self-sealing found in plants into pro-
grammable metamaterials. In this interdisciplinary framework, transferring information from biological
research into the development of a designed materials system is challenging because researchers from
various fields differ in definitions, terms, and approaches. Therefore, we picked self-sealing as a specific
problem where we could test the feasibility of flow charts as common language.

In order to create a common language by means of flow charts, we had to answer three fundamental
scientific questions:

1. How do the self-sealing principles of our selected plant models differ?

2. Can we use flow charts as a method of abstraction to describe self-sealing processes within specific
plants?

3. What chances and challenges occur by transferring self-sealing from plants into programmable
mechanical metamaterials by means of flow charts?

In the following sections, we will answer these fundamental questions based on three biological
examples from literature, extract the underlying algorithms for self-sealing, establish flow charts
representing the algorithms following by an example and last, discuss their implementation into
programmable metamaterials.

The Section ‘State of the art of materials systems with self-sealing and/or self-healing function’
presents the results of our detailed literature research about biomimetic materials systems with self-
sealing and/or self-healing function and a summary of the engineering solutions for self-sealing and/or
self-healing principles, using different materials and mechanisms. The detailed literature review helps
to clarify the difference between the definitions and understanding of biologists and engineers for self-
sealing and self-healing functions. In addition, reviewing the biological and engineering solutions for
the self-sealing and/or self-healing function from the same point of view, reveals the new principles
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from biological models and organises the available tools in engineering to be implemented in a materials
systems, such as programmable mechanical metamaterials.

The Section ‘Methodology and framework’ briefly introduces the selected plant species with a
self-sealing function that served as biological models in this study. The novel methodology based on
structured list of questions are introduced to understand and extract detailed self-sealing processes in
biological systems.

The Section ‘Self-sealing process control flow’ introduces the flow chart of self-sealing, which is
the core of this article. The overall process control flows are provided to demonstrate the various
functional principles of self-sealing of the three selected plant models exhibiting different self-sealing
mechanisms based on hydraulics, mechanical instabilities, and sap release. The detailed flow chart
containing the steps and sequences of the self-sealing process exhibited by the three plants is provided
in the ‘Biological section’ of the control flow.

The Section ‘Available technical and engineering tools for designing programmable mechanical
metamaterials’ illustrates the available design space of mechanical metamaterials for implementation in
engineering solutions. A detailed overview of the information about the possible and available structural
and functional design of mechanical metamaterials by considering their manufacturing methods and
application fields are collected and categorised.

The Section ‘Example of generating mechanical metamaterial based on Aristolochia macrophylla
self-sealing concept’ presents an example of generating mechanical metamaterials by following the
detailed biological flow chart in Section ‘Self-sealing process control flow’ and available design space
of mechanical metamaterials categorised in Section ‘Available technical and engineering tools for
designing programmable mechanical metamaterials’. Based on the self-sealing concepts of Aristolochia
macrophylla with sealing cells squeezing into fissures to fill the gap, unit cells for circular and
rectangular patterns are designed and the behaviour of the corresponding metamaterial during the crack
closure are simulated by finite element method and the manufactured samples are tested under real
conditions.

The Section ‘Discussion’ discusses the available mechanisms and properties of the programmable
mechanical metamaterials and the potential solutions for the described self-sealing plant models, which
can be reached by using programmable mechanical metamaterials. To conclude, the difficulties of
implementing the proposed methods for self-sealing by using programmable mechanical metamaterials
systems for real applications will be discussed.

In view of the interdisciplinary nature of the publication between natural sciences and engineering,
we provide a glossary at the end of the article defining a selection of ambiguous technical terms in the
context of biology and materials science.

State of the art of materials systems with self-sealing and/or self-healing function
Biomimetic materials

In Tables 14, we present a compilation of current biomimetic materials with self-sealing and/or self-
healing function and the associated key references on the basis of a literature research. We specify
the biological model and the functional principle of self-sealing or self-healing as described in the
respective key publications. Unfortunately, these details often remain very vague. We also cannot make
any statements about what kind of abstraction (cf. Section ‘Biomimetic approaches’) took place in the
respective biomimetic material developments, as they are not explicitly mentioned by the authors. In
addition, we hypothesise the evolutionary advantage of these traits for the biological model. We have
not included all those materials systems in which organisms are directly involved in self-sealing and
self-healing, because according to our definitions (Speck et al., 2017), these would not be biomimetic
but biotechnological solutions, such as bacteria in self-healing concrete (Van Tittelboom and De Belie,
2013; De Belie et al., 2018). Some publications even do not specify a biological model at all, as the
authors consider self-sealing and self-healing to be life-like functions or capabilities. We have also not
included such materials systems in our compilation (Tables 1—4).
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Table 1. Overview of self-sealing and self-healing principles in biological models, the attributed evolutionary benefit and the biomimetic materials
systems with self-sealing or self-healing function (adapted from Speck and Speck, 2019).

Biological model

Functional principle

Attributed benefit

Biomimetic material

Key references

Extracellular
matrix

Soft living
tissues

Brick-and-
mortar
architecture
of nacre

Vascular
elements of
plant stems

Brick-and-
mortar
architecture
of nacre

Succulent
leaves of
Delosperma
cooperi

Self-sealing by deposition of
temporary extracellular matrix
(fibrin), self-healing by
formation of extracellular
proteins (collagen)

Strain-stiffening semiflexible
networks of fibrous proteins
and filaments

Sacrified bonds in organic layer

Hollow tubes with lignified cell
walls

Sacrified bonds in organic layer

Sealing of external damage by
deformation (bending or
contraction) of the entire leaf
triggered by pre-stresses of the
tissues

Influence on wound healing

Cell—cell communication, stem
cell differentiation

Damage-resistant inner layer of
some molluscs shells

Long-distance transport of water

Damage-resistant inner layer of
some molluscs shells

Prevention of dehydration,
protection against invading
pathogens

Self-assembled hydrogels based
on supramolecular host—guest
interactions with self-healing
characteristics

Self-healing hydrogels through
dynamic imine crosslinking

Self-healing ability of a resin
network with quadruple
dynamically reversible
supramolecular hydrogen
bonds

Cellular structure including
longitudinal vascular channels
for the delivery of healing
agents

Flame retardant coatings with
sensitive fire-warning response
and self-healing capability

Phase-separated polymers with
built-in shape-memory effect
leading to self-sealing and
subsequent self-healing

Jain et al. (2022)

Liu et al. (2022)

Wu et al. (2022)

Hone et al. (2021)

Xie et al. (2019)

Konrad et al.
(2013); Klein
etal. (2018);
Speck et al.
(2018); Yang
etal. (2018)
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Table 2. Overview of self-sealing and self-healing principles in biological models, the attributed evolutionary benefit and the biomimetic materials
systems with self-sealing or self-healing function (adapted from Speck and Speck, 2019).

Biological model

Functional principle

Attributed benefit

Biomimetic material

Key references

Epidermis of
human skin

Follicles of the
plant genus
Banksia

Brick-and-
mortar
architecture
of nacre

Brick-and-
mortar
architecture
of nacre

Leaves of
Nelumbo
nucifera

Brick-and-
mortar
architecture
of nacre

Living tissues
with self-
regulated
release
systems of
liquids

Sealing and healing of external
damage by a hierarchically
stratified structure of a soft
inner and a hard outer material
layer

Sealing of microfissures by a
temperature-induced melting
of waxes at the suture of the
two fruit valves

Hierarchical structure of
organic-inorganic composites

Sacrified bonds in organic layer

Wax repair by secretion of wax
and self-assembly of wax
crystals on leaf surfaces

Self-assembly

Continuous, dynamic, liquid
exchange between shell-less
droplets, matrix, and surface

Protection against invading
pathogens

Protection of seeds in the woody
fruits at temperatures below
their opening temperature by
fire

Damage-resistant inner layer of
some molluscs shells

Damage-resistant inner layer of
some molluscs shells

Protection against evaporation,
reduction of wettability,
self-cleaning with raindrops

Damage-resistant inner layer of
some molluscs shells

Liquids stored in vesicles are
involved in temporary storage
and compartmentalisation

Hierarchical coating system of
hybrid multilayers with
synergetic self-healing
function

Cuts in wood platelets were
sealed by carnauba wax

Heat-triggered composites
releasing sealant

Autonomous self-healing layers
of supramolecular polymer

Self-repairing slippery
liquid-infused porous surfaces
(X-SLIPS)

Self-healing polymers with high

dynamics bonded by quadruple

hydrogen-bonding motifs

Self-healing droplet-embedded
gel material

Xie et al. (2019)

Huss et al.

(2018a, 2018b)

Hwang et al.
(2017)

D’Elia et al.
(2016)

Wang et al.
(2016b)

Zhu et al. (2015)

Cui et al. (2015)
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Table 3. Overview of self-sealing and self-healing principles in biological models, the attributed evolutionary benefit and the biomimetic materials

systems with self-sealing or self-healing function (adapted from Speck and Speck, 2019).

8
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Biological model Functional principle

Attributed benefit

Biomimetic material

Key references

Byssal threads of Self-assembly of holdfast
marine mussels proteins
(Myrtilus sp.)

Byssal threads of Metal coordination-based cross-
marine mussels linking of holdfast proteins
(Myrtilus sp.)

Haemostasis of Delivery and reaction of healing
spongious bone agents in a porous tissue

Stems of twining liana Sealing cells squeeze into
(Aristolochia sp.) growth-induced internal tissue

fissures
Nepenthes pitcher Liquid-repellent microtextured
plants surfaces with a stable

air-liquid interface

Adhesive holdfasts of mussels
and other marine organisms
in wet environments

Adhesive holdfasts of mussels
and other marine organisms
in wet environments

Stop bleeding, preparation for
wound healing
Stop of crack propagation

Reduction of wettability,
self-cleaning with raindrops

Wet self-mending polymers,
surface-functionalised with
catechols

Self-healing, multi-pH
responsive hydrogel

Self-sealing and self-healing
concrete

Self-sealing closed cell
polyurethane foam coating
for pneumatic systems

Self-healing, slippery,
liquid-infused porous
surface(s) (SLIPS)

Ahn et al. (2014)

Krauss et al. (2013);
Krogsgaard et al.
(2013); Schmitt
etal. (2015);
Harrington et al.
(2018)

Sangadji and
Schlangen (2013)

Speck et al. (2006,
2014); Busch et al.
(2010); Rampf et al.
(2011, 2012, 2013)

Wong et al. (2011)
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Table 4. Overview of self-sealing and self-healing principles in biological models, the attributed
evolutionary benefit and the biomimetic materials systems with self-sealing or self-healing function
(adapted from Speck and Speck, 2019).

Biological
model Functional principle  Attributed benefit Biomimetic material ~Key references
Latex- Self-sealing by Defence against Self-healing Bauer et al.
bearing discharge of latex, herbivorous elastomers for (2010, 2014);
plants self-healing by insects, killing of dampers Nellesen et al.
latex coagulation invading (2011); Bauer
pathogens and Speck
(2012);
Schiissele
etal. (2012)
Waxy Superhydrophobicity ~ Self-healing of wax  Self-healing Lietal. (2010)
surfaces by regenerating layer, protection superhydrophobic
of plant the epicuticular against coatings
leaves wax layer evaporation,
Lotus) reduction of
wettability,
self-cleaning
with raindrops
Haemostasis Delivery and reaction Transport of blood  ‘Bleeding Pang and Bond
and bone of healing agents through the veins composites’ for (2005a,
healing to wounds aerospace 2005b); Trask
applications and Bond
(2006);
Norris et al.
(2011);
Luterbacher

etal. (2016);
Cohades et al.
(2018)

Self-sealing and/or self-healing in technology

Tables 5—10 summarise the engineers’ solution of self-sealing and/or self-healing principles, various
materials, and/or technologies. As described above, the longer-lasting self-healing phase occurs after
rapid self-sealing. In Tables 5—10, we attempted to summarise the result of our literature research for the
self-sealing phase. In the past, engineers did not clearly differentiate between self-repair, self-sealing,
and self-healing. Therefore, the authors had to interpret the published results and used the definitions
provided in Section ‘Definition and quantification of self-repair, self-sealing, and self-healing’ (for
details, see also Speck and Speck, 2019) when assembling these tables. However, how to achieve further
significant breakthroughs in self-sealing and/or self-healing has been a major issue for engineers to
consider in recent years.

Designing self-sealing into programmable mechanical metamaterials

Studies to date reveal that all of the mechanisms of self-sealing and self-healing found in different plants
are complex, coordinated, and have processes based on their hierarchical and modular organisation.
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Table 5. Overview of self-sealing principle, various materials, and technologies.

Materials What kind of Sealing
problem has Inducing Trigger or or healing  Structural  Functional Key
been solved?  Mechanisms  Technology crack conditions time recovery recovery references
Polymers Stop air Expansion of  Polymer Specimen is ~ Water The instant Punctured  No air leakage Nagaya et al.
leakages in polymer particles pierced by nail is part was (nail (2006)
the tire particles expand with  a nail removed repaired diameter is
coolant less than
fluid 4.2 mm)
Micro-capsule Prevent the Plan weave Cyclic inden- 30°C Overnight  67% No leaking Moll et al.
formation E-glass tation (2010)
of epoxy
microcracks composite
due to the
thermal
fatigue
Cementitious Close the Intrinsic self-  Swelling of Tensile Water 1 htoabout Fillsasig- Peak flowrate Lee etal.
materials crack and sealing; use SAP splitting 5 days nificant and (2016)
improve the of superab- using the portion of  cumulative
water sorbent loading the crack flow
tightness polymers device (0.3 mm) decreased
85% and

98%

01
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Table 6. Overview of self-healing principles, various materials, and technologies.

Materials What kind of Sealing
problem has Inducing Trigger or  or healing Structural Functional Key
been solved? = Mechanisms Technology crack conditions  time recovery recovery references
Protect the Interchain Soft poly The polymer 45°C 30s Scratch is A high degree  Puneet et al.
corrosion of  diffusion (borosilox- film was healed of corrosion (2018)
metal ane) then protection is
surface scratched provided
Enhance the Phase-separated RURP fibres 100-m deep  65°C 10 min Cut vanishes  Strain (35.8%) Yang et al.
material’s morphologies cut and stress at (2018);
sustainabil- break Wang and
ity (52.5%) Urban
partly (2020)
recovered
Polymers Macro-scopic  Shape memory  Mechanically Manually 25°C and 40 min Mechani-cal ~Mechanical Hornat and
wound effect robust ther- damaged 50% and damage of properties Urban
healing moplastic by making relative 24 h fibres of TPU (2020)
without polyurethane  scratches humidity visually fibres with
external fibres and vanishes MW72 kDa
intervention films are
completely
recovered
Autono- Covalent Polymers Cut with a Wetted with 24 h Scars had Mechanical Imato et al.
mously rebonding cross-linked razor blade a small almost dis- property (2012)
self-heal amount appeared recovery of
under mild of DMF 70-90%
conditions
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Table 7. Overview of self-healing principles, various materials, and technologies.

Materials What kind of Sealing
problem has Inducing Trigger or or healing Structural Functional Key
been solved?  Mechanisms Technology crack conditions time recovery recovery references
Lack H-bonding Supra- Cut the Room 12h Scratches Electrode Yan et al.
self-healing molecular polymer temperature almost recovered (2018)
ability of polymer specimen totally and healed
thine film materials with disappeared stretch
electrodes scissors ability of
90%

Polymers Self-heal Guest-host Supra- Cutin half UV irradiation 1 min Two pieces Totally Chen et al.
quickly chemistry molecular re-joint into recovered in (2014)
within only polymer one piece shape and
1 min in air hydrogel rheological
without any properties
additive (1 h)

Improve the Metal-ligand Polymeric Cut into Room 2 days Ruptured Healing Rao et al.
devices’ coordination dielectrics pieces temperature surface was efficiency (2016)
lifetime cross-linked with a completely of 76 +22%

through razor healed
metal-ligand blade

coordination
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Table 8. Overview of self-healing principles, various materials, and technologies.

Materials What kind of Sealing
problem has Inducing Trigger or  or healing  Structural Functional Key
been solved? Mechanisms  Technology  crack conditions  time recovery recovery references
Close the crack  Continued Blast furnace  Artificial Saturated 200 h Artificial - Huang
for blocking hydration slag planner Ca(OH), gap with et al.
the gaps, solution 10 m can (2014);
ingression of instead reach De Belie
aggressive of real about et al.
agent cracks 60% (2018)
Cementitious Reduce or even Calcium Blast furnace  Four-point  Water/air 28 days Cracks Deflection Qian et al.
materials eliminate the carbonate slag and bending (10-60 capacity (2009)
maintenance crystals limestone test m) fully after
needs of civil (CaCOs) powder healed self-healing
infrastructure can recover
about
65-105%
Instead of Use of Expansive Four-point  Tap 28 days Crack Deflection Sisomphon
hydration crystalline additive bending water/air widths capacity had et al.
products, to admixtures and test; were recovered (2013)
close the crystalline crack: obviously about 150%
large cracks additive 10-50 m decreased
of concrete
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Table 9. Overview of self-healing principles, various materials, and technologies.

Materials What kind of Sealing

problem has Inducing Trigger or or healing Structural Functional Key

been solved?  Mechanisms Technology crack conditions time recovery  recovery references

Improve the Use of mon- Shrinkable Three-point ~ 90°C 18 h+48 h Crackis  Recovered on Isaacs et al.
durability of ~ SAP polymer polymer bending no average 80%  (2013)
reinforced additions tendons test; a longer of initial
concrete central 3 visible peak loads
design mm deep

notch was
cut
Cementitious Reduce the gas Macro Release Uniaxial Mechani- 3 days/30 Bonding Decrease in the Yang et al.
materials permeability  encapsulation  healing compression  cal days the permeability  (2011)

of hydrated agent and stress crack coefficient
cement catalyst faces 50.2-66.8%
mortar
composite

Offered larger Macro Glass Bending test ~ Water 28 days Crack Reductionin ~ Kanellopoulos
amount of encapsulation  encapsulated area both etal. (2015)
repairing minerals closure sorptivity
agent (85— and intrinsic
compared 100%) gas
with micro- permeability
encapsulation (18-69%)
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Table 10. Overview of self-healing principles, various materials and technologies.

Materials What kind of Sealing
problem has Inducing  Trigger or or healing Structural Functional Key
been solved? Mechanisms Technology crack conditions time recovery recovery references
Cementitious Repair the cracks ~ Vascular Hollow glass  One-third  Crack 5 days Crack Strength Sun et al.
materials in the reinforced based fibre with point propagation re-bonded recovery (2011)
concrete bridges self- repair agent loading together rate more
healing than 50%
Heal cracks in Bacteria Bacterial Three- Water 40 days Completely  Capillary Wang et al.
concrete more spores CaCOs pre- point fill the water (2012)
environmentally cipitation bending cracks absorption
friendly test (0.15-0.17 70%
mm)
Metals Heal the Localised Expelling Tension Electro About Micro-cracks Recovery of  Song et al.
microscopic energy absolutely pulsing 400 s are com- strength (2017)
defects in metals field currents to stimuli pletely 96%
TC4 alloy healed
Part Shape Heat treatment Tension 592°C 24 h Crack Over 90% Fisher
replacement memory pairs SMA- closure strength et al.
alloy induced recovery (2018)
crack
closure
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This is true for both internal and external wounds (cf. Section ‘Selected plant models with a self-sealing
function”). From a material scientist’s point of view, plants can be regarded as materials systems that
consist of a multitude of tissues, which in turn, are composed of cells. Although the cell walls of
plant cells are formed from a limited number of components (e.g., pectins, cellulose, hemicellulose,
proteins and in some cases also lignin), they exhibit an astonishing range of mechanical properties and
functions. However, because of this structure, plant tissues are not considered simple materials, but
rather are structural materials (Wegst et al., 2015). In computer science the above-mentioned processes
are established in form of algorithms. In classical materials, algorithms are rather difficult to implement
because there is no framework to physically encode them into the system. However, in programmable
mechanical materials, this is made possible and may be the way forward towards engineering self-
sealing into applications.

Mechanical metamaterials are human-made materials structured on a mesoscopic level and exhibit
mechanical properties that cannot normally be found in natural or conventional materials (Rafsanjani
et al., 2015; Kelkar et al., 2020). Such extraordinary mechanical properties include bistability, tunable
stiffness, vanishing shear modulus in pentamode structures, negative compressibility, negative thermal
expansion and auxetic behaviour, etc. Mechanical metamaterials are divided into the following
categories: strong-lightweight, pattern transformation with tunable stiffness, negative compressibility,
pentamode metamaterials, and auxetic metamaterial (Specht et al., 2020). Mechanical metamaterials
increase the design space of artificial materials, where the materials volume is so finely resolved, in the
form of a unit cell, that the volume itself acts under static or dynamic loading like a continuum. The
exceptional mechanical properties of mechanical metamaterials can be attributed to the geometry and
connection of the unit cells, rather than the composition of the material (Fischer et al., 2020). From an
overall view, a mechanical continuum appears to be in action through the concerted reaction of the unit
cell system (Fischer et al., 2020).

Programmable materials provide a framework for implementing algorithms through mechanical or
molecular mechanisms. Mechanical metamaterials with programmable functions can enable the inte-
gration of conditional behaviours into artificial functional materials systems. Programmable mechanical
metamaterials will allow us to integrate tunable functions and logical conditions (e.g., if condition)
into materials. Even their fabrication, properties and functionalities can still be modified (Specht et al.,
2020). The advantage of using programmable mechanical metamaterials is that a logical framework
can be constructed to realise complex functions and mimic the reaction of living materials systems to
damage. Therefore, there is a possibility that they could be designed for specific topology, nonlinearity,
and geometry to drive the further realisation of programmability for self-sealing (Coulais et al., 2018).

In other words, mechanical metamaterials greatly support programmable mechanical metamaterials
in the design space. For instance, the programmable mechanical metamaterials which have been
developed thus far consist of a hierarchically auxetic unit cell with the logical condition (Berwind
et al., 2018). As a result, reversible and nonlinear functions can be achieved. Therefore, we are in
reach of enabling more life-like self-sealing in engineering applications through the programmable
mechanical materials with built-in logical conditions, for example, flexibility to adjust strategies
for dealing with damage. Biological models are able to provide inspiration to make programmable
mechanical metamaterials accessible for potential applications in self-sealing and manage the damage
independently and actively.

Methodology and framework
Selected plant models with a self-sealing function

We selected three plant species, which have served as models for the development of bio-inspired self-
sealing products in previous studies. Delosperma cooperi N.E.Br. (hereafter D. cooperi) belongs to the
Aizoaceae family and is native to highland regions in South Africa. Xeromorphic adaptations to the
dry-winter climate include succulent leaves, which can store water, and rapid self-sealing of external
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damage by deformation of the entire leaf, which prevents dehydration (Hesse et al., 2020). Aristolochia
macrophylla Lam. (hereafter A. macrophylla) belongs to the plant family Aristolochiaceae and is native
to eastern United States. Self-sealing of internal damage in the stems takes place by parenchymatous
sealing cells that squeeze into growth-induced fissures of the ring of strengthening tissue (Busch et al.,
2010). Euphorbia tirucalli L. (hereafter E. tirucalli) belongs to the latex-bearing family Euphorbiaceae.
It is a succulent, hardy green shrub native to semi-arid regions of Africa. External damage is sealed by
the discharge of latex. In some cases, the stems remained in the state of a permanent latex plug, in other
cases, subsequent healing took place by the formation of a boundary layer of lipophilic substances
(Anandan et al., 2018).

Structured list of questions

As noted, the greatest challenge in transferring principles and concepts between biological models and
technical applications is the lack of a common language. Transferring the self-sealing ability from
plants into metamaterials requires first an understanding and an ability to decipher the functions and
underlying principles of self-sealing in the selected plants. Therefore, we first needed to create an
intimate understanding of the biological model. To do so, we generated a list of questions to collect
detailed data about the three selected plants which serve as our materials in this article. These questions
were devised by engineers and were aimed towards biologists. The questions aim to uncover the data
required for designing programmable mechanical metamaterials with desired functions such as self-
sealing. More specifically, in the context of this study, the questions aim to interpret the geometric,
anatomical and mechanical properties, and functional principles of the selected biological models
before, during and after the sealing process. To have solid information about the entire detailed self-
sealing process of the selected plants, the questions are divided into three main sections: ‘Inputs’,
‘Operations’ and ‘Outputs’. It is worth noting that the changes during the self-healing phase were
ignored and we only considered the results which occurred during the self-sealing phase in the
questions.

A. Inputs
The first set of questions target the most general and initial information about the geometric,
anatomical, and mechanical properties of the plants. The questions in the ‘/nputs’ section aim to
extract detailed information of the intact plant (before damage) from an engineering point of view.
The resulting information from this set of questions would fulfil the essential information for sketch-
ing the structural characteristics of the corresponding programmable mechanical metamaterial. The
questions are formulated as follows:
A.1 What are the structural characteristics of the plant when it is intact?
A.1.1 What is the dominant geometry of the inner structure?
A.1.2 Which tissue patterns do we find?
A.1.3 How is the connection between different cells?
A.1.4 Which material phases are involved?
A.2 What are the mechanical properties of the plant material and tissue?
A.2.1 How is the mechanical behaviour of the plant material and tissue?
A.2.2 How deformable is the plant material and tissue?
A.3 What are the size scales in the plants?
A.3.1 What is the size scale of the responsible structure for sealing?
A.3.2 What is the maximum size of damage which the plant can seal?
A.3.3 What is the size of the smallest part of the responsive structure?
B. Operations
The second line of questioning targets the ‘Operations’ of the plants. This means it focusses
on the actions the plants perform to cope with the incoming damages and the corresponding
mechanisms for these actions. An action in this section is considered to be everything that occurs
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from preparing to deal with the damage to the end of the self-sealing process. The questions in the
‘Operations’ section aim to extract the details of the changes that occur during the sealing procedure
and discover what is mainly causing these changes. This detailed knowledge can be utilised to
organise and program the functional behaviours of the mechanical metamaterial to produce a
programmable mechanical metamaterial with self-sealing capability. The questions are formulated
as follows:
B.1 What kind of preconditions must be created, so that the plant can react to damage?

B.1.1 What is the energy source that the plant uses for the self-sealing process?

B.1.2 How does the plant store energy for the self-sealing process?

B.1.3 What kind of materials does the plant use for the self-sealing process?
B.2 What changes are happening during the self-sealing process?

B.2.1 Are there any structural changes in the plant?

B.2.2 Are there any movements (change of position or transport of liquid) happening inside

the plant?

B.3 What are the main reasons for the initiation of the changes for self-sealing processes?

B.3.1 What is the reason for local/global structural changes in the plant?

B.3.2 Why do the movements occur inside the plant?

C. Outputs
The last line of questions targets the final results and outcomes in the sealed state of the plants. In

addition, it collects the time scales and speed of the whole self-sealing process from the ‘Operations’
section. The questions in the ‘Outputs’ section to evaluate the self-sealing process and observe the
final results are the following:
C.1 What are the temporary changes after self-sealing process?

C.1.1 What are the results of self-sealing on the functionality of the plant?

C.1.2 How fast is the self-sealing process done?

C.1.3 What are the results of the self-sealing on mechanical properties of the plant?
C.2 What are the permanent changes after the self-sealing process?

C.2.1 What are the results of the self-sealing process on the structure of the plant?

The chart of the designed list of questions with examples of possible targeted answers has been
presented in Figures S1-S3 of Supplementary Material.

Self-sealing process control flow
Introduction of the flow charts

The flow chart (Figure 1) illustrates the general process of the entire sealing system. It also expresses
simple conditional control statements to classify the different sealing conditions while coping with
inflicted damages. As the initial phase of the entire process, it is necessary to determine whether the
whole system needs to close the crack. If the damaged area does not need to be closed or the damage
size is too large to be closed, other concepts of dealing with damage come into play such as guiding
the crack path, increasing fracture toughness, or generally preparing the materials system beforehand to
resist against crack propagation and failure of the whole materials system (Cox et al., 2019; Tao et al.,
2022). For this reason, the severity of damages should be considered. In the case of severe mechanical
damage, guiding crack initiation and propagation may be able to reduce the negative effects of the
cracks and may even avoid catastrophic damage. On the other hand, it will follow the mainline to
the next step for most of the cases with moderate mechanical damage. And then, one can determine
whether or not the crack needs to be closed. When the crack closure is needed, then it starts to enter
the sealing systems. The entire sealing process according to their dependency on external energy or
material can be divided into the self-sealing and sealing system, which depends on whether the reaction
and triggering system is spontaneous or not. The following subsection describes the flow charts for
self-sealing systems and the available tools for triggering mechanisms within engineering.
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Can the
damage be
sealed?

Concepts to deal with cracks
or concepts to keep cracks

sub-critical
Sealing systems
Autonomous
reaction?
Self-sealing system Manually triggered

Biological models systems

Figure 1. A flow chart illustrating the general process of the entire sealing systems.

We present the results from our first fundamental question, first scientific question ‘How do the self-
sealing principles of our selected plant models differ?’, in Sections ‘Delosperma cooperi’, ‘Aristolochia
macrophylla’, and ‘Euphorbia tirucalli’ and in Figures 2—4.

The list of questions, introduced in Section ‘Structured list of questions’, was implemented then to
extract the detailed described three steps of the process flow chart. The questions were answered with
the assistance of a biology expert and by completing a detailed literature review focussing specifically
on the selected biological models. The answers for the questions are either directly extracted from
the literature or inferred from the results and explanations of the research. The final detailed answers
to the questions are presented in Figures 2—4 in three sequential sections: ‘Inputs’, ‘Operations’,
and ‘Outputs’. The answers to the questions in the ‘Imputs’ section were mostly extracted from
anatomical description and mechanical response of the corresponding plant from different size scale
perspectives. These answers reveal the required qualitative and quantitative information for designing
and manufacturing the corresponding programmable mechanical metamaterial. The plant material
characteristics on a small scale, such as cell walls, define the mechanical properties of the base/bulk
material of the corresponding mechanical metamaterial. The same material characteristics in larger
scales (e.g., plant leaf) represent the metamaterial target mechanical properties which is the main aim in
designing the unit cells. All of the metamaterials are based on the tessellation of periodic or non-periodic
unit cells. Therefore, it is beneficial to have insight into the cellular geometry, shape, and connectivity of
hierarchical cellular patterns of the inner structures of the plant. This is because it can offer inspiration
for the fundamental design of the unit cells of the metamaterial so that it can provide similar mechanical
characteristic as the plant. The final important aspect that the questions aim to explain is the size scale.
This plays a very critical role in selecting the appropriate manufacturing technique that would be able to
produce the designed mechanical metamaterial structure. The smallest and largest size scales collected
from the responsible structure of the plant represents the maximum resolution and capable production
volume of the manufacturing technique.

The descriptive responses to the key questions within the ‘Operations’ section are derived from
the changes which happen during the gradual growth of the plant, as well as the behaviour of the
plant during the self-sealing process. These answers evoke the needed actions and their underlying
mechanisms that should be implemented in the designed mechanical metamaterial to program and
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cooperi Process

1 1
D IWhat are the structural characteristics of the plant when it is intact? 1
D 1 - Cylindrical body with circular cross sections 1
- Scattered tissues through the entire cross section I
1 - Cells are connected along the cell walls
D 1 - Two phase material: liquid(water) and solid cell walls 1
IWhat are the mechanical properties of the plant material and tissue? |
1 - Almost linear elastic material behaviour !
1 - Isotropic material property in cross sectional plane 1
1 - Relatively soft and flexible material 1
Iwhat are the size scales in the plants? !
1 1
1 - Sealing responsible leaf size of 40 mm ~ 50 mm 1
- Sealing responsible tissue size of 0.01 mm ~ 0.72 mm I
1 - Crack size should be around 65% of leaf radius
1 (Three tissue layers) 1
1 - Smallest responsible structure size: 1. Cell diameter (77um) 1
1 2. Cell wall thickness (0.42um) - 3. Porosity (1 .01e-18mm2) 1

R

What kind of preconditions must be created, so that the plant can react
to damage?

- Utilizing mechanical energy for sealing process

- Storing energy as elastic prestresses in cell walls
- Storing energy as hydrostatic pressure inside cells
(Turgor pressure 0.11~0.14 MPa)

What changes are happening during the self-sealing process?

- Locally squeezing of cells
- Globally bending of entire leaf
- Water movement through the plant cells

What are the main reasons for the initiation of the changes for self-
sealing processes?

-Reasons of structural changes:

1. Destruction of mechanical equilibrium - 2. Hydraulic pressure
gradient

- Reasons of movements in plant:

1. Pressure gradient - 2. Evaporation from damage zone

- 3. Tissue Permeability - 4. Cells reflection coefficient
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omsd |
1 ) 1
IWhat are the temporary changes after self-sealing process? I

1 - Results on functionality: 1. Reduction of water loss - 2. Stop 1

1 damage propagation - 3. Prevent further infection 1

1 - Time scale: about an hour (60 minutes) 1

: - Results on property: weakened elastic properties :

|What are the permanent changes after the self-sealing process? 1
“ 1 - Permanent structural changes: Kinking of the entire leaf 1

1 1
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Figure 2. The answers of the questions for Delosperma cooperi plant.

organise it to yield the desired behaviour and function. The most important factors that allow plants to
quickly and efficiently self-seal any damage are the concept of energy management, energy type, how
it is stored and distributed in the plant, which includes, for example mechanical or chemical energy, the
location of the stored energy, the magnitude of the energy, etc.
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[ IWhat are the structural characteristics of the plant when it is intact? 1 | ]
L 1 - Cylindrical body with circular cross sections 1 B
- Closed ring of strengthening tissue in the periphery 1 |
1 - Cells are connected along the cell walls
[ 1 - Two phase material: liquid(water) and solid cell walls 1 |
|What are the mechanical properties of the plant material and tissue? 1 1
i 3
[ 1 - Viscoelastic material behaviour 3
[ 1 - Isotropic material property in cross sectional plane 1 L
| 1 - Relatively soft at inner structure 1
L I - Stiff at outer shell 1 |
IWhat are the size scales in the plants? 1 1
: I L
[ - Sealing responsible stem diameter of 3~4 mm 1 g
[ - Small fissure in the sclerenchymatous ring L
1 - Smallest responsible structure size: 1. Cell diameter (77um) - I
1 2. Ratio of perimeter to cross-sectional 1 |
[ I area of cells (161 + 39 [1/mm]) 1 |
What kind of preconditions must be created, so that the plant can react 0
[ to damage? 3
- Utilizing mechanical energy for sealing process 1
[ - Chemical energy for "plastification" l
- Storing energy as radial stresses and strains u
] - Storing energy as hydrostatic pressure inside cells
[ (Turgor pressure 0.3 MPa) 1
What changes are happening during the self-sealing process? 1
[ - Cell shape change (Plastic deformation by expanding N
[ to irregular shapes) —
- Decrease in cell wall thicknesses L
[ - Movement of cells surrounding the fissure A
What are the main reasons for the initiation of the changes for self- 1
L sealing processes? )
[ - Reasons of local structural changes: —
1. Releasing the compression prestresses - 2. Pressure change |
- Reasons of movements in plant: Traction free area at fissure A
[_ surfaces |
N AP
[ O |What are the temporary changes after self-sealing process? 1 B
- Results on functionality: 1. Restoration of sclerenchyma ring - 2.
1 Results on functionality: 1. Restoration of scl hyma ring - 2.1 1
[ 1 Stop damage propagation 1 |
[ 1 - Time scale: Within a few seconds 1 B
1 1 u
[ - Results on property: weakened elastic properties 1 A
| IWhat are the permanent changes after the self-sealing process? 1 3
1 1
L - Permanent structural changes: 1. No large-scale change - 2.
o 1 Small-scale different cell shape and cell wall thickness in 1 )
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Figure 3. The answers of the questions for Aristolochia macrophylla plant.

The biological model approach towards providing and using energy should be the same as the one
implemented into the programmable mechanical metamaterial for providing energy for the required
actions for the sealing mechanism. The mechanism which initiates the self-sealing process in plants
is the other key factor that defines the triggering system category and its process in programmable
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- Scattered tissues through the entire cross section
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- Three phase material: 1. liquid (Latex) - 2. solid cell walls -
1 3. Rubber particles
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- Elastic material behaviour
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IWhat are the size scales in the plants?

- Sealing responsible stem diameter of 2 cm

- Crack size is around 1/3 of stem radius

- Smallest responsible structure size: 1. 15 ~ 21 micrometre
laticifers - 2. Cell wall thickness (1.5 ~ 3 micrometre) - 3. Rubber
particle diameter (0.3 pm ~ 0.51 pm)

What kind of preconditions must be created, so that the plant can react
H to damage?

- Utilizing mechanical energy for sealing process

D - Storing energy as hydrostatic pressure inside cells
(Turgor pressure 0.8 MPa)
- Chemical energy for coagulation

D What changes are happening during the self-sealing process?
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- Rupture of laticifers

- Burst of cells sap

- Spread of protein rubber particles

- agglomeration of rubber protein particles

- -

What are the main reasons for the initiation of the changes for self-
sealing processes?

- Reasons of local structural changes: Failure of the laticifer walls

D - Reasons of movements in plant: 1. Movement of protein J
particles due to latex discharging - 2. Latex movement due to

D pressure drop ]

D |What are the temporary changes after self-sealing process? 1 ]
1 - Results on functionality: 1. Reduction of latex loss - 2. Prevent I

H 1 further infection 1 ]

U 1 - Time scale: Within a few minutes I ]
1 1 )
1 - Results on property: Weakened elastic properties according to 1

D ! damage direction i J

D |What are the permanent changes after the self-sealing process? 1 1

1 1 - Permanent structural changes: 1. No large-scale change - 2. 1 »

. 1 Locally coagulated transparent latex 1 q
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Figure 4. The answers of the questions for Euphorbia tirucalli plant.

mechanical metamaterials. After damage has been applied, the local structural changes happen during
the sealing procedure, and the main causes for these changes specify the target local behaviour of
the unit cells. On the other hand, the global changes in plants structure defines the global behaviour
of the corresponding metamaterial, which is a result from the concerted interaction of the unit cells

https://doi.org/10.1017/pma.2023.11 Published online by Cambridge University Press


https://doi.org/10.1017/pma.2023.11

Programmable Materials 23

with each other. The structural changes and motions of the plant on all hierarchical levels have to be
directly reflected in the target structural behaviour of the metamaterial and its unit cells. On the other
hand, the causes of these local and global changes describe the boundary and loading conditions of the
programmable mechanical metamaterials, which are also necessary for designing the corresponding
unit cells.

The evaluation of the final outcomes and sealing efficiency (Mylo et al., 2020), extracted from the
responses to the questions within the ‘Outputs’ section, gives the opportunity to define the quality
and usability of the final designed programmable mechanical metamaterial for a specific application.
Comparing the final condition of the plants after completing self-sealing to their initial conditions,
in terms of the mechanical properties and functionality, clarifies the effectiveness of the sealing
mechanism that the selected plant models use for coping with damages. This evaluation illuminates
the possible application fields for the corresponding programmable mechanical metamaterials, which
is designed based on the self-sealing concept of our biological model. In addition, the temporary
and permanent changes of the plants made by the sealing mechanism, add other restrictions to
the application field of the designed programmable mechanical metamaterials, which needs to be
considered and enhanced in the next steps of development. Not least of all, the different time scale of the
sealing procedure for each biological model, which due to their specific sealing mechanisms, exhibits
a huge impact on the scalability and applicability of the programmable mechanical metamaterials with
equivalent sealing mechanism.

The answers from the three sections reveal some overlapping components for the selected biological
models as well as some exclusive and unique factors for each plant model. The overlapping qualities
are considered incommon features of the biological models, which should be implemented directly
as basic components of the aimed programmable mechanical metamaterial. By looking at the ‘Input’
box, which is presented in the first row (red boxes) of the process control flow in Figures 2—4,
one can see that all of the selected plant models have a similar cylindrical geometry with circular
cross-sections. In addition, the plant tissues, which consist of hierarchically interconnected cells, are
symmetrically distributed across the cross-section (Busch et al., 2010; Anandan et al., 2018; Speck
etal., 2018) and generate transversely isotropic behaviour in large-scale mechanical response. Although
these characteristics would directly affect the design of the mechanical metamaterial, they were not
considered a limitation of the design. In general, mechanical metamaterials, due to their symmetrical
unit cells in two or three dimensions, in conjunction with their periodic boundary conditions, are able
to provide orthotropic mechanical properties in a different geometrical manner. On the other hand,
according to the information that was collected in ‘Outputs’, which is presented in the last row (blue
boxes) of the process control flow in Figures 2—4, all of the selected biological models are not able to
recover the mechanical properties of the intact state and this limitation also is generally applied to the
corresponding mechanical metamaterials.

The differing and individual features of the plant models were transferred to a flow chart to
generate a cascade of information from the initial condition, followed by the actions which led to
the final condition of the self-sealing procedure for different plant models with distinct self-sealing
mechanisms. The flow chart of the self-sealing processes (otherwise called self-sealing systems),
which organises the most significant elements and important factors of each process, was created
from the detailed answers of the questions and presented in Figure 8. In the following subsection,
the generation of blocks for the flow chart from detailed answers of questions are described for
each plant model. To define these blocks, each main step (‘/nputs’, ‘Operations’, and ‘Outputs’) has
been broken down into smaller and manageable sub-steps, which is achievable with the available
engineering solutions especially mechanical metamaterials. It is important to mention that the sub-
steps (flow chart building blocks) should be defined independently but be connected to each other
in parallel, which enables different features and characteristics to work together to fulfill the aim
of the corresponding main step (‘Inputs’, ‘Operations’, and ‘Outputs’). The analogy from infor-
matics would be to identify generalisable code segments and algorithms as classes in programming
languages.
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Figure 5. Self-sealing principle of the succulent leaves of Delosperma cooperi based on mechanical
pre-stresses in the five centripetally arranged tissue layers with various thickness layer. (a) Unstained
microscopic image of a transversal section. (b—e) Schematic drawings showing (b) a transversal section
and (c—e) longitudinal sections of adult leaves. (a—c) Sections depict intact leaves. (d) Leaf damaged
in longitudinal or transversal direction (lightning arrow) resulting in a bending deformation (dark
arrows). (e) Leaf damaged in circumferential direction (lightning arrows) resulting in a contraction
deformation (dark arrows). Epidermis with window cells (ep), net of peripheral vascular bundles
(nvb), and central strand of vascular bundles (cvb) are under pre-tension. Chlorenchyma (ch) and
hydrenchyma (hy) are under pre-compression. The tissues and cells in the schematic drawings are not
drawn to scale. Adapted from Konrad et al. (2013) and Speck et al. (2018).

Delosperma cooperi

Self-sealing in the succulent leaves of D. cooperi is secured by two functional principles: (1) hydraulic
shrinking and swelling is the main driving forces and (2) growth-induced mechanical pre-stresses in
the tissues that can speed up the self-sealing motion (Konrad et al., 2013; Klein et al., 2018; Speck
et al., 2018). In general, all plants store energy by creating a hydraulic over-pressure (turgor) through
their cell sap inside the plant cell, whose semipermeable cell membrane is surrounded by a rigid cell
wall. Since all cells are interconnected, they form tissues that store energy by being either under pre-
tension (e.g., epidermis, fibres, and vascular bundles) or pre-compression (e.g., parenchymatous tissues
such as chlorenchyma, specialised for photosynthesis, and hydrenchyma, specialised for water storage).
Prerequisites for the self-sealing motion of the intact leaf of D. cooperi are the established equilibria
of turgor-induced pressures and mechanical pre-stresses in the centripetally arranged tissues, which
are destroyed by the damage (Figure 5). Starting with local effects at the wound site (e.g., rolling-
in of the wound edges, loss of a water droplet), a global effect (e.g., deformation of the entire leaf)
can be observed. These global effects arise from the hydraulic process resulting from both the tissue
permeability to water and the relative permeability of a cell membrane to solutes (reflection coefficient)
(Klein et al., 2018), and from the mechanical instability resulting from the continuous transitions
between the individual cells of the various tissues (Konrad et al., 2013).

After the leaves of D. cooperi have been damaged, the self-sealing procedure starts and curtain
actions take place sequentially resulting in a closure of the injury. The closing procedure is triggered
by the disruption of both equilibria in the materials systems, which were in the stable minimum energy
level in its intact state. The new condition after damage creates a hydraulic pressure gradient inside the
interconnected cellular structure of the plant leaves. Immediately after the injury, a drop of water comes
out of the wound. Water loss increases with higher values of tissue permeability leading to a faster and
more pronounced injury closure. Furthermore, small values of the reflection coefficient lead to a more
pronounced water loss, whereas high values of the reflection coefficient result in a faster and more
pronounced incision closure (Klein et al., 2018). In addition, disrupting the mechanical equilibrium by
cutting individual tissues, which are either under pre-tension or pre-compression, leads to a deformation
(e.g., bending and contraction) of the entire leaf until a new equilibrium is established on the basis of
the remaining undamaged tissues (Konrad et al., 2013).
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Figure 6. Self-sealing principle in the liana stems of Aristolochia macrophylla based on self-sealing
cells. Panels (a) and (b) are schematic drawings. (a) Transversal section of a one-year-old stem with
a closed ring of sclerenchyma tissue (sc). (b) Two-years-old stem with increased conducting tissue (ct)
that results in several ruptures (ru) of the sclerenchyma ring. (c) Microscopic image showing a cortical
sealing cell (asterisk, highlighted in colour) squeezing into a fissure of the sclerenchyma ring. (ru)
rupture in the sclerenchyma ring, (sc) sclerenchyma ring, (pi) pith, (ct) conducting tissue consisting of
phloem and xylem, (co) cortex, (ep) epidermis. The tissues in the schematic drawings are not drawn to
scale.

The final resultant conditions of the self-sealing procedure of D. cooperi can be observed as a
large hydraulically and mechanically driven deformation of the entire leaf. This deformation brings
the two surfaces of the crack together to close the gap in the wounded area, which prevents dehydration
and protects against invading pathogens. Since the whole self-sealing process takes place within
approximately an hour and the entire leaf contributes to the self-sealing mechanism, it is categorised
in the ‘slow time scale’ and ‘large size scale’ categories compared to the mechanisms of the other
biological models.

Aristolochia macrophylla

The initial conditions of the A. macrophylla plant show a hierarchical multi-cellular structure. One-
year-old stems posses a central parenchymatous pith, separated areas of vascular tissue, and a peripheral
closed ring of sclerenchyma embedded in an inner and outer parenchymatous cortical layer (Figure 6a).
Energy is stored by means of turgor pressure in the parenchymatous tissues and by means of mechanical
elastic energy as radial and tangential stresses and strains in the soft and strengthening tissues,
respectively.

The self-sealing process of A. macrophylla starts in two-years-old stems with an increase in
vascular tissue caused by the additional growth ring, which by its location within the closed peripheral
sclerenchyma ring leads to its rupture (Figure 6b). This destruction of the stress equilibrium leads to
a fast internal reaction of the adjacent parenchymatous cortex cells. Since the cell walls are under
high compressive stresses immediately after the formation of a fissure in the internal tissues, a stress
(or strain) gradient is distributed around the damaged area. The fracture in the tissues creates a small
traction area at the damaged zone (crack surfaces), which facilitates the soft cells around the crack
surfaces to deform in specific directions to fill the gap of the crack (Figure 6¢). As neighbouring
cells deform into irregular shapes, the cell walls are stretched and their thickness decreases (Busch
et al., 2010). The turgor pressure of the neighbouring cells accelerates the procedure of swelling and
deforming of the sealing cells.

Finally, after the adjacent parenchyma cells have expanded and squeezed into the crack, they
obtain irregular shapes as a result of initial elastic/visco-elastic deformation and subsequent plastic
deformation that stabilises the new stress status. Subsequently, in the self-healing phase, the walls of
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Figure 7. Self-sealing principle of stems of Euphorbia tirucalli based on latex release. Schematic
drawings showing transversal sections of (a) an intact and (b) an injured stem. (c) Transversal
thin-section stained with Acridine orange that highlights lignified structures in bright yellow. (b,c)
Immediately after the damage latex (la) fills the gap and can produce a permanent latex plug at the
surface. (sc) sclerenchyma, (pi) pith, (ct) conducting tissue consisting of phloem and xylem, (co) cortical
parenchyma with latex-bearing laticifers, (ep) epidermis. The tissues in the schematic drawings are not
drawn to scale.

these sealing cells are thickened and lignified, which secures the sealing and avoids crack propagation.
The sealing process of A. macrophylla occurs within a couple of seconds and the size of the responsible
structure is in micrometre scale, which categorises the sealing mechanism as very fast and small in
terms of time and size scale.

Euphorbia tirucalli

Latex-bearing plants store the milky plant sap in laticifers under huge over-pressure (turgor) ranging
from 1.5 MPa (Anandan et al., 2018) to 8 MPa (Buttery and Boatman, 1966; Bauer et al., 2014). If
damaged, the laticifers, which lie in the stem periphery, are injured and the milky plant sap quickly
oozes out — also because of the high over-pressure — and seals the wound (Figure 7). Similar to Hevea
brasiliensis (D’ Auzac et al., 1995), latex particles and proteins packed in membranes float in the latex
of the uninjured laticifers. Triggered by the pressure drop during the injury, the ‘membrane packaging’
bursts, so that the latex particles can cross-link with the proteins while discharging the milky latex. The
coagulation becomes visible when the initially milky latex becomes transparent. The latex under over-
pressure represents stored energy for the release of this particular plant sap. Moreover, we hypothesise
that the high pressure in the laticifers generates high pre-stresses in longitudinal and radial directions
of the plant stem. In the intact state, E. tirucalli, with multi-cellular structured stems and containing
elongated tube-like network, facilitates the spreading of the high-pressure latex throughout the entire
plant body.

The wound reaction after damages to the cylindrical stems of E. tirucalli in transversal and
longitudinal direction can take place in two different ways. First, the discharged latex initially seals
the wound within minutes and then forms a permanent plug (Figure 7b). The size scale of self-sealing
mechanism in this case is limited to a few millimetres. Bauer and Speck (2012) found that in Ficus
benjamina, the tensile strength of the bark in the wound area was significantly restored within 30 min.
They found that the tensile strength decreased on average from 25.1+3.8 MPa (intact state) to 10.6+1.3
MPa (freshly injured state) and increased within 30 min to a significantly higher value of 13.7 + 3.8
MPa (sealed state), which is 55 % of the value obtained for uninjured bark. Second, some E. tirucalli
plants loose the latex plug and start self-healing by forming a boundary layer of lipophilic substances
(Anandan et al., 2018).

The discussed detailed process of self-sealing based on the comprehensive answers of the questions
was illustrated as a sequential building block of the flow chart, which contains the key elements
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Figure 8. The flow chart of the self-sealing systems, which includes the main elements and important
design factors.

of three main steps of process (Figure 8). In Section ‘Available technical and engineering tools for
designing programmable mechanical metamaterials’, we present a possible design space for exchanging
these biological building blocks with engineering building blocks, by using programmable mechanical
metamaterial concepts.

Available technical and engineering tools for designing programmable mechanical metamaterials

We answer our second scientific question, ‘Can we use flow charts as a method of abstraction to
describe self-sealing processes within specific plants?’ in Sections ‘Structural design’, ‘Functional
design’, ‘Manufacturing and application’, as well as in Figures 8 and 9. The next step in transitioning
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Figure 9. Available technical and engineering tools for programmable mechanical metamaterials.

plant models into desired programmable mechanical metamaterials would be to substitute the building
blocks of the developed flow chart (Figure &) with engineering building blocks. To simplify the
transfer process, these engineering blocks can be chosen to provide similar structural characteristics
such as material properties, geometrical features along with the functional behaviours — namely
triggering system type and target shape or geometry morphing. To achieve the flow chart with
exchanged engineering blocks to get the self-sealing function in advanced engineered materials such as
programmable mechanical metamaterials, first requires collecting and categorising the available tools
for designing a new mechanism or materials system with the desired features. In the following, the
authors attempt to categorise the three main steps of designing metamaterials based on the available
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examples in the literature. The categorised flow chart is shown in Figure 9. It is worth noting
that successfully designing and fabricating programmable mechanical metamaterial by connecting
individual building blocks would be a very challenging task. This is because it needs a large amount of
tests and optimisations to see if the resultant behaves in a similar way to the target biological sample.

Structural design

From the structural point of view, the geometry of the basic elements of the metamaterials can be
designed in different ways. Using repetitive unit cells with periodic boundary conditions is the most
well-known method for designing the structure of the unit cells. Struts (or beams) are the simplest
fundamental elements which are implemented to generate the two- and three-dimensional unit cells
based on the periodic boundary conditions (Zhang et al., 2008; Zheng et al., 2014; Egan et al., 2017).
The cross-sectional geometry of these struts and beams (such as circular, rectangular, or triangular
geometries with solid and hollow configurations) plays a huge role on the final properties of the unit
cells and their corresponding mechanical metamaterials. Plates and shells are the other fundamental
elements that are utilised to generate three-dimensional repetitive unit cells. Connecting these elements
could either create repetitive closed-cell structures (Kader et al., 2020) or interconnected open cellular
structures (Abueidda et al., 2016). In addition, by folding and cutting thin-film plates, complex
three-dimensional plate- and shell-based unit cells can be achieved (Zhai et al., 2021). Periodically
distributing holes and voids within a regular pattern is another method that provides three-dimensional
repetitive unit cells as the building blocks of mechanical metamaterials (Wang et al., 2016a). On the
other hand, the metamaterial structures could also be constructed by non-periodic unit cells. One
example of non-periodic metamaterials (Tarantino et al., 2019) would be random closed-cell porous
architectures, which are created by introducing randomly distributed spherical voids with different
sizes inside the bulk material. Another example would be spinodoid topologies, which are generated
by inspiration of natural self-assembly processes and provide a vast design space (Kumar et al., 2020;
Zheng et al., 2021). The large number of possible randomly generated topologies using non-periodic
structures, enables the usage of machine learning methods and models to design the metamaterials with
desired properties (Jiao and Alavi, 2021). In the end, the gradient network and hierarchical combination
of the mentioned structures expands the structural design space of mechanical metamaterials to achieve
the final aimed features (Zheng et al., 2016; Zhang et al., 2021). By utilising the described design space,
the target mechanical properties of the metamaterials such as stiffness (Yu et al., 2018), strength (Bauer
et al., 2017), toughness (Shaikeea et al., 2022), Poisson’s ratio (Ren et al., 2018) and etc. could be
planed and generated.

Functional design

Most of the functions in advanced engineered materials are generated from a particular reaction of
the materials system to a specific stimulus. A wide range of triggering systems have been developed
by researchers by combining different materials and mechanisms within unit cells. These available
triggering systems could be utilised to initiate particular predefined reactions in programmable
mechanical metamaterials. Mechanical mechanisms are the most well-known and common triggers
that could be built into the basic elements of a programmable mechanical metamaterial’s unit cells.
Bistable beams (Che et al., 2017), bi-material struts (Janbaz et al., 2020), and pressurised membranes
(Chen and Jin, 2018) are examples of mechanical triggers which are implemented in a unit cells
design to react and initiate a process inside the materials system with physical interaction. The next
most common triggering system is using thermal responsive actuators which react to heat exchange.
Generally, these triggering systems are considered slow in terms of reaction time. Shape memory
polymers and alloys (Yang et al., 2019a), thermal responsive hydrogels (Ge et al., 2021), and liquid
crystal elastomers (Korpas et al., 2021) are the most well-known thermal triggers that are implemented
within unit cells. Moreover, chemical agents such as water, acids, and different solvents, could be
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applied to the design of the unit cells element to be triggered by chemical reactions (Liu et al., 2016).
One of the other popular chemical triggers are pH-responsive actuators, which also could initiate a
mechanism inside a metamaterial unit cells (Bassik et al., 2010). Using light as a trigger is another
option that expands the possible triggering systems for metamaterials unit cells by connecting the
optical energy to a chemical (Miiller et al., 2020) or thermal (Zhao et al., 2017) response. Similarly,
electrical triggering systems could induce various changes inside the unit cell structure (Zhu et al.,
2020) via converting the electrical current to thermal, chemical, or also mechanical responses. In the
end, to have faster triggering mechanisms, a mixture of magnetic particles with different elastomers,
gels, and liquids, yields a magnetic responsive mechanism which can react to specific magnetic fields.
The forces that result from the magnetic triggers are beneficial in terms of actuating a mechanism
within the metamaterial structure (Chen et al., 2021). By considering the huge structural design space
for metamaterials, in conjunction with the different available triggering mechanisms, designing a
programmable mechanical metamaterial with specific function or ability becomes more convenient.
In this regard, a lot of programmable mechanical metamaterials with different functions such as shape
matching (Mirzaali et al., 2018), shape morphing (Neville et al., 2016), liquid transferring (Dudukovic
et al., 2021), wave propagation (Jin et al., 2020b), etc. are designed based on these triggering systems
to react and initiate the implemented function.

Manufacturing and application

Additive manufacturing (AM) technology empowers the feasibility of manufacturing mechanical
metamaterials because it carries many advantages in terms of fabricating complex geometries. One
of the most commonly used additive manufacturing methods for fabricating complex architectures
in metamaterials is the direct deposition of the melted material onto a substrate through a nozzle.
The base materials for this method are typically made of thermoplastic materials (e.g., TPU, ABS,
PLA, etc.) and the possible minimum feature size is approximately a few hundred micrometres. In
addition, the filaments can be filled with different carbon, ceramic, and metallic particles/fibres to
enhance the mechanical properties by creating a composite material (Farahani et al., 2016). Fused
deposition modelling (FDM), direct ink writing (DIW), and ink-jet printing (IJP) are examples of the
direct deposition method for fabricating metamaterials architecture (Walther et al., 2009; Kaur et al.,
2017; Saadi et al., 2022). Other additive manufacturing techniques are also available for fabricating
high-quality architected metamaterials in a wide range of sizes. Since these techniques are light-
based processes, utilising the photo-polymerisation concept to create solid structures from a liquid
resin, facilitates the design of micro- or nano-scale features to achieve complex structures in the
order of a few hundred nanometres to several micrometres (Jang et al., 2013; Bauer et al., 2016).
Stereolithography (SLA; Kodama, 1981), two-photon lithography (TPL; Deubel et al., 2004), digital
light processing (DLP; Gauvin et al., 2012), and volumetric additives manufacturing (VAM; Shusteff
et al., 2017) are the most well-known photo polymerisation manufacturing methods that are applied to
produce metamaterials structures precisely. The powder fusion technique is another common additive
manufacturing method that commonly uses a laser source to fuse powder particles by melting each
layer by layer in a powder bed. This method enables the fabrication of metamaterial structures in metals
and ceramics in which the shape, size, and distribution of the used powder, describe the quality and
minimum printable feature size (Surjadi et al., 2019). Selective laser melting (SLM) (Sharma et al.,
2022) and electron beam melting (EBM) (Neils et al., 2022) are the most well-known examples of
powder fusion methods that facilitate the manufacturing of metallic and ceramic based metamaterials.
Besides the described possible additive manufacturing methods for fabricating designed metamaterials,
some other conventional methods such as cutting and folding sheets (Silverberg et al., 2014; Tang
et al., 2017), freeze-drying (Tian et al., 2022), interlocking assembly (Wang et al., 2016¢) and etc.
are also available for fabricating some metamaterial’s structures. The wide variety of aforementioned
structural and functional capabilities of mechanical metamaterials in conjunction with the widely
available manufacturing techniques for fabricating structures with complex architectures, make it
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possible to design programmable metamaterials for different applications in industrial fields such as
aerospace, biomedical, etc. A programmable mechanical metamaterial with a specific function, such
as self-sealing, could be achieved by selecting the appropriate structural features and combining them
with the target functions with suitable triggering systems, as described in Figure 9. For generation
of engineering building blocks for target programmable metamaterial with self-sealing ability, the
selection of appropriate features and characteristics could be done by considering the definitions of
sub-steps of the plants extracted from the list of questions and assembled into the biological flow chart
(Figure 8).

Example of generating mechanical metamaterial based on Aristolochia macrophylla self-sealing
concept

In this section, we attempt to design an example metamaterial and its corresponding engineering flow
chart that has the self-sealing ability according to the biological models described in Section ‘Self-
sealing process control flow’. We have chosen the plant model A. macrophylla for this example and
focus on the self-sealing process of this plant to translate to the mechanical metamaterial system.
As discussed in the previous section, the translation process should be done by replacement of the
biological building blocks of the biological flow chart (Figure 8) by using the detailed process flow
(Figure 3), with the appropriate available mechanical metamaterials systems features and characteristics
(Figure 9). To make this translation from a biological system to an engineering system, the ‘structural
design’, ‘functional design’, and ‘manufacturing’ steps of the engineering flow chart are defined as
follows.

Structural design

As a general structural features for A. macrophylla, the structure of the plant consists of a circular
rigid outer shell with the deformable inner scattered cellular structure. Therefore, the beam base unit
cells with the similar aspect ratio of the plant cell walls are considered and interconnected to each other
(Figure 10a,b). The metamaterial geometrical pattern of the metamaterial could be developed either in a
circular manner (in radial and circumferential directions according to the pattern of A. macrophylia) or a
general rectangular pattern (in horizontal and vertical directions), which makes it possible to implement
it in various geometries. The solid peripheral ring (or square) can be designed to hold the internal
structure under controlled boundary and loading conditions, similar to the ring of strengthening tissue
in the plant stem. The isotropic elastic material properties are considered for the inner and outer shells
based on the data of the material properties of the plants (Figure 3). The hyperelastic soft material and
the elastic stiff material are selected for the inner cellular structure and the outer shell respectively to
have a high relative stiffness according to the A. macrophylla plant stem (Figure 3).

Functional design

Inspired by the pre-compressed parenchymatous tissues of A. macrophylla, in order to also have elastic
energy storage ability in the inner structure of the metamaterial, we implemented a slight curvature in
the beams of unit cells to have monostable beams that store the elastic energy during the compressive
loading condition. Figure 11a,b shows the results of the finite element analysis of the unit cells under
compressive loading. By applying the mechanical compressive load to the metamaterial structure, the
whole system is energised by the deformation of the monostable beams. Figure 11c,d shows the results
of the finite element analysis of the metamaterials after being energised under compressive loading. It
is worth noting that only 5 % radial deformation is needed to store the energy in the whole metamaterial
system. By preparing the initial conditions, the metamaterial system is being prepared to take action
and deal with the damage. Figure 12a,b demonstrate the applied damage as a fissure in the internal cells
of the mechanical metamaterial. After the damage is applied, the sealing process starts automatically
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Figure 10. Designed unit cell based on Aristolochia macrophylla structural characteristics. (a, b)
Beam base unit cells for circular and rectangular patterns. (c, d) Corresponding metamaterial lattices
for circular and rectangular unit cells by repeating in radial/circumferential or horizontal/vertical
manner.

due to the internal energy stored in the system. Based on the finite element simulations shown in
Figure 12¢,d, the surrounding unit cells of the damaged area are being deformed and get irregular
shapes, resulting in filling the gap of fissure. This is exactly similar to the changes that occur during the
self-sealing process in the stems of A. macrophylla (Figure 3, Operations).

Manufacturing

To manufacture the designed metamaterial system, we selected fused filament fabrication (FFF) 3D
printing (Ghavidelnia et al., 2023) from the various available additive manufacturing methods to create
the structure of the designed mechanical metamaterial. Two different filaments with soft hyperelastic
and stiff elastic material properties (TPU 95A and PLA) are used to manufacture the inner structure and
outer shell of the metamaterial. The scale of the metamaterial was chosen according to the limitation
of the minimum printable feature of the 3D printer. Figure 13a,b illustrates the metamaterial in the
intact form and Figure 13c,d illustrates the metamaterial in the final sealed state after the damage was
introduced into the inner unit cells.

Finally, the summarised flow chart of the metamaterial with self-sealing function based on
A. macrophylla (Meta-Aristolochia) is presented in Figure 14 to illustrate the selected blocks from
the technical flow chart presented in Figure 9. It is worth mentioning that the videos from the finite
element simulation and experimental demonstrations showing the self-sealing process of the design
example mechanical metamaterial are available in the Supplementary Material. According to the
experimental examinations of the designed mechanical metamaterial, by removing two inner unit cells
as an introduction of a damage in the system, a quick response of sealing mechanism was observed
causing the surrounding unit cells to be deformed and squeezed into the cracked area to fill the gap.

https://doi.org/10.1017/pma.2023.11 Published online by Cambridge University Press


https://doi.org/10.1017/pma.2023.11

Programmable Materials 33

(@) (b)

()

Figure 11. The designed unit cells are prestressed in compression. Compression of the (a) circular and
(b) rectangular unit cells. The prestressed (c) circular and (d) rectangular metamaterials.

It is worth noting that the completed sealed condition shown in Figure 13c,d was achieved after stress
relaxation caused by the viscoelastic effect of the base material (TPU 95A). Hence, the overall self-
sealing process of the manufactured samples could be evaluated successful as a minimal example
and could be considered as a solution for applications that are vulnerable to impacts that cause local
damage and loss of small parts from the materials system. The total amount of damage a system can
compensate depends on the stored strain energy. The damage tolerance can be adapted during the design
phase.

Discussion
Evolutionary advantage of the self-sealing function for living organisms

Since damage of plants often cannot be avoided, we hypothesise a high evolutionary pressure on the
development of functional principles to seal and heal wounds. Damage can be caused in many ways, for
example, by growth, but also by wind, rain, snow, falling stones, flying parts, or passing animals. Since
studies have shown that plants have evolved a variety of functional principles for self-sealing and self-
healing wounds, it is likely that the different principles have evolved multiple times and independently
in different plant groups. It can be assumed that it is evolutionarily advantageous for living organisms
to rapidly self-seal wounds, thus preventing infestation of germs and/or dehydration. Additionally, a
sealed wound allows more time for the subsequent long-term self-healing phase, in which metabolic
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Figure 12. Self-sealing procedure of the mechanical metamaterial based on the Aristolochia macro-
phylla concept. (a, b) Introduction of a fissure in some cells. (c, d) Self-sealing process. (e, f) Completed
self-sealing procedure.

substances (e.g., suberin, lignin), cells, and tissues can be formed. With respect to the body plan of the
plant species (i.e., a set of morphological features common to many members of a phylum; Drost et al.,
2017), self-sealing can occur on various hierarchical levels. Self-sealing can range from the release of
cell sap (e.g., latex in E. tirucalli, mucilage in cactus species), to the cell level (e.g., self-sealing cells
of A. macrophylla) to the tissue level (e.g., rolling-in of dermal tissues at the wound edges) and the
organ level (e.g., deformation of entire leaves of D. cooperi) (cf. Figure 2 in Speck and Speck, 2019).
Furthermore, self-sealing principles are also dependent on environmental conditions, such as the metal
coordination-based cross-linking of proteins of byssal threads of marine mussels (Myrtilus sp.) in sea
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Figure 13. Manufactured metamaterials. Metamaterials with (a) circular and (b) rectangular patterns
in the intact form. Metamaterials with (c) circular and (d) rectangular patterns in the final sealed state.

water (Krauss et al., 2013; Krogsgaard et al., 2013; Schmitt et al., 2015; Harrington et al., 2018) or
the self-sealing of microfissures by a temperature-induced melting of waxes at the suture of the two
fruit valves of Banksia follicles (Huss et al., 2018a, 2018b). Moreover, the study by Anandan et al.
(2018) revealed various principles of rapid self-sealing in succulent plants that are native to semiarid
or arid climates. For rapid wound closure, underlying structures must be in place prior to damage,
such as the formation of pre-tension and pre-compression in tissues, turgor pressure in sealing cells,
or the formation of plant sap in secretory cells that are stored under over-pressure (e.g., mucilage
cells, laticifers). In contrast to physico-chemical principles of self-sealing, metabolism, that is, enzyme-
catalysed chemical reactions, is a prerequisite for wound healing in plants. Plant metabolism includes
photosynthesis, but also the formation of primary metabolites that are directly involved in normal
growth, development, and reproduction, and secondary metabolites that are involved in ecological
interactions and produced in response to stress (Rittinger et al., 1987; Evert, 2006; Vasyukova et al.,
2011; Ikeuchi et al., 2019; Hoermayer et al., 2020).

Abstraction through flow charts

Flow charts and control flows are made by systematically arranging meaningful predefined symbols to
define and analyse a process or problem and its corresponding solution. Therefore, we implemented
this method for abstracting data from our biological models in this work. On the other hand, because
of their common language between different scientific fields, flow charts and control flows facilitate
communication in interdisciplinary research and lead to effective and easy-to-understand interactions
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Aristolochia macrophylla self-sealing concept.

EE I N O O S S O S O S O e e e e

between collaborators. Hence, a biological model and its corresponding target function could be
interpreted logically in a sequence of steps and described in key elements, which is defined and
identified in an engineering field. Also, because of the simple structure of flow charts, possible mistakes
and bugs can easily be discovered and debugged similar to how well-known programming languages
operate. The history of flow charts is very old and the very first flow chart with the proper structure to
describe a process flow was established by Frank and Lillian Gilbreth in 1921 (Gilbreth and Gilbreth,
1921).

Although flow charts are commonly used for describing computer algorithms and computer
programming, we aimed to apply them for describing the plant function ‘self-sealing’. One of the
visionary goals of this article is to introduce this method as a successful technique to define new
classes for the implementation of different functions in engineering and specifically in programmable
mechanical metamaterials. Similar to the computer programming languages that provide a wide
range of collections for different functions and classes, metamaterials with a various number of
characteristics, properties and functions that can be categorised in classes to define and clarify the
design space for metamaterials (Gamma et al., 1995). These classes aim to meaningful connect
the available mechanisms in programmable mechanical metamaterials with the goal function. As an
example, for these classes, the ‘self-sealing’ function could be considered as a class that provides
different paths to reach this function by following the different biological models and implementing
available mechanisms in programmable mechanical metamaterials. To achieve a successful class,
all of the detailed basic elements, mechanisms, and their interactions in programmable mechanical
metamaterials have to be clearly defined. It should be noted that from a mechanical design perspective,
the definition of classes must be based on the manufacturing techniques and materials limitations.
In this regard, the outcome of the class would be completely reliable in terms of functionality and
productibility in real life.
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Potential applications of self-sealing using programmable mechanical metamaterials
inspired by plants

We discuss our third scientific question, ‘What chances and challenges occur by transferring self-sealing
from plants into programmable mechanical metamaterials by means of flow charts?’ in the discussion
in this section and Section ‘Programmable mechanical metamaterials framework’. In this section, we
first discuss the potential applications of self-sealing using programmable mechanical metamaterials.
The use of flow charts frees us from having to mimic the biological models. We can extract the critical
information of the self-sealing process for the three selected plant models, which likely assist in the
process of finding the available mechanisms of programmable mechanical metamaterials by using the
flow charts.

For the self-sealing of D. cooperi, the deformation of the entire leaf is induced by disturbing both
the turgor-driven equilibrium and the equilibrium generated by pre-stresses (cf. Section ‘Delosperma
coopert’). Several unusual deformation behaviours of programmable mechanical metamaterials have
been reported (Connolly et al., 2015; Jin et al., 2020b; Wenz et al., 2021), which were based on the
specific deformation of an element or a group of elements in a predefined sequence to achieve an
outcome as a complete mechanism. The simple mechanisms are made of different deformations of
basic elements such as elongation (or contraction), torsion, bending, and buckling. The bistable unit
cell introduced by Jin et al. (2020b) is an example of a simple mechanism. The release of stored
energy in bent thin beams of the unit cell yields rotational rigid body motions of individual unit
cells, which results in a wave propagation along with a shape change. In addition, the fibre-reinforced
soft fluidic actuators developed by Connolly et al. (2015) can also provide a wide range of motions,
including axial extension, radial expansion, and twisting by adjusting fibre angle. In addition, multi-
step deformation pathways are designed by constraining angles in hierarchical rotating structures
of programmable mechanical metamaterials (Li et al., 2021). By applying global displacement in
programmable mechanical metamaterials with different programming parameters, the target shape can
be reached (Wenz et al., 2021). These examples demonstrate that design parameters play a critical
role in variable deformation and that programmable mechanical metamaterials might be able to take
advantage of local programming, i.e., shape morphing in a predefined manner to close the crack based
on the self-sealing principles of D. cooperi (Coulais et al., 2016; Kamrava et al., 2018; Janbaz et al.,
2020; Bonfanti et al., 2020; Wenz et al., 2021).

Inspired by self-sealing in A. macrophylla, in which the sealing cells swell into a fissure (cf. Section
‘Aristolochia macrophylla’), expandable structure design in programmable mechanical metamaterials
could offer some possibilities of self-sealing. The kirigami-inspired inflatable structures established by
Jin et al. (2020a) consists of a kirigami sheet embedded into a thin layer of elastomer and the geometric
parameters of the kirigami pattern can be tuned to control the expandable shape. Lipton et al. (2018)
designed the auxetic structure that enables expansion while twisting. Such expandable auxetic unit
cells with a pre-strain or pre-stress state might be able to be triggered by the occurrence of cracks. As a
potential solution to mechanically close the damaged location, the energy should be stored and released
by using the designed bistable elements (Raney et al., 2016). It is also reported that structural recovery,
which is a time-dependent metastable behaviour, can be caused by stress relaxation in the bistable unit
cell (Berwind et al., 2018). Additionally, negative thermal expansion metamaterials have also been
designed by Wu et al. (2016) and Li et al. (2018). This means that filling a form into the crack by an
expanded structure might be able to be implemented depending on various service environments.

Another functional principle for self-sealing is that embedded vascular networks or micro-tubules
break and release the liquid sealing and healing agent stored inside. This self-sealing principle is found
in stems of E. tirucalli (cf. Section ‘Euphorbia tirucalli’), which stores latex in its laticifers under
a pressure of up to 8 MPa (Harrington et al., 2015; Anandan et al., 2018). There are generally the
following ways to trigger the release of the healing agent, which applies not only to plants, as it is similar
to the ‘bleeding’” mechanism in animals (Toohey et al., 2007; Trask et al., 2007). To prevent further
blood loss after an injury, vascular endothelial cells constrict first, and blood clots then seals the wounds
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(Speck and Speck, 2019). Furthermore, inspired by human skin, a three-dimensional vascular network
has been designed by Toohey et al. (2007), where the repairing agent is delivered from the micro-
vascular network through capillary action to close the fissure. Programmable mechanical metamaterials
can also combine the advantages of their structure with the transport of materials to guide the sealing
agent to reach the location of damage precisely, thus achieving a more effective sealing effect (Wu
et al., 2019; Fischer et al., 2020). It is worth mentioning that guiding cracks within brittle materials
is a common materials design to improve toughness and can be found in many fibre composites.
For metamaterials, Pham et al. (2019) showed that the principles of ‘polycrystalline’ metamaterials
can improve the fracture toughness and strength by channelling the collapsing plains to meta grain
boundaries. In addition, simply letting the cracks rupture the micro-encapsulation with the repairing
agent embedded in it (White et al., 2001) is the main method used for self-sealing and/or self-healing
structural engineering materials because it is inexpensive to do so. However, such an approach is often
passive and the efficiency of the repairing depends on the position of the micro-encapsulation and
the sequence of the release for multiple repairing agents (Fischer, 2010). As a potential optimisation
method, Jiang and Li (2018) proposed an auxetic chiral mechanical metamaterial, which could open the
cell in a predefined order. Highly ordered locally deformed bistable mechanical metamaterials under
quasi-static compression has also been reported by Zhang et al. (2021). This means that the opening of
the cells and release of sealing or healing materials can be sequenced according to different external
changes, thus improving repair efficiency.

Most of programmable mechanical metamaterials exhibit similar behaviours in one or a few
procedures of sealing. However, programmable mechanical materials should make more use of its
advantages; for instance, an information processing function may allow programmable mechanical
metamaterials to become more proactive in self-sealing (El Helou et al., 2021). Such a signal or
information may include the type of damage, whether the self-sealing function should be activated
and the selection of the optimum self-sealing method, etc. Therefore, to improve the efficiency of
self-sealing for technical applications, it should not be limited to the one-to-one aforementioned
correspondence. According to the application scenario, flexible combinations of different forms may
create more optimised solutions for the self-sealing of technology applications based on the current
manufacturing techniques and available materials.

Programmable mechanical metamaterials framework

Compared to traditional artificial functional systems, living nature can self-seal and/or self-heal
repeatedly and more flexibly on multiple scale lengths. Table 11 shows a comparison of hierarchy levels
in plants, animals (Speck and Speck, 2019), and in the inanimate world. Although the details of the self-
sealing mechanisms of plants and animals are different, some similarities can still be found. For the
inanimate world, material classes influence the mechanical properties of the metamaterial unit cells and
consequently of the metamaterial itself. With the increase in complexity of interaction (Fischer et al.,
2020), a certain number of the unit cells of mechanical metamaterials are introduced to ensure that the
higher level of hierarchies behave like a homogeneous continuum. In the future, the programmable
behaviour will be implemented by integrating modules of programmable materials that represent
various principles. As one example, topological locking can be used to integrate damage detection,
information processing, and self-sealing function, etc. as modules (Kamrava et al., 2017). Hence,
to develop and implement programmable mechanical metamaterials with the self-sealing function
effectively, the selection and design for each hierarchy level becomes critical.

Furthermore, programmable mechanical metamaterials with internal or external triggers constitute
self-sealing behaviour. Although the onset of self-sealing in the above-mentioned three model plants
(cf. Sections ‘Introduction of the flow charts’, ‘Delosperma cooperi’, and ‘Aristolochia macrophylla’)
was mainly triggered by disturbing the equilibrium of the system in a stable minimum energy level,
the potential for self-sealing triggers should not be limited to this. For example, the first opening
triggered by temperature and the second opening triggered by water was reported in Banksia (Eder
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Table 11. Hierarchy level in plants, animals, and programmable mechanical metamaterials systems.

Plants Animals Inanimate world

Systems (e.g., water transport ~ Systems (e.g., respiratory system) Technical systems made from

system) programmable
metamaterials

Organs (e.g., roots, stems, Organs (e.g., lungs, kidneys, heart)  Modules of programmable
leaves, flowers) materials (e.g., pumping

module, micro-fluidic
module)

Tissues (e.g., parenchyma, Tissues (e.g., bones, muscle, Mechanical metamaterials
sclerenchyma, nerves) (e.g., lattice, gradient)
collenchyma, epidermis)

Cells (e.g., fibres, laticifers, Cells (e.g., osteoblast, osteocyte, Metamaterial unit cells (e.g.,
vessels) osteoclast) water bomb, reentrant)

Molecules (e.g., lignin, actin,  Molecules (e.g., actin, myosin) Material classes (e.g., metals,
myosin) alloys)

et al., 2018; Huss et al., 2018a, 2018b). Although they were not designed to trigger the closure of
a crack in living nature, these principles could provide inspiration for self-sealing in engineering.
Hence, various triggers, or a combination thereof, should also be adopted to allow the responses of
programmable mechanical metamaterials for self-sealing. Since the electricity is relatively controllable
in various environmental situations and also can be stored easily, it is one of the more feasible solutions
for actuating different types of deformations, that is, it has the potential to promote the self-sealing
procedure. There are a lot of possibilities in using electricity as an external or internal triggering system
by implementing electro-responsive materials inside the system. Piezoelectric materials are one of
the most well-known electro-responsive materials, which are capable of converting mechanical and
electrical energies to each other. By implementing the piezoelectric materials inside the metamaterial’s
structures, specific tunable electromechanical properties could be reached (Yang et al., 2019b). In
addition, by utilising the piezoelectric effect in structured metamaterials, energy could be collected
more efficiently than through conventional methods (Lee et al., 2022). In addition to electricity, other
triggers can also be found. Zhang et al. (2018) have designed a shrinkable network by utilising the
hydraulic swelling deformation of the hydrogel. In addition, Li et al. (2021) also reported a cellular
structure that allows topological transformation via the capillary force. Because the programmable
shape can be activated by different types of triggers, such as magnetic fields (Kim et al., 2018), pH (Ding
et al., 2010), temperature, and humidity (Erb et al., 2013), self-sealing in programmable mechanical
metamaterials may occur once the predefined environmental conditions of the whole systems have
changed by damage.

Nevertheless, there is a lot of room for growth in the field of programmable mechanical metamate-
rials that can self-seal, and still some issues that need to be addressed. For example, how much time is
available for self-sealing in technical applications? Although self-sealing is relatively fast compared
to self-healing in plants, even faster self-sealing is still the pursuit when considering the possible
application scenarios for programmable mechanical metamaterials, such as a leaking kayak in the lake
or a cracked airplane component. In addition, the auxetic unit cell with a pre-strain or pre-stress state
seems to be a preferred choice for self-sealing inspired by 4. macrophylla. However, we still urgently
need to solve the problem of long-term storage of energy. Also, as the programmable mechanical
metamaterial system for self-sealing becomes more complex, cost will increase accordingly. Selecting
the appropriate processing module, that is, information processing for different applications, is also a
question worth considering in the future. But we believe that with the improvement of manufacturing
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methods and the design of different forms of structure, the toolbox of programmable mechanical
metamaterials will become more and more abundant; in turn, this will bring us one step closer to
achieving widespread application of programmable mechanical metamaterials that can self-seal.

Conclusion

In order to accelerate the transfer of biological principles in general, and in particular, self-sealing,
into the inanimate engineering world, we require common understanding of concepts between biology
and technology. The authors have therefore agreed, that self-sealing occurs immediately after damage,
resulting in a fissure that is functionally repaired but still present and the mechanical properties in the
damage area have not yet been restored.

With respect to possible evolutionary advantages of self-sealing in plants, we can only hypothesise,
because there is no experiment to verify an advantage. We assume that rapid wound sealing prevents
dehydration, protects against invading pathogens, and extends the lifetime of individual plants; and
thus increases the number of offspring. During biological evolution a variety of self-sealing functional
principles have been developed that, for example, depend on the body plan of the plants (e.g., presence
of latex or mucilage) or the environmental conditions (e.g., melting of wax above a certain ambient
temperature). Consequently, the self-sealing process and the underlying functional principles are very
diverse in the plant species studied so far. For simple geometries, the principles of self-sealing can
be described with analytical models that not only represent the behaviour acquired from experiments
but also predict the behaviour for different circumstances. For complex geometries, numerical models
have proven to be successful, but require that a large amount of experimental data to be available
(e.g., well resolved cell structures, local mechanical properties, or turgor). While such models are very
useful to describe specific plant models in a realistic way, they lack the ability to formally describe the
underlying principles and mechanisms. Therefore, transferring principles from biological models into
technological applications requires another level of abstraction. Describing the functions of biological
models and their underlying functional principles as process flow diagrams, allows us to convert
detailed biological insights into sequential step-wise algorithms, which turns the focus on building
blocks necessary to achieve specific functions. Furthermore, the individual and independent blocks and
steps of the algorithms allow additional features to be inserted or unnecessary features to be removed
from the design process without having to redo the complete procedure from scratch. Nevertheless,
there are some challenges for the future. Since each discipline has its own terminology and also its
own way of thinking, it is necessary for scientists to collaborate in an open-minded way. The interface
between biology and engineering can be the joint development of flow charts, analytical and numerical
models, which will not only allow engineers to innovate, but also will allow biologists to gain a deeper
understanding of their biological models (reverse biomimetics). However, the level of detail to which
algorithms must be described in order to transfer knowledge between the two fields must, at least at
the beginning, be negotiated on a case-by-case basis. For the engineering community, it is clear, that
translating bio-inspired algorithms into a sequence of (physical or mechanical) mechanisms is still a
rather tedious and difficult task. Therefore, our review of potential applications shows rather individual
solutions for singular problems. As discussed, a framework that classifies metamaterial mechanisms
in terms of their participation as a subset of the algorithm (depending on boundary conditions, e.g.,
processing limitations) would simplify the development of such systems tremendously.

The digital transformation of science is also paying into this effort, as it strongly builds on semantic
techniques to connect the various scientific disciplines. The different domains, for example, biology
and materials science, need to (further) develop their own taxonomy and concepts to build up domain
ontologies. Such strong semantics will benefit from a shared understanding at the interface so that
neighbouring ontologies can be mapped onto each other. While in biology, (too) many application
ontologies are known and need to be joined, in engineering, ontologies are still being developed.
Nevertheless, both disciplines will benefit from a shared taxonomy and concepts.
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Glossary

o Acclimation: Acclimation of individual plants to environmental constraints takes place over a time
period of days and weeks resulting in changes of their morphological, anatomical, and mechanical
properties (Badel et al., 2015).

e Adaptation: In a biological context, adaptation is the result of genetic change in populations over an
evolutionary time (Lambers et al., 2008).

o Adaptive system: Adaptive means having the ability to control the system’s adaptation to different
situations, that is, the correlation between structure, function or behaviour and its environment, to
increase its efficiency to achieve its goals (Martin H et al., 2009).

o Algorithm: A step-by-step procedure for solving a problem or accomplishing some end (Merriam-
Webster Online Dictionary, 2022a)

e Auxetic: Auxetic structures or materials exhibit a negative Poisson’s ratio. When auxetic structures
or materials are stretched (or compressed), they become thicker (or thinner) perpendicular to the
applied force (Berwind et al., 2018).

e Bio-inspiration: Transfer of an idea derived from living organisms into a technical application (Speck
etal., 2017).

e Biomimetics: Transfer of a functional principle derived from living organisms into a technical
application (ISO:18458, 2015; Speck et al., 2017).

e Function: In a technical context being understood in the sense of a specific process, action or task
(Achinstein, 1977) and in a biological context being understood in the sense of traits evolved to
contribute to fitness (Walsh, 1996).

e Functionality: The quality or status of being functional (Merriam-Webster Online Dictionary,
2022b).

o Geometry: Examples for 2D or cross-sectional geometry are circle, ellipse, square, and triangle.
Examples for 3D geometry are cylinder, cube, sphere, pyramid, and cone (Niklas, 1994).

e Mechanism: In biology, the concept of mechanism has three distinct meaning, which ‘may refer to
a philosophical thesis about the nature of life and biology (mechanism), to the internal workings
of a machine-like structure (machine mechanism), or to the causal explanation of a particular
phenomenon (causal mechanism)’ (Nicholson, 2012). In a technical context, mechanism is a process
or system that is used to produce a particular result (Ross et al., 2016).

o Metamaterials: Human-made materials structured on a mesoscopic level with exceptional properties
attributable to the geometry and connection of the unit cells (Rafsanjani et al., 2015; Kelkar et al.,
2020).

o Programmable materials: Human-made materials with integrated tunable functions and logical
conditions (e.g., if) (Wenz et al., 2021).

e Response: Immediate response of plants such as wind-induced reconfiguration of leaves, branches,
or entire plants occurs within seconds to days (Telewski, 2021).

o Self-healing: Longer-lasting self-healing phase (after self-sealing), in which the fissures are struc-
turally repaired and thus no longer present, while the mechanical properties in the damage area are
(at least partially) restored (Harrington et al., 2015; Speck et al., 2020).

e Self-repair: Generic term that encompasses self-sealing and self-healing in biological and technical
systems (Harrington et al., 2015; Speck et al., 2020).

o Self-sealing: Self-sealing takes place immediately after the damage, resulting in a still present fissure
that is functionally repaired, but the mechanical properties in the damage area have not yet been
restored (Harrington et al., 2015; Speck et al., 2020).

e Shape: A natural variable that has a magnitude but lacks a unit (Niklas, 1994). Examples for this
dimensionless quantity are the aspect ratio, the tapering mode or the ratio of axial and polar second
moment of area.

e Size: A substantial variable that has a magnitude and can be expressed in units of a physical quantity
(e.g., height, diameter, mass) or in units of a derived physical quantity (e.g., volume) (Niklas, 1994).
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e Spinodoid topologies: Spinodoid topologies are characterised by smooth, non-intersecting surfaces
with virtually zero mean curvature (Kumar et al., 2020).

e Unit cell: A unit cell is a fundamental repeating building block in mechanical metamaterials that
exhibits specific mechanical properties or functionalities (Berwind et al., 2018).
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