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Abstract: Within the framework of a circular economy, we aim to efficiently use raw materials
and reduce waste generation. In this context, the longevity of biomimetic material systems can
significantly contribute by providing robustness and resilience of system functionality inspired by
biological models. The aim of this review is to outline various principles that can lead to an increase
in robustness (e.g., safety factor, gradients, reactions to environmental changes) and resilience (e.g.,
redundancy, self-repair) and to illustrate the principles with meaningful examples. The study focuses
on plant material systems with a high potential for transfer to biomimetic applications and on existing
biomimetic material systems. Our fundamental concept is based on the functionality of the entire
system as a function of time. We use functionality as a dimensionless measure of robustness and
resilience to quantify the system function, allowing comparison within biological material systems
and biomimetic material systems, but also between them. Together with the enclosed glossary of
key terms, the review provides a comprehensive toolbox for interdisciplinary teams. Thus, allowing
teams to communicate unambiguously and to draw inspiration from plant models when developing
biomimetic material systems with great longevity potential.

Keywords: lifespan and lifetime; material system; responsive materials; redundancy; safety factor;
self-repair; sustainable development goal (SDG); trained materials

1. Introduction
1.1. Longevity—More than a Prominent Catchphrase

In the wake of increasing media attention given to climate change and consumer
awareness and alongside the growing demand for a sustainable economy, increasing
numbers of companies are using the catchphrase “longevity” to advertise their products
and services. In this context, the longevity of novel consumer products is almost exclusively
presented as being positive and desirable, although neither the way in which this is defined
or measured, nor whether the promise is accompanied by positive effects is actually
addressed. Moreover, the term is also widely used in the life sciences, particularly in the
context of healthy human ageing and the resulting increase in life expectancy in recent
decades (life expectancy has at least doubled in almost all countries since the mid-19th
century [1]). However, the ageing effects and external environmental influences that
inevitably lead to the mortality of any individual are of course not unique to humans, but
affect all kind of living organisms.

Before presenting selected concepts that can lead to an enhancement of the longevity
potential of material systems and functions, we will first discuss the ways in which the
term “longevity” and its characteristics in the context of “lifespan” of plant material
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systems and “lifetime” of artificial material systems can be understood. An overview of
the relationship between longevity, the concepts of “robustness” and “resilience”, and the
respective principles is given in Figure 1.

Figure 1. Overview of key terms. Longevity is measured as “lifespan” in biology and “lifetime” in
technology. The concepts of robustness and resilience are based on various principles. The system
functions can be quantified by the percentage functionality of the entire system.

The fundamental concept of our study is based on the functionality of entire material
systems in various states after perturbations. We have chosen functionality as a measure of
robustness (cf. Section 2) and resilience (cf. Section 3) because it can reflect the quality of a
selected function as a dimensionless value or percentage. Thus, we are able to compare
loss and regain of functionality in various states within biological and artificial material
systems, but also make comparisons between them. The latter is particularly important
in the context of transferring functional principles from plants and animals to biomimetic
applications [2]. A prime example for resilience is the quantification of self-repair efficiency
(cf. Section 3.2). This is done using various equations that calculate dimensionless quantities
by comparing properties of various states (freshly damaged, sealed or healed) with respect
to the intact undamaged state. Finally, a major advantage of our fundamental concept is
that both robustness and resilience can be represented by means of system functionality as
a function of time and can thus be both compared and combined with each other.

1.1.1. Lifespan as a Longevity Measure in Plants

The longevity of each living being is limited by its death and is commonly quantified
by its lifespan, which is determined to a large extent by its genome and is influenced by its
environment. In addition to these similarities between plants, animals and humans, certain
differences are obvious, such as the way in which they produce energy or reproduce. Based
on our expertise, we will focus on plant material systems in this paper when discussing
biological longevity.

During their lifetime, flowering plants go through a defined, genetically predetermined
cycle that consists of germination, growth, flower development, pollination, the production
of seeds (and in some species, vegetative reproduction) and senescence [3]. Although this
cycle ensures reproduction and the survival of the species, the duration and number of
occurrences of each step, except of course for germination and whole-plant senescence,
can vary from species to species [4]. For example, in some plants, all these processes take
place within only one year, in which case the plants are designated as annual (such as
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corn and tomatoes) or within two years, in which case the plants are classified as biennial
(such as carrots and parsley). Many plants, comprising species with herbaceous, evergreen
and woody growth forms, are perennial plants, which usually begin to form reproductive
organs only after a few years and can live up to several thousand years [5]. Another
classification of plants distinguishes between monocarpic species, which flower only once
in their lifespan but can live up to almost 100 years [6] and polycarpic plants, which flower
several times in their lifespan under appropriate conditions [4].

The ageing process in plants is called senescence and can include individual cells, or-
gans or, ultimately, the entire plant [7,8]. The best known example is probably the loss of the
leaves of deciduous trees, which first change colour and then fall off (abscise) every autumn
for resource reallocation. Senescence is a genetically controlled degeneration process that is
rapid and distinctive in monocarpic plants towards the end of their reproductive phase,
whereas polycarpic plants undergo a more gradual decline that is less clearly attributable
to physiological processes [4]. Age determination in plants can be performed via tree ring
analysis, radiocarbon dating, growth form analysis, long-term monitoring or fire history
analyses or via more modern analytical methods such as DNA fingerprinting or mutation
analyses. For individual plants, an age of up to 5000 years has thus been assigned, whereby
the oldest plants are all woody conifers [9]. Special cases involve plants that reproduce
asexually with clonal reproduction [10,11], including community-sized individuals that
have a lifespan of more than 40,000 years [8,9] and seeds that can maintain their viability
for more than 2000 years [12]. Coalified conifer cones retain their hygroscopic capacity to
open and close after more than 10 million years in the ground; however, it is important to
note that this is already dead tissue [13].

Thus, a unitary period of time that can be defined as “longevity” does not exist for
plants. However, the longevity of plant species encompasses their evolutionary adaptations
that protect them in their ecological niches from undesirable environmental influences (e.g.,
predators, mechanical overload, extreme weather conditions) in order for them to grow
and spread their organs of dispersal (namely seeds or spores) at least once during their
lifespan, thereby ensuring the survival of their species. For perennial plants, the chances of
propagation increase with each additional year of seed or spore dispersal. In summary, the
longevity of a given plant species is closely related to its life cycle and the completion of
dispersal with the highest possible probability of reproduction.

1.1.2. Product Lifetime as a Longevity Measure in Artificial Material Systems

The product lifetime, sometimes also referred to as the lifespan, covers the period from
the manufacture of a product or material system until it is discarded and encompasses the
time when it is actively in use (service life), the time when it is potentially usable but not in
use (dead storage) and the time when it is non-functional but not yet discarded [14]. The
length of time that a product is used varies greatly and can be predetermined depending on
whether it is a disposable, consumable or durable product. A longer lifespan is not always
advantageous or desirable: because of rapid technological developments, many products
(or their software) are so outdated before they fail that they are no longer competitive
and are replaced regardless of their condition. For example, the lifespan of 85% of all
smartphones in the UK was below five years back in the 1990s [15], with more recent data
stating that 42% of Germans use their smartphones for less than two years [16]. Potential
ways of keeping a product attractive and competitive and, thus, of extending its lifetime,
include its ability to be upgraded, its variability or its product attachment capability, all
of which conceive of products as being evolving systems rather than rigid ones [17,18].
However, limits to this exist, especially if completely new technologies become established
(e.g., analogue–digital switchover). A prominent example is the evolution of sound carriers
from phonograph records to cassettes to CDs to streaming solutions.

In addition to user-related demands, larger devices are typically subject to slow
but continuous processes such as wear, fatigue or creep, making failure attributable to
overcritical mechanical stresses increasingly likely [19]. A product or material system
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that loses its functionality or usability is referred to as experiencing obsolescence, which
can be subdivided into four different types: Material obsolescence (poor performance of
materials and components), functional obsolescence (attributable to increased demand for
functionality), psychological obsolescence (attributable to the lack of adaptability to trends
or consumer behaviour) and economic obsolescence (attributable to high maintenance
or operating costs compared with that of a new purchase) [15,20]. In addition, repeated
reports are published concerning the planned obsolescence of products by the manufacturer
in order to limit their lifetime and thereby keep sales figures high. One of the best known
examples is the manufacturer-imposed 1000 h limit on the life of incandescent light bulbs,
even though they could last much longer [21,22].

Future trends, user behaviour and material developments are difficult to predict. We
therefore focus in the following sections of this paper mainly on material obsolescence and
the mechanisms that exist to extend the lifetime of products and material systems in this
respect. Such considerations can have a particularly strong impact on the product life of
a wide range of material systems used in industry and in kitchen appliances (customer
satisfaction with these products is particularly low with regard to their lifetime) [15].

Assessment of the expected longevity of technical products therefore depends markedly
on the intended use of the product and is determined by the customer’s expectations. Thus,
to achieve longevity, a product does not have to last as long as possible, but rather to operate
flawlessly up to its expected lifetime, before possibly continuing to operate through its reuse or
repair or via its individual components after their disassembly in a circular economy.

1.2. Natural Material Cycles as Inspiration

In these times of energy and resource scarcity, a shift from linear to circular economy
is being envisaged but is far from straightforward. Instead of mining raw materials,
processing them into a human-made product and throwing them away at the end of their
service time, society’s material flows should be closed through circular use of materials,
components and products [23]. The inspirations for achieving this goal are natural closed
loop systems (e.g., carbon cycle, sulfur cycle, nitrogen cycle, water cycle, phosphorus cycle,
oxygen cycle), which, via the separation of materials and their reuse, have been prime
models for clean material cycles through recycling and removing hazardous substances [24].
However, we can also learn from the long-term structural and mechanical integrity, i.e.,
the functionality, of biological systems, with regard to product-related value retention
through reuse, repair, redistribution, re-manufacturing and refurbishment [25]. Thus, bio-
inspired or biomimetic solutions for both clean material recycling and product-related
value retention can contribute markedly to the global challenges described in Sustainable
Development Goal 12 “Ensure sustainable consumption and production patterns” of the
2030 Agenda [26].

Although natural closed loop systems, in which nothing seems to be wasted and
everything appears to be returned to the cycle, serve as prime models, studies of the life
cycle of plants show that plant material has been deposited as landfill material under
certain circumstances over millennia: exposure to heat and pressure within the Earth’s
crust has changed such dead plant materials into coal, petroleum and natural gas, which
are now classified as fossil fuels. The extraction and burning of these fossil fuels to provide
energy for human needs releases carbon dioxide (CO2) directly into the Earth’s atmosphere,
where it ultimately re-enters the carbon cycle. Since the Industrial Revolution (around
1750), the concentration of primary greenhouse gases in the atmosphere, which includes
CO2, has increased significantly. This fragile equilibrium has been disturbed and a new
equilibrium has being established with all the consequences of global warming. We have
used the example of the carbon cycle to demonstrate the strong influence that humans
have on nature and the ease with which an equilibrium can be destroyed. The unfortunate
misunderstanding that nature “does not produce waste” clearly shows that a precise
knowledge of natural models is a prerequisite for sustainable action.
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1.3. Biological Material Systems as Inspiration

In the context of biomimetics [2], functional principles of living organisms can serve
as models for lifetime-adapted structural integrity and the maintenance of functionality of
human-made products. Since plants and products can be considered as material systems,
a transfer of functional principles from biology to engineering is possible. Despite the
interdisciplinary nature of this transfer between natural scientists (e.g., biologists, chemists,
physicists), mathematicians, computer scientists and engineering scientists (e.g., material
scientists, civil engineers, architects, designers), unambiguous communication is a partic-
ular challenge because each scientific discipline has its own technical language, different
ways of thinking and working and subject-specific writing and symbol systems. However,
also within a certain discipline, diverse understandings and definitions of technical terms
may be found among different scientists, authorities or sub-fields. Therefore, we introduce
here some of the key terms, so that, even in the case of supposedly simple concepts, the sim-
ilarities and dissimilarities become clear and any overlaps and demarcations are addressed.
Further definitions of terms are available in the glossary.

In this study, we focus on biological and artificial material systems (including conven-
tional technical material systems and biomimetic material systems) because they exhibit
chemical and physical properties and functions and functionalities that exceed those of
the individual materials involved. Plants and technical products have in common that
they are hierarchically structured. In plants, a few substances (e.g., pectins, cellulose,
hemicellulose, proteins, lignin) form the cell walls of various tissues (e.g., parenchyma,
collenchyma, sclerenchyma) occurring in the organs (e.g., root, stem, leaf, flower) of the
plant body [27]. From a botanist’s point of view, the cell walls are material systems, as are
the patterns of several tissues in the plant organs. In engineering, a distinction is made
between individual materials (e.g., metals, polymers, ceramics) and material systems that
are composed of several materials (e.g., fibre-reinforced composites, reinforced concrete),
which can be part of a component [28]. Such an exact distinction is not possible in biology
because the transitions between material and structure are so smooth that Wegst et al. [27]
coined the term “structural materials”.

1.4. Material Systems Operate over Time

Interestingly, in biology, a tissue is defined as the interaction of similar cells that per-
form a specific function. Yet, what exactly is a function? This question is not easy to answer
because there is no experiment that determines a function. In the past, many philosophers
have addressed the issue of function and purpose. In Aristotle’s Philosophy of Nature,
the concept of function lies within the end, purpose or “final cause” (télos) [29]. However,
Aristotle (384–322 BC) had previously observed that télos does not necessarily involve
deliberation, intention, consciousness or intelligence [30]. In Immanuel Kant’s philosophy
(1724–1804), an object with intrinsic value can be regarded as an “end-in-itself” [31]. Ernst
Mayr (1904–2005), a philosopher of biology, denies all teleological explanations and con-
siders all living matter to be “an a posteriori product of natural selection” ([32], p. 1506). In
engineering, the function of an object is determined from the beginning by the engineer.
Here, we can cite the well known example of the construction of a table. Engineers decide
that they will ask a carpenter (causa efficiens) to make a dining table (causa finalis) out of
wood (causa materialis) and that it should have four legs and a rectangular table top (causa
formalis). In biology, however, we have to attribute functions because we see the results of
biological evolution. The function of a component is obtained by a functional analysis of
the way in which the component is embedded in the system and what its contribution to
system performance is [30]. The challenge of functional attribution in biology is beautifully
summarised in the title “If bone is the answer, then what is the question?” [33].

Functionality, however, describes the quality of a function and is often expressed as a
percentage between 100% and 0%. Elegantly, the percentage description of functionality
applies to biological and artificial systems, so that they can be easily compared with and
among each other. For example, the quality of self-healing of a plant organ or a self-healing
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artificial material can be calculated via the ratio of a selected mechanical property in
various states such as the freshly wounded or the sealed or the healed state with reference
to the intact state. Depending on the considered states, the available equations calculate
a dimensionless value for “healing efficiency” [34–36], “wounding effect" or “healing
effect” [37] or “repair efficiency” [38] or can even suggest the name of a respective property,
such as “stiffness recovery ratio” [39] (cf. Section 3.2).

The selection of properties to be compared in different states [40], such as geometric
properties (e.g., axial second moment of area [41], torsional second moment of area),
mechanical properties (e.g., Young’s modulus [36], bending elastic modulus [41], torsional
modulus), structural properties (e.g., flexural rigidity [39,41], torsional rigidity, tensile
strength [36,42]) and other physical properties (e.g., roughness of fracture surface, air
flow [38]) depends on the function to be determined.

This leads to the next point, namely that a function can be achieved through various
functional principles. Using the example of the self-sealing function, we can see that during
the course of biological evolution, a variety of underlying functional principles have been
developed to seal wounds rapidly, depending on the body plan [43] of the respective
plant [44]. Latex-bearing plants such as Euphorbia tirucalli or Ficus benjamina seal wounds
through the release of latex that is stored under an over-pressure of up to 8 MPa in their
laticifers [44,45]. Moreover, wounds of the succulent leaves of Delosperma cooperi are sealed
within approximately 60 min by the functional principle “deformation of the entire leaf
until the wound edges meet”. Hydraulic shrinking and swelling are the main driving
forces and are sped up by growth-induced mechanical pre-stresses in the tissues [46–49].
The numerical model of Klein et al. [49] and the analytical model of Konrad et al. [48]
have shown that each sealing principle can also individually lead to a complete closure of
the wound. We can therefore interpret the self-sealing function of Delosperma cooperi as a
redundant system (cf. Section 3.1).

1.5. Aim of the Work

At the interface between biology and technology, we have studied two concepts of the
longevity of biological material systems, namely robustness and resilience, as inspiration
for biomimetic material systems. These inspirations can be used to understand the way in
which technical products can be better designed to achieve the service time expected by
the consumer while retaining their functionality. According to our fundamental concept,
we use functionality as a dimensionless measure to quantify the system function. Thus,
we can represent both robustness and resilience as functionality of the entire system as a
function of time, which allows us to make comparisons not only within biological material
systems and biomimetic material systems, respectively, but also between them. We have
studied robustness in the sense of fault tolerance or remaining unharmed with respect to
the underlying principles damage resistance through safety factors, gradual transitions,
response, acclimation, adaptation and optimisation. Furthermore, we studied resilience in
the sense of failure tolerance or returning to an original state by means of the underlying
principles redundancy and self-repair. In addition, we have compiled a glossary of the
technical terms that are used in diverse contexts or disciplines with sometimes contradictory
or overlapping meanings. The review including the glossary is intended as a source of
inspiration and a guideline for interdisciplinary scientific teams developing biomimetic
material systems with a high longevity potential.

2. Robustness

We have addressed the biology–technology interface in order to investigate robustness
of functionality of material systems [50–55]. Robustness in terms of fault tolerance or
damage prevention depends on the material system, the respective function and the type
of perturbation [53,54]. Figure 2 provides a schematic drawing of the functionality of the
entire system as a function of time, showing that robust material systems remain unharmed
or are unaffected by most faults, errors or mistakes because they possess a safety factor
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that allows them to withstand multiples of stress and strain without marked damage.
The safety factor of material systems results, for example, from superimposed geometric,
mechanical and structural gradients that make them damage-resistant or from their ability
to react to environmental changes without harm through response, acclimation, adaptation
and optimisation.

Figure 2. Robustness of biological and artificial material systems depicted as the functionality of
the entire system as a function of time. At time t0, the material system is in an initial state that is a
multiple of 100% functionality (baseline “no damage”), resulting from the safety factor (blue arrow),
composed of, for example, superimposed geometric, mechanical and structural gradients that make
the material systems damage-resistant. Following a fault/error/mistake event at time t1 (red star;
e.g., multiple wind loads), the functionality of the material system first decreases (e.g., wind-induced
change of plant configuration) and increases again at time t2 via a rapid response (e.g., streamlining
of the plant and its organs within seconds to minutes) and returns to a recovered state exhibiting
initial functionality at time t3 (e.g., recovery of plant configuration). However, the biological and
artificial material systems can reach an improved state at time t4 that exceeds the initial state and thus
also the recovered state through the ability to react to environmental changes. Since the functionality
never falls below the baseline of 100% functionality, the material system remains unharmed.

Damage prevention is a technical standard today because engineers have to guarantee
that the technical product will not break during normal operation or in the case of misuse.
However, technical products that remain unharmed after damage are often “overbuilt”,
which means high material consumption but also high “safety factors” and in particular
“reserve factors” (cf. Section 2.1). With a focus on efficient use of natural resources and reduc-
tion of waste generation, the transfer of plant-inspired damage prevention to biomimetic
products can contribute to the challenges described in the 2030 Agenda such as target 12.1
“By 2030, achieve the sustainable management and efficient use of natural resources” and
target 12.5 “By 2030, substantially reduce waste generation through prevention, reduction,
recycling and reuse” [26].

2.1. Safety Factor—The Sum of Individual Elements

The safety factor (SF), sometimes referred to as the “factor of safety” describes the
relationship between the maximum load that a material, structure or material system can
withstand and the stress to which it will be subjected under typical conditions [56]. For
plants and buildings, for example, the safety factor describes the multiple by which the
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structures can carry more than their actual static load. The most common way to calculate
the safety factor is given in Equation (1) and results in a dimensionless quantity. In some
cases, however, a percentage value is stated, in which case the result is multiplied by 100%.
In some disciplines, the “margin of safety” (MoF) is used instead, which is a derived value
of the safety factor (Equation (2)). The MoF can be expressed as a relative value or as a
percentage, although the latter is more common. In the building sector, the “reserve factor”
(RF) must be calculated, which is usually the quotient between the calculated and the
legally determined safety factor specified in the European standards (Equation (3)). To
comply with the legal requirements, the “reserve factor” must be 1 or more (RF ≥ 1). Since
the equations and input variables used vary, it is important to carefully check what exactly
was calculated. For a better comparability, we will refer to the dimensionless safety factor
in the following.

SF (/) =
maximum load

static load
(1)

MoF (%) = (SF− 1) · 100% (2)

RF (/) =
(

calculated SF
legally determined SF

)
(3)

With a safety factor of SF = 1.0, a structure can support itself but no further loads.
Any increase in this value indicates that the structure can also withstand higher loads (e.g.,
attributable to external environmental influences such as wind or snow). As soon as the
safety factor falls below 1.0, the system is no longer stable even under its own weight.

The use of the safety factor in artificial material systems is as old as the Industrial
Revolution and was applied as early as the 1860s by a German railway engineer who
used a factor of 2 to protect the tracks from failure under tensile load [57]. Since then, the
calculations of the safety factor have become increasingly sophisticated and the following
five factors are considered for this calculation: (1) the occurrence of larger forces than
expected; (2) poorer material properties than anticipated; (3) calculation errors in the failure
theory; (4) possible unknown failure mechanisms; and (5) human mistakes in design [58].
Depending on the types of loading that occur, a single safety factor value might not be
sufficient for a material or a material system; for example, one value for strength and one
value for fatigue should be considered [58].

In addition to the safety factor, the probabilistic risk assessment method has gained
increasing importance, since the end of the last century, as a safety assessment tool for
material systems and structures. In this approach, the probability of failure, together
with the magnitude (or severity) of the possible consequences are taken into account [59].
However, the probabilistic risk assessment should not compete with the calculation of
a safety factor but should provide additional information for the design process [60].
Duncan’s work [61] on safety factors for geotechnical engineering practices incorporates
probability scenarios and a cost factor. When the most likely scenarios are assumed, a
safety factor of 1.5 is sufficient to protect a building from sliding on sand. Depending
on the nature of the soil and the materials used, one should add uncertainties of various
magnitudes to this value; for example, a standard deviation σ of 0.15 should be considered
to take into account the friction angle between the building and the sand, thus resulting
in a lower limit of the safety factor of 1.35 and an upper limit of 1.65. To obtain a higher
certainty, which covers about 99.7% of all cases, one should apply the three Sigma rule. In
the presented example, this would result in certainty factors of between 1.05 and 1.95. If a
failure of the structure should not be "catastrophic", an estimation of the additional costs
can be used to decide on the number of standard deviations to apply [61].

In plant biomechanics, the safety factor for herbaceous plants or trees is calculated
to indicate the multiple of their own weight that they can withstand under additional
dynamic loads (Figure 3). Niklas [62] has been able to show, by his work on peduncles
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(stalks supporting the flower or inflorescences) of garlic (Allium sativum) that their safety
factor of about 1.85 is similar to that of technically used wooden columns and that this value
is strongly dependent on the external influences to which the plants are exposed during
growth (see also Section 2.3.3 on acclimation). The safety factor of plants that were grown
outdoors but in a protected plastic enclosures with an open top was measured at 1.29 and
that of plants grown under fully controlled conditions in a greenhouse even only at 1.11.
Even larger values ranging from 1.7 to 2.9 were found by Langer et al. [63] for the petioles
of herbaceous plant leaves. The last mentioned values can be explained on the basis that
the petioles not only have to carry the static load of the petiole and the lamina, whereby the
latter has a considerably larger cross-sectional area than the petioles themselves, but also
have to withstand additional loads such as wind gusts, rain, snow and perching animals.
Langer et al. [63] calculated the dimensionless safety factor of the petioles as a ratio of the
critical length (lmax) and the real length (lreal). They presented two cases for the calculation
of the critical length (lmax): (1) for peltate leaves in which the lamina is arranged like a top
load on the petiole; (2) for foliated leaves in which the petiole is situated at the margin of
the lamina. King and Loucks [64] calculated the gravitational safety factor (gmax/g) for
American quaking aspen trees (Populus tremuloides) and found a safety factor of 2.4 for
20-year-old trees (Figure 3b). Interestingly, the safety factor increased with the age and
secondary growth of the trees, with 80-year-old trees that were mechanically “overbuilt”
showing a safety factor of 5.1. However, what happens when the safety factor falls below
the critical value of 1.0? In this case, the plant can no longer support its own weight, an
observation that is probably familiar to most of us from the wilting of cut flowers in vases.
This well known phenomenon was analysed with respect to the safety factor of Gerbera
jamesonii peduncles (Figure 3c). The safety factor was found to be 1.42 for fresh, fully
turgescent plants, whereas in wilted plants with drooping flower heads, it decreased to
0.95 within 24 h [65].

Figure 3. Safety factor and contributing elements of various systems. (a) Similar to a series circuit, the
safety factor is the sum of individual elements contributing to the overall functionality of a material
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system. (b) As Populus tremuloides is a tree, we define its functionality as the safety factor of its
trunk, a factor that depends on secondary growth. The safety factor increases on average from 2.4
for 20-year-old trees to 5.1 for 80-year-old trees [64]. (c) Since Gerbera jamesonii is an herbaceous
plant, we define its functionality as the turgor-dependent safety factor of its peduncle. The safety
factor is 0.95 for wilted peduncles. On increasing the turgescence of the tissues, the safety factor
increases to 1.42 [65]. (d) Since the technical plant stem is a biomimetic lightweight construction, its
functionality is defined as mechanical performance in relation to sample weight. The example of the
technical plant stem (cf. Section 2.2) illustrates that the safety factor markedly increases by adding up
various gradients.

2.2. Damage Resistance through Multiple Gradients

Generally, gradients create smooth transitions between major changes in geometric,
mechanical and structural properties of material systems. Often, these smooth transitions
are protected against damage by several superimposed gradients [66]. Their opposites,
namely abrupt transitions, represent predetermined breaking points. These gradual or
abrupt transitions can be found on various hierarchical levels in both biological and arti-
ficial material systems (cf. Section 1.3) resulting in a complex system [51]. However, the
total of all gradual and/or sudden changes of influencing variables determines whether
the transition is smooth or abrupt (Figure 4). In plant leaves, on the one hand, we find
superimposed gradual transitions resulting in a damage-resistant transition zone between
petiole and leaf lamina [63,67–69]. Moreover, we find abrupt transitions leading to a spatio-
temporal controlled shedding of individual plant organs (abscission), such as between
branches and petioles resulting in leaf fall in autumn [70,71]. Another example is the chain-
like arrangement of branches in certain cacti (Opuntioideae), in which shedding enables
vegetative reproduction [10,11,72]. The concept of shedding plant organs (abscission [70]
and autotomy [73]) and discarding animal appendages (autotomy [74]) is discussed as
inspiration for future smart structures with controlled failures occurring in predefined
positions in the structural scheme. Possible breaking points are construction joints, delib-
erately weak zones, specially designed reinforcement bar configurations and fuse-type
elements [55].

Figure 4. Types of transitions in plant structures. The radius of a cross-sectional axis is given as
percent and the various properties are shown as relative values to allow the calculation of a sum
(purple dots and line). The sum of various influencing properties shows either a transition (a) with
gradual changes or (b) with an abrupt change (red arrow).
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A prime example of a biological damage-resistant structure is the hollow stem of the
giant reed (Arundo donax) [75], whose multiple gradients at various hierarchical levels
have served as the inspiration for the so-called “technical plant stem” [76] (Figure 5). The
giant reed is up to 6 m high and grows in dense stands. No known observations have
been made of Arundo donax stems showing significant damage in the field, even under
additional stresses such as wind gusts, snow loads or perching animals (O.S.; information
from personal interviews). The slender upright and slightly tapered stems are divided
into internodes and nodes. The stem walls of the internodes exhibit several gradients,
which meet all theoretical considerations and needs for a composite material optimised
to withstand dynamic bending loads [76]. The load-bearing tissues, such as the highly
lignified parenchyma (Figure 5a) and the lignified fibres and vascular bundles (Figure 5c,d),
are concentrated in the periphery with a gradual reduction in cell wall thickness and an
increase in cell size of the parenchymatous tissue (Figure 5b). Moreover, the degree of
lignification of the parenchyma (Figure 5a) and the density of the strengthening tissues
(Figure 5c) gradually decreases in a radial direction from the outside towards the centre. The
vascular tissues, together with the fibres, are distributed in the parenchyma, an arrangement
that can be interpreted as an adaptation to an optimised damping of the oscillations caused
by wind loads or by passing animals [77]. The gradual decrease in lignification between
the cells of the vascular tissues and the parenchyma (Figure 5d) can be interpreted as an
adaptation to avoid delamination between stiff and less-stiff tissues [78].

These gradients (cf. Figure 3d) together with additional inspiration for lightweight
construction from other plant structures have, as mentioned above, provided inspiration
for the “technical plant stem”, such as that produced by means of a braid-pultrusion
technique. Various fibre bundles can be incorporated into the technical plant stem in both
axis-parallel and diagonal directions in a wide variety of matrices. Diagonal fibre bundles
provide high torsional stiffness and toughness, high vibration damping and excellent
structural integrity. Axis-parallel fibre bundles exhibit additional high tensile stiffness and
toughness. By varying the density, arrangement and angle of the fibres in the respective
layers, “technical plant stems” can be created with high robustness and can be targeted
for particular loading situations [79]. For example, the technical plant stem shown in the
middle of Figure 5 consists of glass fibres and a solid matrix of epoxy–vinyl–ester and has a
density of 1850 kg m−3. It exhibits a logarithmic decrement of 0.084, which is a measure
for its damping functionality. In addition, this technical plant stem has withstood the
impact of a 50 J pendulum with a maximum force of 60 kN (Charpy impact test) without
significant damage (notched impact strength >325 kJ m−2, absorbed impact energy >50 J)
(unpublished data, by courtesy of T. Speck, University of Freiburg, Germany).

Figure 5. Technical plant stem with various embedded gradients. The technical plant stem (middle),
which consists of glass fibres embedded in a solid matrix of epoxy–vinyl–ester, was produced by a
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braid-pultrusion technique. It was inspired by multiple gradients including those from the stem wall
of Arundo donax. In a radial direction from the periphery towards the centre, we find (a) a decrease
in lignification of the parenchyma cell walls, (b) an increase in cell size of the parenchyma and (c) a
decrease in the fibres and vascular bundles (red) embedded in the parenchyma (white). In addition,
(d) the sclerenchmya fibres (orange) of the vascular bundles (xylem in blue, phloem in green) show
an increase in cell size and a decrease in lignification towards the parenchyma cells (brown).

2.3. Damage Resistance through Reactions to Environmental Changes

The terms “response”, “acclimation” and “adaptation” from biology and “stimulus-
responsive”, “adaptive” and “intelligent” or “optimised” from materials science and en-
gineering present a particular challenge when it comes to finding inherent similarities or
dissimilarities. In the field of biomimetics, confusion in the use of such terms becomes
especially problematic when scientists claim that functional principles of biological mod-
els can be transferred to technical applications and, thus, that a biological model and a
biomimetic product have the same function. These uncertainties are not limited to the
various scientific disciplines, but are also related to the terms having various meanings at
different hierarchical levels, from materials to material systems to entire plants or technical
components. On closer inspection, the confusion is particularly striking with regard to
the terms “stimulus-responsive” and “adaptive” in the field of materials science. In the
following, we will show that plants and their material systems and human-made materials
and components can gain robustness if they can react structurally and mechanically to
withstand higher environmental stresses without major damage.

Unlike animals, most plants are immobile and firmly tied to their location. Thus,
they are exposed to changing environmental conditions at all times. In unfavourable
environmental conditions such as storms, drought, heat or cold, plants cannot run for cover
but must react in situ in order to survive. We discriminate between short- and medium-term
reactions of individual plants and long-term reactions of entire plant populations [80,81].
Table 1 provides an overview of plant reactions with a focus on mechanical stimuli such as
wind loads, rain drops or contact by passing animals.

Table 1. Damage prevention through reactions of plants (according to [80]).

BOTANY Response Acclimation Adaptation

Subject Individual plants Individual plants Populations of plants

Effect Reconfiguration of
plant organs

Change of gene
expression

Change of genetic
information

Time span Seconds to minutes Days to months Evolutionary time

Result “Re-oriented” plants “Trained” plants “Adapted” plants

Plant example

Reversible
streamlining of plants

and plant organs
under wind

loads [82–84]

Non-hereditary
alteration of growth

pattern (e.g.,
reduction in shoot

elongation) [81,85–89]

Variation of
hereditary traits (e.g.,

trampling tolerant
plants with low

growth and rosette
formation) [90]

In analogy to the reactions of plants given in Table 1, we present Table 2, which
contains corresponding technological terms and biomimetic examples, where available.
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Table 2. Damage prevention through reactions of human-made components and designs.

TECHNOLOGY Response Adaptivity Optimisation

Subject Individual
components

Individual
components

Populations of
designs

Effect Reconfiguration of
component parts

Change of material
properties

Optimisation of
design parameters

Time span Seconds to days Number of cycles Number of
generations

Result “Re-oriented”
components

“Trained”
components “Optimised” design

Biomimetic example

Stimulus-responsive
buildings (e.g.,

Urbach Tower) and
facade-shading
systems (e.g.,

Flectofin, Flectofold,
Hygroskin) [91–96]

Persistent change of
material properties

through cyclic
loading [97,98]

Optimised
parameters through

evolutionary
algorithms (e.g.,

coffee blend, winglets
for air planes,
lightweight

constructions)
[99–104]

2.3.1. Wind-Induced Response of Plants and Plant Organs

A prime example for damage prevention in the plant kingdom is the reconfiguration of
stems, branches and leaves of individual plants in response to wind loads. Reconfiguration
by means of streamlining within seconds and minutes reduces the projected surface area
and, consequently, the resulting drag force. A simple measure for the effect of drag
reduction by reconfiguration is the Vogel exponent V , which is a dimensionless number
such that the power law with the wind speed u reads: Df ∝ u2+V [82]. The Vogel exponent
V can be calculated as the slope of a double-logarithmic plot of the velocity-specific drag
as a function of velocity [83]. Experimental data from various plants (e.g., grasses, reeds,
trees, algae), plant organs (e.g., leaves, flowers) and fluids (e.g., wind, water) reveal that
their Vogel exponent varies between −0.2 and −1.2. In the range of the flow speed faced by
plants, the Vogel exponent has a typical value of −1.0 [82]. Field experiments on six-meter-
high individual plants of Arundo donax have shown that the value of the Vogel exponent V
and thus the reduction of the drag force Df (u), is a function of the wind speed u [84]. At
low wind speeds of up to 1.0 m s−1, the Vogel exponent V = −0.12, resulting in Df ∝ u1.88.
For higher wind speeds between 1.5 m s−1 and 10 m s−1, the Vogel exponent V = −0.71,
leading to Df ∝ u1.29. The difference in drag force results from increasing streamlining
at high wind speeds. If we compare the measured drag force with streamlining at high
wind speeds with the calculated drag force without streamlining by extrapolating the
relationship at low wind speeds, we find a percentage drag reduction of 46% at a wind
speed of 4.0 m s−1 and 73% at 10 m s−1 [84]. Thus, streamlined plants can withstand
markedly higher wind loads without serious damage.

2.3.2. Stimulus-Responsive Biomimetic Applications

However, damage prevention by drag reduction through streamlining is limited for
engineering applications for various reasons. State-of-the-art technical constructions often
consist of various rigid elements connected with hinges and, as, for example, in the case
of an umbrella, additionally with a flexible membrane. By restructuring the individual
elements, the overall shape of the system can be streamlined. The example of an umbrella
shows the limits of the change to a streamlined shape. An everyday experience is that a
gust of wind is enough to deform the frame of an umbrella in such a way that it can never
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return to its initial state. Therefore, if the wind is too strong, we take the precaution of
closing the umbrella before the frame breaks. Now the umbrella is in a streamlined shape,
but its functionality has dropped to 0%. Thus, an umbrella construction is not robust with
respect to strong wind loads.

Even with a biomimetic approach [2], i.e., learning from the biological model, limita-
tions cannot be overcome if the framework conditions are markedly different. A popular
example in textbooks is the comparison of the constructions of a grass stalk and a tall
tower. However, it is not the different size dimensions (centimetre vs. meter) that are
crucial; the limitation lies in the amplitude of the damped oscillation of the grass stalk
after a wind gust. These amplitudes cause no problems for plants, whereas meter-large
amplitudes at the tower apex are unacceptable for people who live, work or eat in the
tower. Therefore, streamlining in the wind by bending is not an option that can be con-
sidered for buildings. Slender structures are known to be highly sensitive and susceptible
to wind-induced motion. In this context, engineers aim to tailor the external form of tall
buildings in order to create an aerodynamic shape that minimises wind loads and mitigates
associated structural motions. Alternatively, engineers can in future create tall buildings
with a dynamic facade that can morph to the changing complex wind environment in
urban areas. Ding and Kareem [91] have presented the concept of autonomously morphing
wind-resistant structures. They claim that building topologies of the future must have
dynamic facades that actively adjust their profiles to counteract the effects of changing
wind conditions.

In recent years, various systems inspired by the responsive material systems of plants,
which are hinge-less structures that can deform in their entirety, have been developed [92].
Plant-inspired architectural projects for responsive buildings and building envelopes in-
clude the Flectofin, a mechano-responsive facade shading system derived from the compli-
ant pollination system of the flower of the bird-of-paradise plant (Strelitzia reginae) [93];
the Flectofold, a mechano-responsive facade shading system inspired by the hinge-less
motion of the underwater snap-trap of the carnivorous waterwheel plant (Aldrovanda vesicu-
losa) [94]; the 14 m-high Urbach Tower [95], a humidity-responsive and self-shaping timber
tower; and the HygroSkin [96], a humidity-responsive building envelope inspired by the
humidity-driven motion of spruce cones.

2.3.3. Mechano-Stimulated Acclimation of Plants

Since plants can perceive external mechanical stress [85], they are able to acclimate to
wind, rain and perching animals. The first studies concerning the wind-induced acclimation
of trees were published in 1803 by Knight [86]. In 1973, Jaffé defined mechano-stimulated
adjustments of plants as thigmomorphogenesis [87], which is an alteration of growth
pattern by changes in gene expression [88]. Although the changes depend on the plant
species and on the type, duration and frequency of the stimulus, thigmomorphogenetic
effects are mostly represented by changes in plant allometry. Wind-affected trees exhibit
reduced shoot elongation together with an increased radial growth, resulting in a shorter but
thicker trunk that can withstand higher mechanical stresses without undergoing significant
damage. In addition to morphological changes caused by altered allometry, acclimation
can also be manifested in anatomical alterations, starting at the cellular level and extending
to the whole plant including changes in the mechanical properties of plant tissues [81,89].
All these changes add up to a substantial contribution to the safety factor of plants. Thus,
the thigmomorphogenetic effects of “trained” trees and herbaceous plants are the result
of the physiological growth changes [88] of individual organisms and, unlike biological
adaptation, cannot be inherited by the next generation.

2.3.4. “Trained” Plant Material Systems

The effect of multiple repeated wind gusts on plant material systems can be studied in
cycling tests. Figure 6 presents the changes in the tensile elastic modulus over the course
of eight cycle loops with increasing tensile strain (in 1% strain steps). An example is the
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mechanical performance of rhizome samples of Arundo donax, which can be regarded as a
fibre-reinforced composite consisting of stiff fibres and vascular bundles embedded in a
matrix of parenchyma (cf. Figure 5c). Since the "training effect" of the plant material system
occurs within minutes, it is likely to be a response to the mechanical stresses in the form
of an alignment of the tissues and their components and a viscoelastic-plastic behaviour
of the biological material systems [105,106] rather than an acclimation based on altered
growth patterns by changed gene expression. Interestingly, similar curves to those shown
for biological material systems in Figure 6 can be obtained with artificial materials. In
materials sciences, these artificial materials trained by cycle loops are known as “adaptive
materials” [97,98].

Figure 6. Results from a hysteresis experiment of a biological material system (rhizome samples of
Arundo donax). (a) Eight hysteresis curves with increasing tensile strain (in 1% strain steps). (b) The
tensile elastic modulus changes with respect to the repeated and increasing strain. The first loop
reveals a markedly lower modulus compared with the subsequent loops.

2.3.5. “Trained” Artificial Materials

Artificial materials are awarded the attribute “adaptive” if they can independently ad-
just to changing environmental conditions. The question, however, arises as to what extent
adaptive materials differ from stimulus-responsive materials. According to Walther [97],
a distinction can be made with respect to their management of and navigation within
complex energy landscapes. Stimulus-responsive soft material systems alternate between
two low energy states. The switching process by a trigger and counter-trigger is reversible.
Even additional switching always induces the same change [97]. This is in contrast to
adaptive material systems, which can dynamically adapt or evolve to new states under
out-of-equilibrium conditions [97,98]. After a certain number of trigger/counter-trigger
cycles, the material system stops responding to the same signal, adopts a distinctly dif-
ferent functional state or undergoes a change in properties. Examples for the training of
artificial and biological material systems are strain hardening under inelastic deformation
and hysteretic memory under cyclic loading. Conversely, this means that artificial material
systems can be systematically and targeted “trained” depending on the strength, duration,
frequency or number of cycling loops. However, a previously altered energy landscape
and thus a memory function of “trained” material systems might no longer be present if
the stimulus is absent or falls below a certain threshold. Relaxation is an example for the
“forgetting” of the adjusted properties and thus the “trained” energy landscape [97].

2.3.6. Adaptation and Optimisation

Following the example of biological evolution, evolutionary algorithms were devel-
oped in the 1960s. As sub-classes of the evolutionary algorithms, genetic algorithms and
evolutionary programming were developed independently in the USA, whereas evolution-
ary strategies were developed by Schwefel [99] and Rechenberg [100] in Germany [101].
Evolutionary algorithms are biomimetic optimisation methods that involve the evolution-
ary principles of variation (= mutation and recombination) and selection (Table 3). These
principles are executed iteratively in a loop, whereby new and optimised solutions (= off-
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spring) are generated with each new generation and thus allow to find an optimal solution
without knowledge of it beforehand. Thereby, evolutionary algorithms can be used univer-
sally and can even be applied to problems that cannot be formulated mathematically. On
the one hand, the bird-like wing tips for aeroplanes and the design of a truss bridge or of an
optical lens can be optimised by objective selection [102]. On the other hand, the subjective
selection of coffee testers can be used to determine the best blend ratio of coffees to achieve
a specific coffee taste [103]. Evolutionary strategy with the so-called comma strategy, i.e.,
only the offspring compete with each other (see also below; [104]), are particularly suitable
for simulations and for applications using subjective quality evaluations [101].

Table 3. Comparison of adaptation of biological evolution and evolutionary strategy used in technol-
ogy (modified after [104]).

Evolution (Biology) Evolutionary Strategy
(Technology)

Subject Living being Object to be optimised

Mutation Random change of genetic
information

Random change of input
variables (= object parameters)

Recombination Reshuffling of parental genetic
material (e.g., meiosis)

New combination of parental
object parameters

Selection
Selection of those individuals
with the best fit to the natural

environment

Selection of those individuals
that best meet the

optimisation criterion

Result Adapted organism Optimised object

As an example, we will describe the way in which the material consumption of
a milk carton used for the packaging of one litre of milk can be minimised with the
help of evolution algorithms (a detailed description can be found in [104]). The (1,9)-ES
Optimisation presented in Figure 7 uses the comma strategy; namely, in each generation
one parent individual produces nine offspring individuals, the best of which then becomes
the parent of the next generation. During initialisation, we set the object parameters (= side
lengths a, b, c) with a · b · c = 1000 cm3 = 1000 mL and a, b, c > 0 cm. In addition, we set
the parental mutation step size δP and the variation of the parental mutation step size ξ.
Since the mutation step size of the offspring is calculated as δO = δP · ξ, the mutation step
size δO decreases if ξ < 1.0, increases if ξ > 1.0 and remains unchanged if ξ = 1.0. The
optimisation quality Q = 2(a · b + a · c + b · c) is the surface area of the milk carton. The
goal is to minimise, by using the evolutionary strategy, the material consumption Q for a
milk carton that will contain one litre of milk. By selecting the best offspring, i.e., the one
with the smallest surface area Q, as the parent of the next generation, we have created a
total of eight generations (Figure 7). In one run, we always selected the best offspring (blue
rectangles). In another run, we made a mistake in generation 5 and did not select the best,
but the second-best offspring (red triangles). The fact that the two quality curves are almost
identical shows that the evolutionary strategy is robust enough to converge to a minimum
surface area.

In general, evolutionary algorithms are optimisation methods that are highly robust.
Even if the best offspring is not always selected (e.g., faults in hardware, errors in software,
mistakes made by human beings), the algorithms ultimately lead to the optimal solution.
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Figure 7. Results of milk carton optimisation with the (1,9)-Evolutionary Strategy (individual solu-
tions). The goal is to package one litre of milk with the lowest possible material consumption, which
can be objectively measured as the surface area Q of the carton. The parent individual started with
aP = 5 cm, bP = 10 cm and cP = 20 cm and thus QP = 700 cm2 and a parental mutation step size of
δP = 0.6. The variation of the parental mutation step size of ξP = const. = 0.77 results in a decrease
in the step size of each offspring by δO = δP · 0.77. Comparative results are shown here when the
best offspring is always selected or when a mistake was made in generation 5 and only the second
best offspring is accidentally selected. Despite this mistake, the optimisation with the evolutionary
strategy is robust and approaches a minimum of material consumption.

3. Resilience

At the interface between biology and technology, we have studied resilience of
functionality of material systems in the sense of failure tolerance or damage manage-
ment [50,107]. In the event of failure, resilient material systems can, at best, return to their
original state or even overcompensate their initial state (Figure 8). Resilient material systems
have, for example, various concepts of redundancy that can compensate for the failure of
individual elements or can self-repair damage in terms of rapid self-sealing and subsequent
self-healing. In our understanding, resilience is not a correlate of robustness [54].

With a focus on sustainable development through the efficient use of natural resources
and the reduction of waste generation, damage management can also contribute to the
targets 12.1 and 12.5. of SDG 12 “Ensure sustainable consumption and production patterns”
in the 2030 Agenda [26]. For us, it is often not acceptable that technical products remain
in a dysfunctional or reduced functional state after damage. Instead, they should return
to their initial state as quickly as possible. A rapid return to the resilient state through
redundancy is widespread in technical products, while artificial material systems with
self-repair function are rarely found. The plant-inspired abscission of organs, such as leaf
fall in autumn, can serve as an example of a predetermined breaking point to fragment the
product for reuse and to disintegrate its materials for recycling.
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Figure 8. Resilience of biological and artificial material systems defined as the functionality of
the entire system as a function of time. The material system starts with an initial state of 100%
functionality (= baseline “no damage”) at time t0. After a failure event at time t1 (red star; e.g.,
damage), the material system continuously loses its functionality until it is in a disrupted state at
time t2. Starting at time t3, four scenarios are possible: (1) the loss of functionality progresses until the
entire material system is in a dysfunctional state (= 0% functionality; e.g., breakage, abscission of plant
organs), (2) the material system regains part of its functionality and remains in a diminished state at
time t4 (e.g., incomplete damage repair), (3) the material system returns to the baseline exhibiting the
resilient state with 100% functionality at time t5 (e.g., complete damage repair) or (4) the effect of the
failure is sometimes overcompensated and the final state is above 100 % functionality at time t6 (e.g.,
lignification, scar or callus formation).

3.1. Resilience through Redundancy

Redundancy mechanisms increase the resilience of systems by maintaining their
functionality, even in the event of failure of a single component or multiple components.
Thereby, the functionality of a redundancy system can be compared with a parallel circuit of
an electrical network, in which the individual elements operate independently of each other
at the same time. In the case of the safety factor, in contrast, the individual elements (e.g.,
various gradients) are structured sequentially, which is similar to an electrical series circuit.
If such redundancy does not exist, the failure of a single (sub-)element will cause failure of
the entire system (Figure 9a). In technical or information technology systems, a distinction
is made between hot redundancy (Figure 9b) and cold redundancy (Figure 9c) [108].

In a hot redundancy system, multiple elements are permanently involved in ensuring
the functionality of the overall system. In the case of a failure of one or more of these
subsystems, the remaining elements take over the failed functionality (Figure 9b). This
type of system can be found, for example, in computer networks whose processing power
is provided by several sub-units or in the energy supply system of critical infrastructure
or industrial plants [108]. However, hot redundancy can also be found in plants and their
mechanical anchoring structures. In the climbing plant called Boston ivy (Parthenocissus
tricuspidata), several adhesion pads are found on a spring-like tendril and adhere to the
substrate by means of an adhesive fluid. Mechanical pull-off tests have revealed that the
overall structure still provides anchorage for vertical growth, even when individual pads
lose contact and fail, as indicated by multiple force peaks representing individual failure
events in the force-displacement curves (Figure 10a) [109]. The hemiparasitic European
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mistletoe (Viscum album) uses, especially in the first years of its combined growth with the
host, several wedge-shaped sinkers (structures of the so-called haustorium, a modified
organ common to all plant parasites) mechanically to anchor itself in the host and to
form a physiological connection for water and nutrient uptake [110]. Under mechanical
loading, the initial failure of individual sinkers occurs before complete failure of the entire
connection is observed, which is likewise indicated by pre- and post-failure events in the
respective force-displacement curves (Figure 10b) [111].

Figure 9. Various redundancy concepts. (a) If no redundancy is present, the functionality of the
system is lost in cases involving element failures. (b) In a system with hot redundancy, several
elements are involved in providing the functionality of the overall system. If one of these elements
fails, the other elements can take over its function resulting in little or no loss of overall functionality.
(c) In a cold redundancy system, at least one backup element takes over the function of an active
element in the event of its failure. The overall system therefore does not lose its functionality or, at
least, the downtime is substantially reduced.

In both biological examples described above, the failure of single redundant elements
(attachment pad or sinker) leads to the lost functionality being covered by the remaining
elements. This allows the plants to compensate for the losses by growing new tissues or
organs in the following growth period. However, this applies only up to a certain level, at
which the individual failures accumulate to such an extent that system functionality falls
below a critical threshold, leading to the failure of the entire structure.

In the case of cold redundancy, the system requires a built-in or external sensor
unit that, in the event of a failure of primary elements, activates previously inactive
(standby) elements, which take over the function and restore the functionality of the system
(Figure 9c) [112]. A well known example that has been helping to save lives for decades
is the reserve parachute in skydiving, which can be opened manually or automatically in
the case of the failure of the main parachute. Cold redundancy in biology is found, for
example, in facultative plant parasites. Plant parasites in general use the haustorium [113]
to form a mechanical and physiological connection with their host and to draw water and
nutrients from it. In the case of holoparasites that are not themselves photosynthetically
active, carbon is also taken up from the host. Unlike obligate parasites, which are not
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viable without a host, facultative parasites can live and grow for at least a part of their
lifecycle autotrophically without contact with a host [114,115]. These plants have a cold
redundancy system of their physiological activity that, in the case of the loss of the primary
supply from the host (e.g., host death), allows them to transition to host-free life and
growth, even though this may be accompanied by reduced physiological activity. If their
physiological functionality does not fall below a critical threshold, this “backup” energy
harvesting system allows them to remain alive, either to form reproductive organs or to
establish physiological and mechanical connections with a new host. However, the extent
of host-free growth has often been analysed under laboratory conditions and is considered
controversial among experts [115,116].

Figure 10. Hot redundancy mechanisms of biological material systems. (a) Adhesive tendril of Boston
ivy (Parthenocissus tricuspidata) with nine redundant adhesive pads (circled in orange). The exemplary
force-displacement curve shows stabilisation of the overall system after failure of individual pads (or-
ange stars). Adapted with permission from [109]. (b) Cross-section of a micro-computed tomography
image through the attachment site of a young mistletoe (Viscum album; coloured in transparent orange)
and its host branch. Five wedge-shaped sinkers form the redundant mechanical and physiological
connection between the two species. A force-displacement curve of a mistletoe–host sample under
tensile load shows pre- and post-failure events, indicating the failure of individual sinkers (orange
stars). Adapted from [110].

The cold redundancy mechanisms of the adhesion disc of the remora, also known
as the suckerfish (Echeneis naucrates), enables adhesion generation (1) underwater, (2) to
porous structures and (3) in the air. This is accomplished by compartmentalisation carried
out by lamellae within the disc [117,118]. The remora can attach to fast-moving marine
hosts as a “hitchhiker” to save energy. Some of the hosts, such as dolphins, can jump
out of the water in an attempt to rid themselves of these unpleasant passengers [119].
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In order to maintain adhesion during the water–air transition, the remora is capable of
rearranging its lamellar compartmentalisation to prevent it from dropping off from its host.
This redundancy mechanism has been translated by Li et al. [118] into a biomimetic flying
robot that can perform rapid attachment and detachment operations both underwater
and in air and can thus be used as a hitchhiking robot for exploration and transport in
versatile terrains.

In addition to the structural-morphological and physiological redundancy described
above, redundant structures in the plant kingdom are also found at the genetic level,
whereby gene duplication can compensate for possible mutations or prevent the expression
of new attributes [120,121] and at an ecological level, whereby redundancy can ensure the
functioning of ecosystems in the case of events that lead to temporary or permanent extinc-
tion of local species [122]. However, these aspects have a lower potential for biomimetic
material systems and few parallels can be drawn with other artificial material systems; they
are therefore not discussed further in this paper.

3.2. Resilience through Self-Repair of Damage

The self-repair of wounds is a typical life-like function that has inspired scientists
to develop artificial materials and material systems. Regardless of whether they have or
do not have a biological model, the artificial self-repairing material systems are capable
of self-repairing cracks, fractures and scratches. Rapid self-sealing immediately after the
damage and the subsequent self-healing contribute substantially to the long-term structural
integrity and functionality of plants, animals and human-made components, enabling them
to attain their expected lifetime or lifespan. In 1970, Malinskii et al. [123] published, for the
first time, studies on the self-healing of cracks. However, little progress was made until
2001 when the article of White et al. [124] was published in Nature. A great deal of attention
was then paid to the topic of “self-healing of artificial materials” and a wave of research
projects and their respective publications followed. In the context of quantifying self-repair,
several questions arise that should be answered with respect to the intended application
(Table 4).

Table 4. Questions that arise in the context of restoring the mechanical performance and structural
integrity of self-repairing material systems after the occurrence of damage. Suitable answers depend
on the specifications of the product.

Questions Answers

What is being restored?
Geometric properties, mechanical properties,
structural integrity, functionality of the entire

system

What size of damage can be self-repaired? Length, width and depth or radius (e.g.,
millimetres, centimetres)

How quickly should self-repair be carried out? Seconds, days, weeks, month, years

How often can the damage self-repair? Once, twice, several times

Should self-repair be initiated autonomously or
by a specific trigger?

Autonomous self-repair without a trigger or
non-autonomous self-repair initiated by a

specific trigger (e.g., temperature, light,
humidity, mechanical compression)

How can the structural integrity of the
damaged and repaired status be measured?

Qualitative assessment by imaging techniques
(e.g., light microscopy, SEM, X-ray

tomography)

How can the mechanical integrity of the
damaged and repaired status be measured?

Quantitative analyses by various
equations [34–37]



Biomimetics 2023, 8, 173 22 of 31

Several equations can be found in the literature that quantitatively analyse the me-
chanical properties of various states of the self-healing process by comparing the damaged
state (freshly injured), the sealed state and the healed state with the intact state (without
damage) [34–37]. These equations can be applied to wound healing in plants and animals
and to the self-repair process in human-made material systems. Since the repair efficiency
ηstate of individual material properties and thus the corresponding mechanical integrity
can differ considerably, it is essential that the values of the same material property are
compared in various states (intact, damaged, sealed, healed). Equation (4) gives the per-
centage loss of mechanical integrity through damage compared with the intact undamaged
state (cf. Figure 11 at time t2). Equations (5)–(7) calculate the percentage restoration after
immediate sealing (cf. Figure 11 at time t4), by healing only and after sealing and completed
healing (cf. Figure 11 at time t5), respectively.

ηdamaged(%) =
valuedamaged

valueintact
· 100% (4)

ηsealed(%) =
valuesealed
valueintact

· 100% (5)

ηhealed(%) =
valuehealed − valuesealed

valueintact
· 100% (6)

ηrepair(%) =
valuehealed
valueintact

· 100% (7)

Figure 11. Schematic representation of biological and artificial material systems with and without the
self-repair function after damage. The material system starts with an intact and undamaged state
of 100% functionality (= baseline “no damage”) at time t0. After a wounding or damaging event at
time t1 (red star), the material system continuously loses its functionality until it is in a damaged state
at time t2. Starting at time t3, four scenarios are possible: (1) the material system has no self-repair
function and remains in the damaged state, (2) the material system regains part of its functionality
by self-sealing and remains in a sealed state (time t4), (3) the material system returns to the baseline
through self-healing and exhibits the initial state with 100% functionality (time t5) and (4) the damage
is sometimes overcompensated with the final state being above 100% functionality (time t6) (e.g.,
lignification, scar or callus formation).
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Restoration of structural integrity, on the other hand, can only be assessed qualita-
tively by imaging techniques (e.g., light microscopy, scanning electron microscope, X-ray
computed tomography). Images can be used to assess the extent to which the damage
has been sealed or healed and whether the same material was used in the damaged area.
Dependent on the body plan [43] of the plant species and the hierarchical level, self-sealing
can be achieved by the leakage of plant sap such as mucilage (e.g., cacti [37,44]) or la-
tex (e.g., latex-bearing plants [44,45]) into the incision gap, the expansion of turgescent
parenchyma cells into (micro-)fissures (e.g., Aristolochia species [125]), the deformation
of dermal tissues (all plants studied to date) and the deformation of the entire leaf (e.g.,
Delosperma species [46–49]). In addition to the physico-chemical self-sealing mechanisms,
more complex and metabolic self-healing mechanisms have been found in plants, such as
the coagulation of latex (e.g., latex-bearing plants [45]), the lignification of tissues in the
wound area (e.g., flax cultivars [126]) and, in almost all plants studied to date, the formation
of a (ligno-suberised) boundary layer and the development of a wound periderm [44,127].

Various bio-inspired and biomimetic self-sealing material systems and self-healing
material systems have been developed in recent years [128]. Many artificial material
systems have been inspired by the self-repair mechanisms found in blood [35,129–133].
After the skin is injured, a scar often appears after complete self-healing, which represents
the overcompensated state because many mechanical properties of the scar exceed those
of the intact skin. Another prime example is the development of human-made material
systems inspired by the self-repair mechanisms of bones, as bone is the only living material
system that does not form scars after damage [134]. Moreover, self-repairing principles have
inspired scientists to develop plant-inspired material systems mostly with a self-sealing
function and a few with a self-healing function [128]. However, in contrast to the biological
models, the structures (e.g., tubes, capsules) for self-repairing functions must additionally
be introduced into the artificial material systems. On the one hand, these additional
structures can reduce the initial functionality of the material system. On the other hand,
the self-repair of geometric and mechanical properties and thus the regain of functionality
contributes to an extension of material and product lifetime because premature catastrophic
failure of the entire system can be avoided [135].

4. Conclusions

The aim of this study has been to understand longevity via the concepts of robustness
and resilience of functionality of material systems as expressed in plants and to learn about
the potential of these concepts in the extension of material and product lifetime. Both
concepts are suitable for extending the lifespan of plants and the lifetime of human-made
products. This is in good agreement with the Sustainable Development Goal 12 of the 2030
Agenda and, in particular, with target 12.1 “By 2030, achieve the sustainable management
and efficient use of natural resources” and target 12.5 “By 2030, substantially reduce waste
generation through prevention, reduction, recycling and reuse”. Bio-inspired resource
preservation and waste avoidance by extending the lifetime of human-made products is an
essential contribution to sustainable development.

Although we introduce the concepts of robustness and resilience separately in the
article, they can be simultaneously present in biological and artificial material systems, thus
providing optimised functional reliability. At the interface between biology and technology,
we can understand robustness by means of fault tolerance by remaining unharmed and
resilience in the sense of tolerance towards hardware failures, software errors and human
mistakes by returning to the original state of functionality. We discuss damage resistance
through safety factors comparable with a series circuit of cumulating elements allowing
material systems to withstand additional loads. Damage resistance of smooth transitions
results from multiple superimposed geometric and mechanical gradients. Moreover, mate-
rial systems can react to changing environmental conditions through response, acclimation,
adaptation, adaptivity and optimisation. Here, it has become apparent that particularly the
term “adaptive” has completely different meanings depending on the scientific discipline
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involved. Furthermore, the limits of biomimetics have been clarified, e.g., a grass stem
oscillating in the wind is not suitable as a model for a tower with meter-wide oscillation
amplitudes, if people are to live, work or eat in it. Interestingly, “training”, for example
by cyclic loading, can take place in biological and artificial material systems resulting in
“trained” plants and products.

Moreover, we define resilience in the sense of tolerance towards failures of system
parts or damage to the material system by its return to its original state. At the biology–
technology interface, we introduce various types of redundancy. As in a parallel circuit, if
one element fails, its function can be taken over by other elements of a system with little
or no loss of overall functionality. In the case of a wound or some form of damage, rapid
self-sealing and subsequent long-term self-healing can recover structural and mechanical
integrity and, thus, the functionality of the material systems.

The functionalities described, including the examples presented from biological and
biomimetic material systems, together with the definitions from the glossary, provide
a comprehensive toolbox for comparative analyses and interdisciplinary collaborations
between biologists and engineers enabling them to develop and advance material systems
with a great longevity potential.

Our fundamental concept can serve as an important tool for future topics because both
robustness and resilience can be represented as functionality as a function of time and can thus
be both compared and combined with each other. The use of dimensionless quantities is of great
advantage, since further characteristics (e.g., geometric, mechanical, structural properties and
trade-offs such as the twist-to-bend ratio), additional states, various types of perturbations (e.g.,
wind storms, earthquake, ageing, pandemic) and further principles (e.g., compartmentalisation,
complexity, reliability, modularity) in various fields (e.g., health, economy, civil engineering,
manufacturing) can be easily quantified with our fundamental concept.

5. Glossary

Being aware of the different understandings and interpretations of the various terms
from the broad topic of longevity, both between and within different research disciplines,
the aim of this glossary is not to claim a universal validity of the definitions. Instead, we
provide a guideline and orientation for a common understanding and for simplified and
targeted collaborations in the field of biomimetic material systems.

• Acclimation/acclimatisation: Acclimation of individual plants to environmental con-
straints takes place over a time period of days and weeks, resulting in changes of gene
expression and thus altered morphological, anatomical and mechanical properties [89],
leading to “trained” plants. In the materials science context, this is usually referred to
as adaptivity.

• Adaptation: In a biological context, adaptation is the result of genetic change in
populations over evolutionary time [80]. In engineering, optimisation of systems
can be achieved via evolutionary algorithms or machine learning within several
generations or epochs.

• Adaptive system: “An adaptive system is a set of elements which interact with each
other and has at least one process which controls the system’s adaptation, that is, the
correlation between structure, function or behaviour and its environment, to increase
its efficiency to achieve its goals”. ([136], p. 760)

• Bio-inspiration: Transfer of an idea derived from living organisms into a technical
application [128].

• Biomimetics: Transfer of a functional principle derived from living organisms into a
technical application [2,128].

• Failure: Loss of load carrying capacity in materials or structural elements (with brittle,
ductile or intermediate behaviour) [137].

• Fault: A material system or structural element that can no longer satisfy the user
requirements [138]. In technology, faults mean a break or a defect of the hardware; in
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computer science, errors occur in the software or calculations, whereas a mistake is
caused by a human being.

• Function: In a biological context, being understood in the sense of traits evolved to
contribute to fitness [139]. In a technical context, being understood in the sense of a
specific process, action or task [140].

• Functionality: The quality or status of being functional [141].
• Functional principle: The underlying principle for executing a function. Sometimes

also referred to as operating principle.
• Lifespan: The period between germination and death of a plant.
• Lifetime: The period between the production of a product and its being discarded [14].
• Longevity: The attainment of the species-specific lifespan of biological organisms by

ensuring the survival of the plant species through the release of spores or seeds. In
an engineering context, the attainment of the consumer-expected lifespan of material
systems without loss of functionality.

• Material system: Through the structural and functional interaction of various materi-
als, a material system emerges with different chemical and physical properties, new
functions and other functionalities compared with the individual materials.

• Obsolescence: The ageing of a product or artificial material system, causing it to
lose functionality and usability. An extreme case is planned obsolescence, in which
a shortening of the lifetime of a product is accepted or actively implemented by the
manufacturer [20].

• Property: Properties or characteristics of materials, technical components or plant
organs are measured via standardised or established test methods. Mechanical prop-
erties characterise the reaction to applied loads; geometric properties include cross-
sectional and volumetric geometry, size and shape.

• Resilience: Ability of a system to manage damage by returning to its original func-
tionality after (partial) failures have occurred (modified after [142]).

• Resistance: The capability of a system to withstand harmful events without signifi-
cant damage and to remain unharmed or unaffected (modified after [143]).

• Redundancy: A system in which the functional failure of one (or more) contributing
elements can be compensated by other elements and thus the functionality of the
overall system can be maintained.

– Cold redundancy: Redundant system in which one (or more) elements are
passive and take over the function of one (or more) elements in case of their
failure [112]. Also known as standby redundancy.

– Hot redundancy: Redundant system, with all involved elements being active at
the same time and taking over the failure of one (or more) elements [108]. Also
known as active redundancy.

• Response: Immediate response of plants, such as wind-induced reconfiguration of
leaves, branches or entire plants occurs within seconds to minutes [88].

• Robustness: The capability of a system to prevent damage and to maintain its
functionality even if unforeseen faults (e.g., in hardware) or errors (e.g., in software)
occur or a mistake is made by a human being [144].

• Safety factor: A dimensionless factor or percentage that describes the multiple by
which the structure can carry more than their actual static load.

• Self-repair: Generic term that encompasses self-sealing and self-healing in biological
and technical systems [41,145].

– Self-healing: Longer-lasting self-healing phase (after self-sealing) in which
the fissures are structurally repaired and thus are no longer present and the
mechanical properties in the damaged area are (at least partially) restored [41,145].

– Self-sealing: Self-sealing takes place immediately after damage, resulting in a
fissure that remains but that is functionally repaired; the mechanical properties in
the damaged area have, however, not yet been restored [41,145].
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• Senescence: Senescence is a degeneration process during the ageing of plants, mark-
ing the last phase of a developmental program. It occurs in a signal-controlled and
time-coordinated manner [146].

• Structural materials: Structural materials are structured in complex hierarchical
architectures at various scales, making it possible to combine lightweight construction
with good strength and toughness properties. A wide variety of these material systems
can be found in nature (e.g., bamboo or bones); however, implementation in synthetic
structures is currently only possible at high expense [27].

Author Contributions: Conceptualization, M.D.M. and O.S.; methodology, M.D.M. and O.S.; writing—
original draft preparation, M.D.M. and O.S.; writing—review and editing, M.D.M. and O.S.; visual-
ization, M.D.M. and O.S.; supervision, O.S.; project administration, O.S.; funding acquisition, O.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation) under Germany’s Excellence Strategy—EXC 2193/1—390951807.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Thomas Speck (University of Freiburg, Germany) for provid-
ing the unpublished data of the technical plant stem. We thank R. Theresa Jones and Laura Mahony
for improving the English.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roser, M.; Ortiz-Ospina, E.; Ritchie, H. Life Expectancy. Our World in Data. 2013. Available online: https://ourworldindata.org/

life-expectancy (accessed on 13 March 2023).
2. ISO 18458:2015; Biomimetics—Terminology, Concepts and Methodology. International Organization for Standardization: Geneva,

Switzerland; Beuth: Berlin, Germany, 2015.
3. Niklas, K.J.; Kutschera, U. The evolution of the land plant life cycle. New Phytol. 2010, 185, 27–41. [CrossRef] [PubMed]
4. Noodén, L.D.; Guiamét, J.J.; John, I. Whole plant senescence. In Plant Cell Death Processes; Elsevier: Amsterdam, The Netherlands,

2004; pp. 227–244. [CrossRef]
5. May, M.R.; Provance, M.C.; Sanders, A.C.; Ellstrand, N.C.; Ross-Ibarra, J. A Pleistocene clone of Palmer’s oak persisting in

southern California. PLoS ONE 2009, 4, e8346. [CrossRef] [PubMed]
6. Koshy, K.; Pushpangadan, P. Bambusa vulgaris blooms, a leap towards extinction? Curr. Sci. 1997, 72, 622–624.
7. Thomas, H.; Ougham, H.J.; Wagstaff, C.; Stead, A.D. Defining senescence and death. J. Exp. Bot. 2003, 54, 1127–1132. [CrossRef]

[PubMed]
8. Thomas, H. Senescence, ageing and death of the whole plant. New Phytol. 2013, 197, 696–711. [CrossRef]
9. De Witte, L.C.; Stöcklin, J. Longevity of clonal plants: Why it matters and how to measure it. Ann. Bot. 2010, 106, 859–870.

[CrossRef]
10. Bobich, E.G.; Nobel, P.S. Vegetative reproduction as related to biomechanics, morphology and anatomy of four cholla cactus

species in the Sonoran Desert. Ann. Bot. 2001, 87, 485–493. [CrossRef]
11. Mylo, M.D.; Hoppe, A.; Pastewka, L.; Speck, T.; Speck, O. Elastic property and fracture mechanics of lateral branch-branch

junctions in cacti: A case study of Opuntia ficus-indica and Cylindropuntia bigelovii. Front. Plant Sci. 2022, 13, 950860. [CrossRef]
12. Sallon, S.; Solowey, E.; Cohen, Y.; Korchinsky, R.; Egli, M.; Woodhatch, I.; Simchoni, O.; Kislev, M. Germination, genetics and

growth of an ancient date seed. Science 2008, 320, 1464. [CrossRef]
13. Poppinga, S.; Nestle, N.; Šandor, A.; Reible, B.; Masselter, T.; Bruchmann, B.; Speck, T. Hygroscopic motions of fossil conifer

cones. Sci. Rep. 2017, 7, 40302. [CrossRef]
14. Murakami, S.; Oguchi, M.; Tasaki, T.; Daigo, I.; Hashimoto, S. Lifespan of commodities, part I: The creation of a database and its

review. J. Ind. Ecol. 2010, 14, 598–612. [CrossRef]
15. Cooper, T. Inadequate life? Evidence of consumer attitudes to product obsolescence. J. Consum. Policy 2004, 27, 421–449.

[CrossRef]
16. Stiftung Warentest. Gerade Gekauft und Schon Wieder Hin? 2013. Available online: https://www.test.de/Geplante-Obsoleszenz-

Gerade-gekauft-und-schon-wieder-hin-4596260-0/ (accessed on 12 January 2023). (In German)
17. Van Nes, N.; Cramer, J. Influencing product lifetime through product design. Bus. Strategy Environ. 2005, 14, 286–299. [CrossRef]

https://ourworldindata.org/life-expectancy
https://ourworldindata.org/life-expectancy
http://doi.org/10.1111/j.1469-8137.2009.03054.x
http://www.ncbi.nlm.nih.gov/pubmed/19863728
http://dx.doi.org/10.1016/B978-012520915-1/50018-7
http://dx.doi.org/10.1371/journal.pone.0008346
http://www.ncbi.nlm.nih.gov/pubmed/20041136
http://dx.doi.org/10.1093/jxb/erg133
http://www.ncbi.nlm.nih.gov/pubmed/12654863
http://dx.doi.org/10.1111/nph.12047
http://dx.doi.org/10.1093/aob/mcq191
http://dx.doi.org/10.1006/anbo.2000.1360
http://dx.doi.org/10.3389/fpls.2022.950860
http://dx.doi.org/10.1126/science.1153600
http://dx.doi.org/10.1038/srep40302
http://dx.doi.org/10.1111/j.1530-9290.2010.00250.x
http://dx.doi.org/10.1007/s10603-004-2284-6
https://www.test.de/Geplante-Obsoleszenz-Gerade-gekauft-und-schon-wieder-hin-4596260-0/
https://www.test.de/Geplante-Obsoleszenz-Gerade-gekauft-und-schon-wieder-hin-4596260-0/
http://dx.doi.org/10.1002/bse.491


Biomimetics 2023, 8, 173 27 of 31

18. Khan, M.A.; Mittal, S.; West, S.; Wuest, T. Review on upgradability—A product lifetime extension strategy in the context of
product service systems. J. Clean. Prod. 2018, 204, 1154–1168. [CrossRef]

19. Gagg, C.R.; Lewis, P.R. Wear as a product failure mechanism–overview and case studies. Eng. Fail. Anal. 2007, 14, 1618–1640.
[CrossRef]

20. Proske, M.; Winzer, J.; Marwede, M.; Nissen, N.F.; Lang, K.D. Obsolescence of electronics–The example of smartphones. In
Proceedings of the 2016 Electronics Goes Green 2016+(EGG), Berlin, Germany, 6–9 September 2016; pp. 1–8. [CrossRef]

21. Rivera, J.L.; Lallmahomed, A. Environmental implications of planned obsolescence and product lifetime: A literature review. Int.
J. Sustain. Eng. 2016, 9, 119–129. [CrossRef]

22. Maitre-Ekern, E.; Dalhammar, C. Regulating planned obsolescence: A review of legal approaches to increase product durability
and reparability in Europe. Rev. Eur. Comp. Int. Environ. Law 2016, 25, 378–394. [CrossRef]

23. Kara, S.; Hauschild, M.; Sutherland, J.; McAloone, T. Closed-loop systems to circular economy: A pathway to environmental
sustainability? CIRP Ann. 2022, 71, 505–528. [CrossRef]

24. Kral, U.; Kellner, K.; Brunner, P.H. Sustainable resource use requires “clean cycles”’ and safe “final sinks”. Sci. Total Environ. 2013,
461, 819–822. [CrossRef]

25. De Schoenmakere, M.; Gillabel, J. Circular by Design: Products in the Circular Economy; European Environment Agency: Copenhagen,
Denmark, 2017; Volume 6. Available online: https://www.eea.europa.eu/publications/circular-by-design (accessed on 7
December 2022).

26. United Nations. Report of the Inter-Agency and Expert Group on Sustainable Development Goal Indicators. Statistical
Commission Forty-Seventh Session, 8–11 March 2016. Available online: https://digitallibrary.un.org/record/821651 (accessed
on 7 December 2022).

27. Wegst, U.G.; Bai, H.; Saiz, E.; Tomsia, A.P.; Ritchie, R.O. Bioinspired structural materials. Nat. Mater. 2015, 14, 23–36. [CrossRef]
28. Ashby, M.F.; Shercliff, H.; Cebon, D. Materials: Engineering, Science, Processing and Design; Butterworth-Heinemann: Oxford, UK,

2018.
29. Lloyd, G.E.R.; Lloyd, G.E.R. Adversaries and Authorities: Investigations Into Ancient Greek and Chinese Science; Cambridge University

Press: Cambridge, UK, 1996; Volume 42.
30. Krohs, U. Der Funktionsbegriff in der Biologie. In Wissenschaftstheorie; Brill Mentis: Paderborn, Germany, 2009; pp. 287–306. (In

German)
31. Johnson, R.; Cureton, A. Kant’s Moral Philosophy. In The Stanford Encyclopedia of Philosophy, Fall 2022 ed.; Zalta, E.N., Nodelman,

U., Eds.; Metaphysics Research Lab, Stanford University: Stanford, CA, USA, 2022.
32. Mayr, E. Cause and effect in biology: Kinds of causes, predictability and teleology are viewed by a practicing biologist. Science

1961, 134, 1501–1506. [CrossRef]
33. Huiskes, R. If bone is the answer, then what is the question? J. Anat. 2000, 197, 145–156. [CrossRef] [PubMed]
34. Diesendruck, C.E.; Sottos, N.R.; Moore, J.S.; White, S.R. Biomimetic self-healing. Angew. Chem. Int. Ed. 2015, 54, 10428–10447.

[CrossRef] [PubMed]
35. Cohades, A.; Branfoot, C.; Rae, S.; Bond, I.; Michaud, V. Progress in self-healing fiber-reinforced polymer composites. Adv. Mater.

Interfaces 2018, 5, 1800177. [CrossRef]
36. Bauer, G.; Nellesen, A.; Speck, T. Biological lattices in fast self-repair mechanisms in plants and the development of bio-inspired

self-healing polymers. WIT Trans. Ecol. Environ. 2010, 138, 453–459. [CrossRef]
37. Mylo, M.D.; Krüger, F.; Speck, T.; Speck, O. Self-repair in cacti branches: Comparative analyses of their morphology, anatomy

and biomechanics. Int. J. Mol. Sci. 2020, 21, 4630. [CrossRef]
38. Rampf, M.; Speck, O.; Speck, T.; Luchsinger, R. Investigation of a fast mechanical self-repair mechanism for inflatable structures.

Int. J. Eng. Sci. 2013, 63, 61–70. [CrossRef]
39. Wu, X.F.; Rahman, A.; Zhou, Z.; Pelot, D.D.; Sinha-Ray, S.; Chen, B.; Payne, S.; Yarin, A.L. Electrospinning core-shell nanofibers

for interfacial toughening and self-healing of carbon-fiber/epoxy composites. J. Appl. Polym. Sci. 2013, 129, 1383–1393. [CrossRef]
40. Bekas, D.; Tsirka, K.; Baltzis, D.; Paipetis, A.S. Self-healing materials: A review of advances in materials, evaluation, characteriza-

tion and monitoring techniques. Compos. Part B Eng. 2016, 87, 92–119. [CrossRef]
41. Speck, O.; Schmauder, K.; Speck, T.; Paul-Victor, C. Wound reactions in stems of Leonurus cardiaca: A morphological, anatomical

and biomechanical study. Botany 2020, 98, 81–89. [CrossRef]
42. Yang, Y.; Davydovich, D.; Hornat, C.C.; Liu, X.; Urban, M.W. Leaf-inspired self-healing polymers. Chem 2018, 4, 1928–1936.

[CrossRef]
43. Drost, H.G.; Janitza, P.; Grosse, I.; Quint, M. Cross-kingdom comparison of the developmental hourglass. Curr. Opin. Genet. Dev.

2017, 45, 69–75. [CrossRef] [PubMed]
44. Anandan, S.; Rudolph, A.; Speck, T.; Speck, O. Comparative morphological and anatomical study of self-repair in succulent

cylindrical plant organs. Flora 2018, 241, 1–7. [CrossRef]
45. Bauer, G.; Speck, T. Restoration of tensile strength in bark samples of Ficus benjamina due to coagulation of latex during fast

self-healing of fissures. Ann. Bot. 2012, 109, 807–811. [CrossRef] [PubMed]
46. Speck, O.; Schlechtendahl, M.; Borm, F.; Kampowski, T.; Speck, T. Humidity-dependent wound sealing in succulent leaves of

Delosperma cooperi—An adaptation to seasonal drought stress. Beilstein J. Nanotechnol. 2018, 9, 175–186. [CrossRef]

http://dx.doi.org/10.1016/j.jclepro.2018.08.329
http://dx.doi.org/10.1016/j.engfailanal.2006.11.064
http://dx.doi.org/10.1109/EGG.2016.7829852
http://dx.doi.org/10.1080/19397038.2015.1099757
http://dx.doi.org/10.1111/reel.12182
http://dx.doi.org/10.1016/j.cirp.2022.05.008
http://dx.doi.org/10.1016/j.scitotenv.2012.08.094
https://www.eea.europa.eu/publications/circular-by-design
https://digitallibrary.un.org/record/821651
http://dx.doi.org/10.1038/nmat4089
http://dx.doi.org/10.1126/science.134.3489.1501
http://dx.doi.org/10.1046/j.1469-7580.2000.19720145.x
http://www.ncbi.nlm.nih.gov/pubmed/11005707
http://dx.doi.org/10.1002/anie.201500484
http://www.ncbi.nlm.nih.gov/pubmed/26216654
http://dx.doi.org/10.1002/admi.201800177
http://dx.doi.org/10.2495/DN100401
http://dx.doi.org/10.3390/ijms21134630
http://dx.doi.org/10.1016/j.ijengsci.2012.11.002
http://dx.doi.org/10.1002/app.38838
http://dx.doi.org/10.1016/j.compositesb.2015.09.057
http://dx.doi.org/10.1139/cjb-2019-0002
http://dx.doi.org/10.1016/j.chempr.2018.06.001
http://dx.doi.org/10.1016/j.gde.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28347942
http://dx.doi.org/10.1016/j.flora.2018.02.008
http://dx.doi.org/10.1093/aob/mcr307
http://www.ncbi.nlm.nih.gov/pubmed/22207613
http://dx.doi.org/10.3762/bjnano.9.20


Biomimetics 2023, 8, 173 28 of 31

47. Hesse, L.; Kampowski, T.; Leupold, J.; Caliaro, S.; Speck, T.; Speck, O. Comparative analyses of the self-sealing mechanisms in
leaves of Delosperma cooperi and Delosperma ecklonis (Aizoaceae). Int. J. Mol. Sci. 2020, 21, 5768. [CrossRef]

48. Konrad, W.; Flues, F.; Schmich, F.; Speck, T.; Speck, O. An analytic model of the self-sealing mechanism of the succulent plant
Delosperma cooperi. J. Theor. Biol. 2013, 336, 96–109. [CrossRef]

49. Klein, H.; Hesse, L.; Boljen, M.; Kampowski, T.; Butschek, I.; Speck, T.; Speck, O. Finite element modelling of complex movements
during self-sealing of ring incisions in leaves of Delosperma cooperi. J. Theor. Biol. 2018, 458, 184–206. [CrossRef]

50. Speck, O.; Langer, M.; Mylo, M.D. Plant-inspired damage control—An inspiration for sustainable solutions in the Anthropocene.
Anthr. Rev. 2022, 9, 220–236. [CrossRef]

51. Carlson, J.M.; Doyle, J. Complexity and robustness. Proc. Natl. Acad. Sci. USA 2002, 99, 2538–2545. [CrossRef]
52. Kitano, H. Biological robustness. Nat. Rev. Genet. 2004, 5, 826–837. [CrossRef] [PubMed]
53. Kitano, H. Towards a theory of biological robustness. Mol. Syst. Biol. 2007, 3, 137. [CrossRef]
54. Lesne, A. Robustness: Confronting lessons from physics and biology. Biol. Rev. 2008, 83, 509–532. [CrossRef] [PubMed]
55. Kiakojouri, F.; De Biagi, V.; Abbracciavento, L. Design for robustness: Bio-Inspired perspectives in structural engineering.

Biomimetics 2023, 8, 95. [CrossRef] [PubMed]
56. Gere, J.M.; Goodno, B.J. Mechanics of Materials, 8th ed.; Cengage Learning: Stanford, CA, USA, 2013.
57. Randall, F.A. The safety factor of structures in history. Prof. Saf. 1976, 21, 12–18.
58. Möller, N.; Hansson, S.O. Principles of engineering safety: Risk and uncertainty reduction. Reliab. Eng. Syst. Saf. 2008, 93, 798–805.

[CrossRef]
59. Stamatelatos, M. Probabilistic Risk Assessment: What Is It and Why Is It Worth Performing It? 2000. Available online: https:

//copswiki.org/w/pub/Common/M1922/pra-ProbabilisticRiskAssessment-Whatisitandwhyisitworkperforming.pdf (accessed
on 12 January 2022).

60. Doorn, N.; Hansson, S.O. Should probabilistic design replace safety factors? Philos. Technol. 2011, 24, 151–168. [CrossRef]
61. Duncan, J.M. Factors of safety and reliability in geotechnical engineering. J. Geotech. Eng. 2000, 126, 307–316. [CrossRef]
62. Niklas, K.J. Determinate growth of Allium sativum peduncles: Evidence of determinate growth as a design factor for biomechanical

safety. Am. J. Bot. 1990, 77, 762–771. [CrossRef]
63. Langer, M.; Kelbel, M.; Müller, C.; Speck, T.; Speck, O. Twist-to-bend ratios and safety factors of petioles having various

geometries, shapes and sizes. Front. Plant Sci. 2021, 12, 2586. [CrossRef]
64. King, D.; Loucks, O.L. The theory of tree bole and branch form. Radiat. Environ. Biophys. 1978, 15, 141–165. [CrossRef]
65. Lehmann, L.S.; Kampowski, T.; Caliaro, M.; Speck, T.; Speck, O. Drooping of Gerbera flower heads: Mechanical and structural

studies of a well known phenomenon. Biol. Lett. 2019, 15, 20190254. [CrossRef]
66. Liu, Z.; Meyers, M.A.; Zhang, Z.; Ritchie, R.O. Functional gradients and heterogeneities in biological materials: Design principles,

functions and bioinspired applications. Prog. Mater. Sci. 2017, 88, 467–498. [CrossRef]
67. Langer, M.; Speck, T.; Speck, O. The transition zone between petiole and lamina: A functionally crucial but often overlooked leaf

trait. Plants 2021, 10, 774. [CrossRef] [PubMed]
68. Sacher, M.; Lautenschläger, T.; Kempe, A.; Neinhuis, C. Umbrella leaves—Biomechanics of transition zone from lamina to petiole

of peltate leaves. Bioinspir. Biomimetics 2019, 14, 046011. [CrossRef] [PubMed]
69. Rjosk, A.; Neinhuis, C.; Lautenschläger, T. Anatomy and biomechanics of peltate Begonia leaves—Comparative case studies.

Plants 2022, 11, 3297. [CrossRef] [PubMed]
70. Addicott, F.T. Abscission; University of California Press: Berkeley, CA, USA, 1982.
71. Primka, E.J.; Smith, W.K. Synchrony in fall leaf drop: Chlorophyll degradation, color change, and abscission layer formation in

three temperate deciduous tree species. Am. J. Bot. 2019, 106, 377–388. [CrossRef]
72. Mylo, M.D.; Hesse, L.; Masselter, T.; Leupold, J.; Drozella, K.; Speck, T.; Speck, O. Morphology and anatomy of branch–branch

junctions in Opuntia ficus-indica and Cylindropuntia bigelovii: A comparative study supported by mechanical tissue quantification.
Plants 2021, 10, 2313. [CrossRef]

73. Shtein, I.; Koyfman, A.; Eshel, A.; Bar-On, B. Autotomy in plants: Organ sacrifice in Oxalis leaves. J. R. Soc. Interface 2019,
16, 20180737. [CrossRef]

74. Bateman, P.; Fleming, P. To cut a long tail short: A review of lizard caudal autotomy studies carried out over the last 20 years. J.
Zool. 2009, 277, 1–14. [CrossRef]

75. Spatz, H.C.; Beismann, H.; Brüchert, F.; Emanns, A.; Speck, T. Biomechanics of the giant reed Arundo donax. Philos. Trans. R. Soc.
Lond. Ser. B Biol. Sci. 1997, 352, 1–10. [CrossRef]

76. Milwich, M.; Speck, T.; Speck, O.; Stegmaier, T.; Planck, H. Biomimetics and technical textiles: Solving engineering problems with
the help of nature’s wisdom. Am. J. Bot. 2006, 93, 1455–1465. [CrossRef] [PubMed]

77. Speck, O.; Spatz, H.C. Damped oscillations of the giant reed Arundo donax (Poaceae). Am. J. Bot. 2004, 91, 789–796. [CrossRef]
78. Rüggeberg, M.; Burgert, I.; Speck, T. Structural and mechanical design of tissue interfaces in the giant reed Arundo donax. J. R. Soc.

Interface 2010, 7, 499–506. [CrossRef]
79. Milwich, M.; Planck, H.; Speck, T.; Speck, O. The technical plant stem: A biomimetically inspired narrow fabric. Band Und Flecht

Ind. 2007, 44, 34–38.
80. Lambers, H.; Chapin, F.S.; Pons, T.L. Plant Physiological Ecology; Springer: Cham, Switzerland, 2008; Volume 2, pp. 4–6.

http://dx.doi.org/10.3390/ijms21165768
http://dx.doi.org/10.1016/j.jtbi.2013.07.013
http://dx.doi.org/10.1016/j.jtbi.2018.08.023
http://dx.doi.org/10.1177/20530196211018489
http://dx.doi.org/10.1073/pnas.012582499
http://dx.doi.org/10.1038/nrg1471
http://www.ncbi.nlm.nih.gov/pubmed/15520792
http://dx.doi.org/10.1038/msb4100179
http://dx.doi.org/10.1111/j.1469-185X.2008.00052.x
http://www.ncbi.nlm.nih.gov/pubmed/18823391
http://dx.doi.org/10.3390/biomimetics8010095
http://www.ncbi.nlm.nih.gov/pubmed/36975325
http://dx.doi.org/10.1016/j.ress.2007.03.031
https://copswiki.org/w/pub/Common/M1922/pra-Probabilistic Risk Assessment-What is it and why is it work performing.pdf
https://copswiki.org/w/pub/Common/M1922/pra-Probabilistic Risk Assessment-What is it and why is it work performing.pdf
http://dx.doi.org/10.1007/s13347-010-0003-6
http://dx.doi.org/10.1061/(ASCE)1090-0241(2000)126:4(307)
http://dx.doi.org/10.1002/j.1537-2197.1990.tb14466.x
http://dx.doi.org/10.3389/fpls.2021.765605
http://dx.doi.org/10.1007/BF01323263
http://dx.doi.org/10.1098/rsbl.2019.0254
http://dx.doi.org/10.1016/j.pmatsci.2017.04.013
http://dx.doi.org/10.3390/plants10040774
http://www.ncbi.nlm.nih.gov/pubmed/33920846
http://dx.doi.org/10.1088/1748-3190/ab2411
http://www.ncbi.nlm.nih.gov/pubmed/31121570
http://dx.doi.org/10.3390/plants11233297
http://www.ncbi.nlm.nih.gov/pubmed/36501333
http://dx.doi.org/10.1002/ajb2.1247
http://dx.doi.org/10.3390/plants10112313
http://dx.doi.org/10.1098/rsif.2018.0737
http://dx.doi.org/10.1111/j.1469-7998.2008.00484.x
http://dx.doi.org/10.1098/rstb.1997.0001
http://dx.doi.org/10.3732/ajb.93.10.1455
http://www.ncbi.nlm.nih.gov/pubmed/21642093
http://dx.doi.org/10.3732/ajb.91.6.789
http://dx.doi.org/10.1098/rsif.2009.0273


Biomimetics 2023, 8, 173 29 of 31

81. Gardiner, B.; Berry, P.; Moulia, B. Wind impacts on plant growth, mechanics and damage. Plant Sci. 2016, 245, 94–118. [CrossRef]
[PubMed]

82. De Langre, E.; Gutierrez, A.; Cossé, J. On the scaling of drag reduction by reconfiguration in plants. Comptes Rendus Mec. 2012,
340, 35–40. [CrossRef]

83. Harder, D.L.; Speck, O.; Hurd, C.L.; Speck, T. Reconfiguration as a prerequisite for survival in highly unstable flow-dominated
habitats. J. Plant Growth Regul. 2004, 23, 98–107. [CrossRef]

84. Speck, O. Field measurements of wind speed and reconfiguration in Arundo donax (Poaceae) with estimates of drag forces. Am. J.
Bot. 2003, 90, 1253–1256. [CrossRef]

85. Moulia, B.; Coutand, C.; Julien, J.L. Mechanosensitive control of plant growth: Bearing the load, sensing, transducing and
responding. Front. Plant Sci. 2015, 6, 52. [CrossRef]

86. Knight, T.A. XI. Account of some experiments on the descent of the sap in trees. In a letter from Thomas Andrew Knight, Esq. to
the Right Hon. Sir Joseph Banks, Bart. K. B. P. R. S. Philos. Trans. R. Soc. Lond. 1803, 93, 277–289. [CrossRef]

87. Jaffe, M.J. Thigmomorphogenesis: The response of plant growth and development to mechanical stimulation. Planta 1973,
114, 143–157. [CrossRef] [PubMed]

88. Telewski, F.W. Mechanosensing and plant growth regulators elicited during the thigmomorphogenetic response. Front. For. Glob.
Chang. 2021, 3, 147. [CrossRef]

89. Badel, E.; Ewers, F.W.; Cochard, H.; Telewski, F.W. Acclimation of mechanical and hydraulic functions in trees: Impact of the
thigmomorphogenetic process. Front. Plant Sci. 2015, 6, 266. [CrossRef] [PubMed]

90. Van Dijk, H. Genetic variability in Plantago species in relation to their ecology: 4. Ecotypic differentiation in P. major. Theor. Appl.
Genet. 1989, 77, 749–759. [CrossRef]

91. Ding, F.; Kareem, A. Tall buildings with dynamic facade under winds. Engineering 2020, 6, 1443–1453. [CrossRef]
92. Li, S.; Wang, K. Plant-inspired adaptive structures and materials for morphing and actuation: A review. Bioinspir. Biomimetics

2016, 12, 011001. [CrossRef]
93. Lienhard, J.; Schleicher, S.; Poppinga, S.; Masselter, T.; Milwich, M.; Speck, T.; Knippers, J. Flectofin: A hingeless flapping

mechanism inspired by nature. Bioinspir. Biomimetics 2011, 6, 045001. [CrossRef]
94. Körner, A.; Born, L.; Mader, A.; Sachse, R.; Saffarian, S.; Westermeier, A.; Poppinga, S.; Bischoff, M.; Gresser, G.; Milwich, M.;

et al. Flectofold—A biomimetic compliant shading device for complex free form facades. Smart Mater. Struct. 2017, 27, 017001.
[CrossRef]

95. Bechert, S.; Aldinger, L.; Wood, D.; Knippers, J.; Menges, A. Urbach Tower: Integrative structural design of a lightweight structure
made of self-shaped curved cross-laminated timber. Structures 2021, 33, 3667–3681. [CrossRef]

96. Menges, A.; Reichert, S. Material capacity: Embedded responsiveness. Archit. Des. 2012, 82, 52–59. [CrossRef]
97. Walther, A. From responsive to adaptive and interactive materials and materials systems: A roadmap. Adv. Mater. 2020,

32, 1905111. [CrossRef] [PubMed]
98. Zhang, H.; Zeng, H.; Eklund, A.; Guo, H.; Priimagi, A.; Ikkala, O. Feedback-controlled hydrogels with homeostatic oscillations

and dissipative signal transduction. Nat. Nanotechnol. 2022, 17, 1303–1310. [CrossRef]
99. Schwefel, H.P. Evolution and Optimum Seeking: The Sixth Generation; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1993.
100. Rechenberg, I. Cybernetic solution path of an experimental problem. R. Aircr. Establ. Libr. Transl. 1965, 1122.
101. Standard VDI:6224; Part 1 Biomimetic Optimization—Application of Evolutionary Algorithms. Verein Deutscher Ingenieure:

Berlin, Gremany; Beuth: Berlin, Gremany, 2012.
102. Rechenberg, I. Case studies in evolutionary experimentation and computation. Comput. Methods Appl. Mech. Eng. 2000,

186, 125–140. [CrossRef]
103. Herdy, M. Evolution strategies with subjective selection. In Proceedings of the Parallel Problem Solving from Nature—PPSN IV:

International Conference on Evolutionary Computation—The 4th International Conference on Parallel Problem Solving from
Nature, Berlin, Germany, 22–26 September 1996; Springer: Cham, Switzerland, 1996; pp. 22–31.

104. Sauer, S.; Herdy, M.; Speck, T.; Speck, O. Evolutionsstrategie: Optimieren nach dem Vorbild der Natur–Interdisziplinäre
Arbeitsweise der Biomechanik und Bionik. Prax. Nat. Biol. 2010, 59, 34–41. (In German).

105. Spatz, H.; Kohler, L.; Niklas, K. Mechanical behaviour of plant tissues: Composite materials or structures? J. Exp. Biol. 1999,
202, 3269–3272. [CrossRef]

106. Cosgrove, D.J. Plant cell wall extensibility: Connecting plant cell growth with cell wall structure, mechanics and the action of
wall-modifying enzymes. J. Exp. Bot. 2016, 67, 463–476. [CrossRef]

107. Madni, A.M.; Erwin, D.; Sievers, M. Constructing models for systems resilience: Challenges, concepts and formal methods.
Systems 2020, 8, 3. [CrossRef]

108. Baburin, S.; Zyrin, V.; Kovalchuk, M. Dependence of power supply systems reliability on the type of redundancy. In Proceedings
of the IOP Conference Series: Materials Science and Engineering, Saint Petersburg, Russia, 23–24 May 2019; IOP Publishing:
Bristol, UK, 2019; Volume 643, p. 012134.

109. Steinbrecher, T.; Danninger, E.; Harder, D.; Speck, T.; Kraft, O.; Schwaiger, R. Quantifying the attachment strength of climbing
plants: A new approach. Acta Biomater. 2010, 6, 1497–1504. [CrossRef]

http://dx.doi.org/10.1016/j.plantsci.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26940495
http://dx.doi.org/10.1016/j.crme.2011.11.005
http://dx.doi.org/10.1007/s00344-004-0043-1
http://dx.doi.org/10.3732/ajb.90.8.1253
http://dx.doi.org/10.3389/fpls.2015.00052
http://dx.doi.org/10.1098/rstl.1803.0011
http://dx.doi.org/10.1007/BF00387472
http://www.ncbi.nlm.nih.gov/pubmed/24458719
http://dx.doi.org/10.3389/ffgc.2020.574096
http://dx.doi.org/10.3389/fpls.2015.00266
http://www.ncbi.nlm.nih.gov/pubmed/25954292
http://dx.doi.org/10.1007/BF00261254
http://dx.doi.org/10.1016/j.eng.2020.07.020
http://dx.doi.org/10.1088/1748-3190/12/1/011001
http://dx.doi.org/10.1088/1748-3182/6/4/045001
http://dx.doi.org/10.1088/1361-665X/aa9c2f
http://dx.doi.org/10.1016/j.istruc.2021.06.073
http://dx.doi.org/10.1002/ad.1379
http://dx.doi.org/10.1002/adma.201905111
http://www.ncbi.nlm.nih.gov/pubmed/31762134
http://dx.doi.org/10.1038/s41565-022-01241-x
http://dx.doi.org/10.1016/S0045-7825(99)00381-3
http://dx.doi.org/10.1242/jeb.202.23.3269
http://dx.doi.org/10.1093/jxb/erv511
http://dx.doi.org/10.3390/systems8010003
http://dx.doi.org/10.1016/j.actbio.2009.10.003


Biomimetics 2023, 8, 173 30 of 31

110. Mylo, M.D.; Hofmann, M.; Delp, A.; Scholz, R.; Walther, F.; Speck, T.; Speck, O. Advances on the visualization of the internal
structures of the European mistletoe: 3D reconstruction using microtomography. Front. Plant Sci. 2021, 12, 715711. [CrossRef]
[PubMed]

111. Mylo, M.D.; Hofmann, M.; Balle, F.; Beisel, S.; Speck, T.; Speck, O. Biomechanics of the parasite–host interaction of the European
mistletoe. J. Exp. Bot. 2022, 73, 1204–1221. [CrossRef] [PubMed]

112. Coit, D.W. Cold-standby redundancy optimization for nonrepairable systems. IIE Trans. 2001, 33, 471–478. [CrossRef]
113. Teixeira-Costa, L. A living bridge between two enemies: Haustorium structure and evolution across parasitic flowering plants.

Braz. J. Bot. 2021, 44, 165–178. [CrossRef]
114. Westwood, J.H.; Yoder, J.I.; Timko, M.P.; Depamphilis, C.W. The evolution of parasitism in plants. Trends Plant Sci. 2010,

15, 227–235. [CrossRef] [PubMed]
115. Heide-Jørgensen, H.S. Introduction: The parasitic syndrome in higher plants. In Parasitic Orobanchaceae; Springer: Cham,

Switzerland, 2013; pp. 1–18. [CrossRef]
116. Teixeira-Costa, L.; Davis, C.C. Life history, diversity and distribution in parasitic flowering plants. Plant Physiol. 2021, 187, 32–51.

[CrossRef]
117. Wang, Y.; Yang, X.; Chen, Y.; Wainwright, D.K.; Kenaley, C.P.; Gong, Z.; Liu, Z.; Liu, H.; Guan, J.; Wang, T.; et al. A biorobotic

adhesive disc for underwater hitchhiking inspired by the remora suckerfish. Sci. Robot. 2017, 2, eaan8072. [CrossRef]
118. Li, L.; Wang, S.; Zhang, Y.; Song, S.; Wang, C.; Tan, S.; Zhao, W.; Wang, G.; Sun, W.; Yang, F.; et al. Aerial-aquatic robots capable of

crossing the air-water boundary and hitchhiking on surfaces. Sci. Robot. 2022, 7, eabm6695. [CrossRef]
119. Weihs, D.; Fish, F.E.; Nicastro, A.J. Mechanics of remora removal by dolphin spinning. Mar. Mammal Sci. 2007, 23, 707–714.

[CrossRef]
120. Panchy, N.; Lehti-Shiu, M.; Shiu, S.H. Evolution of gene duplication in plants. Plant Physiol. 2016, 171, 2294–2316. [CrossRef]
121. Kwon, C.T.; Tang, L.; Wang, X.; Gentile, I.; Hendelman, A.; Robitaille, G.; Van Eck, J.; Xu, C.; Lippman, Z.B. Dynamic evolution of

small signalling peptide compensation in plant stem cell control. Nat. Plants 2022, 8, 346–355. [CrossRef] [PubMed]
122. Pillar, V.D.; Blanco, C.C.; Müller, S.C.; Sosinski, E.E.; Joner, F.; Duarte, L.D.S. Functional redundancy and stability in plant

communities. J. Veg. Sci. 2013, 24, 963–974. [CrossRef]
123. Malinskii, Y.M.; Prokopenko, V.; Ivanova, N.; Kargin, V. Investigation of self-healing of cracks in polymers. Mech. Compos. Mater.

1970, 6, 382–384. [CrossRef]
124. White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.; Brown, E.N.; Viswanathan, S. Autonomic healing of

polymer composites. Nature 2001, 409, 794–797. [CrossRef] [PubMed]
125. Busch, S.; Seidel, R.; Speck, O.; Speck, T. Morphological aspects of self-repair of lesions caused by internal growth stresses in

stems of Aristolochia macrophylla and Aristolochia ringens. Proc. R. Soc. B Biol. Sci. 2010, 277, 2113–2120. [CrossRef]
126. Paul-Victor, C.; Dalle Vacche, S.; Sordo, F.; Fink, S.; Speck, T.; Michaud, V.; Speck, O. Effect of mechanical damage and wound

healing on the viscoelastic properties of stems of flax cultivars (Linum usitatissimum L. cv. Eden and cv. Drakkar). PLoS ONE 2017,
12, e0185958. [CrossRef]

127. Evert, R.F. Esau’s Plant Anatomy: Meristems, Cells and Tissues of the Plant Body: Their Structure, Function and Development; John Wiley
& Sons: Hoboken, NJ, USA, 2006.

128. Speck, O.; Speck, D.; Horn, R.; Gantner, J.; Sedlbauer, K.P. Biomimetic bio-inspired biomorph sustainable? An attempt to classify
and clarify biology-derived technical developments. Bioinspir. Biomimetics 2017, 12, 011004. [CrossRef]

129. Pang, J.W.; Bond, I.P. A hollow fibre reinforced polymer composite encompassing self-healing and enhanced damage visibility.
Compos. Sci. Technol. 2005, 65, 1791–1799. [CrossRef]

130. Pang, J.; Bond, I. ‘Bleeding composites’—Damage detection and self-repair using a biomimetic approach. Compos. Part A Appl.
Sci. Manuf. 2005, 36, 183–188. [CrossRef]

131. Trask, R.; Bond, I. Biomimetic self-healing of advanced composite structures using hollow glass fibres. Smart Mater. Struct. 2006,
15, 704. [CrossRef]

132. Norris, C.J.; Meadway, G.J.; O’Sullivan, M.J.; Bond, I.P.; Trask, R.S. Self-healing fibre reinforced composites via a bioinspired
vasculature. Adv. Funct. Mater. 2011, 21, 3624–3633. [CrossRef]

133. Luterbacher, R.; Coope, T.; Trask, R.; Bond, I. Vascular self-healing within carbon fibre reinforced polymer stringer run-out
configurations. Compos. Sci. Technol. 2016, 136, 67–75. [CrossRef]

134. Sangadji, S.; Schlangen, E. Mimicking bone healing process to self repair concrete structure novel approach using porous network
concrete. Procedia Eng. 2013, 54, 315–326. [CrossRef]

135. Garcia, S.J. Effect of polymer architecture on the intrinsic self-healing character of polymers. Eur. Polym. J. 2014, 53, 118–125.
[CrossRef]

136. Martín H, J.A.; de Lope, J.; Maravall, D. Adaptation, anticipation and rationality in natural and artificial systems: Computational
paradigms mimicking nature. Nat. Comput. 2009, 8, 757–775. [CrossRef]

137. Altenbach, H.; Kolupaev, V.A. Classical and non-classical failure criteria. In Failure and Damage Analysis of Advanced Materials;
Springer: Cham, Switzerland, 2015; pp. 1–66.

138. Worden, K.; Dulieu-Barton, J.M. An overview of intelligent fault detection in systems and structures. Struct. Health Monit. 2004,
3, 85–98. [CrossRef]

139. Walsh, D.M. Fitness and function. Br. J. Philos. Sci. 1996, 47, 553–574. [CrossRef]

http://dx.doi.org/10.3389/fpls.2021.715711
http://www.ncbi.nlm.nih.gov/pubmed/34616413
http://dx.doi.org/10.1093/jxb/erab518
http://www.ncbi.nlm.nih.gov/pubmed/34849736
http://dx.doi.org/10.1080/07408170108936846
http://dx.doi.org/10.1007/s40415-021-00704-0
http://dx.doi.org/10.1016/j.tplants.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20153240
http://dx.doi.org/10.1007/978-3-642-38146-1_1
http://dx.doi.org/10.1093/plphys/kiab279
http://dx.doi.org/10.1126/scirobotics.aan8072
http://dx.doi.org/10.1126/scirobotics.abm6695
http://dx.doi.org/10.1111/j.1748-7692.2007.00131.x
http://dx.doi.org/10.1104/pp.16.00523
http://dx.doi.org/10.1038/s41477-022-01118-w
http://www.ncbi.nlm.nih.gov/pubmed/35347264
http://dx.doi.org/10.1111/jvs.12047
http://dx.doi.org/10.1007/BF00858197
http://dx.doi.org/10.1038/35057232
http://www.ncbi.nlm.nih.gov/pubmed/11236987
http://dx.doi.org/10.1098/rspb.2010.0075
http://dx.doi.org/10.1371/journal.pone.0185958
http://dx.doi.org/10.1088/1748-3190/12/1/011004
http://dx.doi.org/10.1016/j.compscitech.2005.03.008
http://dx.doi.org/10.1016/S1359-835X(04)00166-6
http://dx.doi.org/10.1088/0964-1726/15/3/005
http://dx.doi.org/10.1002/adfm.201101100
http://dx.doi.org/10.1016/j.compscitech.2016.10.007
http://dx.doi.org/10.1016/j.proeng.2013.03.029
http://dx.doi.org/10.1016/j.eurpolymj.2014.01.026
http://dx.doi.org/10.1007/s11047-008-9096-6
http://dx.doi.org/10.1177/1475921704041866
http://dx.doi.org/10.1093/bjps/47.4.553


Biomimetics 2023, 8, 173 31 of 31

140. Achinstein, P. Function statements. Philos. Sci. 1977, 44, 341–367. [CrossRef]
141. Merriam-Webster Online Dictionary. Definition of Functionality. 2022. Available online: https://www.merriam-webster.com/

dictionary/functionality (accessed on 7 December 2022).
142. Collins Dictionary. Definition of Resilience. 2022. Available online: https://www.collinsdictionary.com/de/worterbuch/

englisch/resilience (accessed on 7 December 2022).
143. Merriam-Webster Online Dictionary. Definition of Resistance. 2022. Available online: https://www.merriam-webster.com/

dictionary/resistance (accessed on 7 January 2022).
144. Khammash, M. An engineering viewpoint on biological robustness. BMC Biol. 2016, 14, 22. [CrossRef]
145. Harrington, M.J.; Speck, O.; Speck, T.; Wagner, S.; Weinkamer, R. Biological archetypes for self-healing materials. In Self-Healing

Materials; Springer: Cham, Switzerland, 2015; pp. 307–344. [CrossRef]
146. Woo, H.R.; Masclaux-Daubresse, C.; Lim, P.O. Plant senescence: How plants know when and how to die. J. Exp. Bot. 2018,

69, 715–718. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1086/288754
https://www.merriam-webster.com/dictionary/functionality
https://www.merriam-webster.com/dictionary/functionality
https://www.collinsdictionary.com/de/worterbuch/englisch/resilience
https://www.collinsdictionary.com/de/worterbuch/englisch/resilience
https://www.merriam-webster.com/dictionary/resistance
https://www.merriam-webster.com/dictionary/resistance
http://dx.doi.org/10.1186/s12915-016-0241-x
http://dx.doi.org/10.1007/12_2015_334
http://dx.doi.org/10.1093/jxb/ery011

	Introduction
	Longevity—More than a Prominent Catchphrase
	Lifespan as a Longevity Measure in Plants
	Product Lifetime as a Longevity Measure in Artificial Material Systems

	Natural Material Cycles as Inspiration
	Biological Material Systems as Inspiration
	Material Systems Operate over Time
	Aim of the Work

	Robustness
	Safety Factor—The Sum of Individual Elements
	Damage Resistance through Multiple Gradients
	Damage Resistance through Reactions to Environmental Changes
	Wind-Induced Response of Plants and Plant Organs
	Stimulus-Responsive Biomimetic Applications
	Mechano-Stimulated Acclimation of Plants
	``Trained'' Plant Material Systems
	``Trained'' Artificial Materials
	Adaptation and Optimisation


	Resilience
	Resilience through Redundancy
	Resilience through Self-Repair of Damage

	Conclusions
	Glossary
	References

