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Abstract Bionics is fundamentally based on the development of projects for engi-
neering, design, architecture, and others, which are inspired by the characteristics
of a biological model organism. Essentially, bionics is based on a transdisciplinary
approach, where teams are composed of researchers trained in a variety of disci-
plines, aiming to find and adapt characteristics from nature into innovative solutions.
One of the key steps in a bioinspired project is the comprehensive study and analysis
of biological samples, aiming at the correct understanding of the desired features
prior to their application. Among the most sought natural elements for a project
to be based on, plants represent a large source of inspiration for bionic designs of
structures and products due to their natural efficiency and high mechanical perfor-
mance at the microscopical level, which reflects into their functional morphology.
Therefore, examining their microstructure is crucial to adapt them into bioinspired
solutions. In recent years, several new technologies for materials characterization
have been developed, such as X-ray Microtomography (WCT) and Finite Element
Analysis (FEA), allowing newer possibilities to visualize the fine structure of plants.
Combining these technologies also allows that the plant material could be virtually
investigated, simulating environmental conditions of interest, and revealing intrinsic
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properties of their internal organization. Conversely to the expected flow of a conven-
tional methodology in bionics—f{rom nature-to-project —besides contributing to the
development of innovative designs, these technologies also play an important role in
investigations in the plant sciences field. This chapter addresses how investigations
in plant samples using those technologies for bionic purposes are reflecting on new
pieces of knowledge regarding the biological material itself. An overview of the use
of WCT and FEA in recent bionic research is presented, as well as how they are
impacting new discoveries for plant anatomy and morphology. The techniques are
described, highlighting their potential for biology and bionic studies, and literature
case studies are shown. Finally, we present future directions that the potential new
technologies have on connecting the gap between project sciences and biodiversity
in a way both fields can benefit from them.

Keywords Biomimetics - Biomimicry - X-ray microcomputed tomography *
Finite element analysis - Monocotyledons - Bamboo * Bromeliaceae - Micro-CT

1 Introduction

Based on billions of years of life and natural selection, bionics takes advantage of the
attributes that made each species successful to this day. This field of applied sciences
is fundamentally associated with the development of bioinspired solutions based on
a certain aspect or characteristic extracted from the natural world. Such solutions
can be used on and applied into projects from a variety of fields [6]: from product
design [60, 92], architecture [61, 70, 101], engineering [20, 95], and materials science
[31, 144, 145] to biomedicine [53, 128], management [105], and robotics [100].
Having its origins focused on applications in military projects, mainly marked by the
development of the SONAR, according to [136], bionics can be defined “as the study
of living and life-like systems with the goal to discover new principles, techniques,
and processes to be applied in man-made technology”. One of the forerunners of
this branch of development was the then-Major from US Air Force Jack Ellwood
Steele, who coined the term “bionics” in 1958 through the Greek term Siog, from
“life”, and the suffix “ik4¢, as “related to” (or “pertaining to”, “in the manner of”),
in order to promote it as a new science [42]—the same etymology is also found, for
example, in words like “mechanics” (related to machine), “mathematics” (related to
knowledge or learning), “dynamics” (related to power), and “aesthetics” (related to
the perception of the senses). Besides, the term “Biomimetics” (as what is “related to
the imitation of life””) was also proposed by the polymath Otto Herbert Schmitt, also in
the late 1950s [135]. Either way, despite preferences, both terms are equally important
and are known to be referred to the same connections between bioinspiration and
applications, aimed at benefiting society:

Let us consider what bionics has come to mean operationally and what it or some word
like it (I prefer bio-mimetics) ought to mean in order to make good use of the technical
skills of scientists specializing, or, more accurately, despecializing into this area of research.
Presumably our common interest is in examining biological phenomenology in the hope of
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gaining insight and inspiration for developing physical or composite bio-physical systems
in the image of life. [114]

From that moment onward, it can be emphasized the realization of different scien-
tific events that sought to disseminate these new areas of research—Ilike the first
Bionics Symposium, entitled “Living Prototypes—the Key to New Technology”,
which occurred in Dayton (OH, USA), in 1960 [38]. More recently, in addition to
those terminologies’ appearance in popular media, more terms have gained attention,
particularly in research papers. Biomimicry and bioinspiration are examples of other
names that can be emphasized. Therefore, despite those and more popular terminolo-
gies, all of them tend to represent the same goals of performing technical analyses
of natural elements with aims at their application through multiple technologies for
innovative results. Considering new research findings in scientific publications, the
growth in bionic-related papers is remarkable. Figure 1 shows the annual number
of papers published that contains some of those “bio*-related” terms, from 1990
to 2020 including bionics, biomimetics, biomimicry, bioinspiration, etc. It is note-
worthy that in the past decade the average number of bio*-related papers has grown
from around 3,000 to 10,000, yearly, according to the Web of Science™ platform.
And not only when considering scientific publications, the presence of bio*-related
works is noticed. When analyzing the total number of published patents, following
data retrieved from the same platform, in 1990, approximately 0.002% of all glob-
ally published pieces were related to bionics. As for 2020, that segment increased
to about 0.074%. While the annual number of published patents increased about 14
times from 1990 to 2020, the annual number of bionic-related patents increased 395
times, i.e., the growth rate of patents that use nature as a source of inspiration is over
26 times greater than all other areas in the past three decades. That emphasizes the
impact R&D in bionics has on innovation.

From trabeculated bone tissue and biomechanics of animals to the cellular arrange-
ment and seed dispersal of plants, nature has come a long way in discovering
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Fig. 1 Total number of papers published containing bio*-related terms, from 1990 to 2020, and
registered in Web of Science™ platform
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different measures to help to protect from predators, attracting pollinators, rein-
forcing against weather conditions, moving efficiently, saving energy, among many
others. Regarding the characteristics that make biological compounds, materials,
structures, arrangements, or systems so interesting for applications, they can be found
in all magnitudes of scales: from the biochemical composition of biopolymers (e.g.,
collagen, melanin, suberin, cellulose, lignin, etc.) [37, 131], to the complex equilib-
rium of entire ecosystems [110]. Hence, there are equally many ways to investigate
a certain natural characteristic and, depending on the level of which it is presented
or intended to be inspired on, we have to adopt particular approaches, in terms of
techniques, equipment, and research protocols to analyze it properly. If researchers
choose wrong or incomplete investigation procedures, there is a chance that some
vital details regarding the desired characteristic would remain unresolved or unex-
plored, impairing the correct understanding of the “hows” or the “whys” of the exam-
ined biological sample, and consequently the correct application of it in a bioinspired
project. Another key aspect to be considered during this type of investigation is being
able to count on a transdisciplinary team. Even if the correct approaches and tech-
niques are followed, the natural object of study would also require the interpretation
of a biologist. Much more than assisting on the explanation of some specific analyzed
characteristic, a biologist can also provide new directions from which the research can
proceed to address the issue at hand. Therefore, finding the most adequate methods
and specialists is as important as the objects of study themselves.

One of the most fascinating biological objects of study for their complexity in
a multitude of levels of hierarchical organizations is plants. They can be consid-
ered fantastic examples of how an organism can adapt to several adversities of
external conditions in order to prosper in its environment. For instance, by efficiently
depositing and shaping biopolymers, cells, and tissues where they are most mechani-
cally needed. In his work “Plant Biomechanics—An Engineering Approach to Plant
Form and Function”, Karl [82] emphasized that “plants are the ideal organisms in
which to study form-function relations”. Their shape is primarily based on the direc-
tion and rate of their growth [59], being this immediately related to characteristics
of each type of biological component, as well as how they are arranged throughout
the individual. Such arrangement influences several physiological features of plants,
from molecular and chemical, to physical and mechanical. And it is the complexity of
this organization that gives plants their fascinating attributes as materials. Mechani-
cally, for instance, the hierarchy levels of plants, from the cell wall to the organiza-
tion of supporting tissues, are the foundation of their properties [112]. The gradient
distribution of the material in the stem of plants can also be found in multiple scales,
from the macroscopic level to the microscopic and molecular ones [120]. One of the
main examples of plants with outstanding and highly efficient structural properties
is bamboo. Macroscopically, the hollow stem of this monocot is periodically divided
into solid cross sections, called the diaphragm, in the nodal regions. These perpen-
dicular reinforcements act like ring stiffeners, increasing the overall flexural strength
of the plant, by preventing the stem from failing by ovulation of its cross section
during buckling or bending [138]. When a ductile thin cylindrical structure is bent,
its failure is usually reached in buckling when part of its length collapses, due to the
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initially circular section becoming elliptical and unstable [129], i.e., the longitudinal
forces of local tension and compression in the tube also tend to ovalize its cross
section, thus precipitating the elastic deformation and reducing the flexural stiffness,
known as the “Brazier effect” [10]. Galileo Galilei (1564-1642) demonstrated in
1638 that materials applied in the periphery—rather than in the center—of construc-
tions provided more resistance to bending forces, using hollow stacks of grasses
to illustrate it [83], which is aligned to the effect described almost 300 years later.
Microscopically, when analyzing the stem’s cross section, the scattered distribution
of the vascular bundles in monocots, named atactostele [29]—in which they are
bigger and dispersed in the inside and smaller and clustered in the outside—concen-
trates more material, with a higher relative density, in the regions under which they
are subject to the greatest stresses [68, 92]. The higher the relative density, the higher
the elastic modulus, therefore the plant is stiffer on the external side, increasing the
moment of inertia of the stem [37]. Despite the sclerenchyma bundles being scat-
tered, the parenchyma ground tissue can act as a matrix, in a composite analogy, by
distributing stresses throughout the plant, even if a local pressure is applied [92].
Furthermore, combining the sclerenchyma bundles with the low density, foam-like
ground parenchymatic material [22], this gradient distribution in the cross-section
direction also contributes to the plant’s high efficiency, i.e., considerable stiffness
and strength along with reduced weight. Even the actual geometry of each scle-
renchyma bundle was verified as having a role in the performance of the stem by
increasing the local compressive strength of the fibers [95]. Despite cylindrical struc-
tures being considered more efficient in bending when the direction of the lateral load
is unknown [37], the different shapes of the vascular bundles of bamboo [69] can be
particularly efficient due to their radial orientation in the culm. Given the fact that
individual fiber bundles tend to locally bend toward the center, during the universal
bending of the stem they contribute by micro-stiffening the structure [95]. Therefore,
most failure modes noticed on bamboo culm during bending or compression is due
to fiber splitting [117], when the sclerenchyma is detached longitudinally from the
parenchyma [41]. And even this failure characteristic is somewhat reduced in the
plant by the arranging of the vascular bundles in the nodal region, at which they
translate horizontally and interlace themselves in the longitudinal bundles, when
connecting to new branches or leaves, and thus preventing them from detaching
completely [96, 99, 143]. All those features represent a number of possibilities to be
applied on bioinspired solutions. Consequently, once studied, they can be explored,
either individually or combined, as a source of inspiration for the development of
analogous bionic projects like beams, columns, and thin-walled structures designs,
bioinspired in bamboo [18, 33, 57, 71, 146]. And, as previously mentioned, prior
from applying the characteristics of a certain biological material in the design of a
bionic or bioinspired project, the sample first have to be investigated, by means of
observation, analyses, or simulations. In order to benefit from such complex features
of plants, engineers and designers have to consider how to approach the investigation,
by the selection of the appropriate equipment as well as count with the presence of a
specialist from biological sciences—just like in most bamboo-inspired design cases,
a botanist was involved.
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It is easy to link up that the growing knowledge in plant anatomy and plant
morphology was due to technological advances in biological imaging (bioimaging).
Considered of primary importance for all lines of research in plant sciences [29],
plant anatomy has its first investigations dating back to the seventeenth century [27].
In the middle of that century, with the first developments of early microscopes,
Robert Hooke (1641-1712) introduced the term “cell” in his book “Micrographia”
[54]—derived from the Latin “cella”, as a small enclosed space [37, 141]—when
observing cork samples, in reference to the small cavities surrounded by walls [27]. A
few years later, Nehemiah Grew (1655-1703) first described plant tissues in his book
“The Anatomy of Plants” [40], published in English in 1682 [64]. While writing his
book, Grew actually searched for the advice of Hooke in explaining how cells expand
and why some tissues are stiffer and stronger than others [83]. Grew also identified
that plant tissues needed to be conceptualized in 3D because they were composed
of microscopic structures with distinct spatial relationships [13]. In 1838, botanist
Matthias Schleiden (1804—-1881) expanded the characteristics of cells by reporting
that all plant tissues consist of organized masses of cells, which was later extended by
zoologist Theodor Schwann (1810-1882) to all animal tissues, and these basic units
do not differ fundamentally in its structure from each other. Therefore, in 1838, the
cell theory of Schleiden and Schwann was proposed for all forms of life [28, 64, 137].
And this was also the formal statement of “cell biology” as a newly created and still
unexplored field of science [1]. The next major step—the understanding of its basic
principles and functions—occurred when advances in staining, lighting techniques,
and optics increased the contrast and resolution view of the cell’s internal structures,
especially after the introduction of the transmission electron microscopy (TEM) at the
beginning of the 1940s [1]. The evolution of photomicrography followed the studies
of Thomas Wedgwood (1771-1805), William Talbot (1800—1877), and others, where
images were captured with solar-based microscopes (Overney and [88]. In modern
times, the digital system and image processing have overcome the human eye limi-
tations, like low brightness and small differences of light intensity in a luminous
background, so the modern CCD (charged-coupled device) and CMOS (complemen-
tary metal-oxide semiconductor) had become an integrating part of the microscope
system. Besides, since the acquisition of images is in digital format, different soft-
ware became able to correct brightness, contrast, and noise in the images, allowing
the reduction of artifacts and limitations of the optical system and the human eye.
More recently, advances in bioimaging technologies have pushed the boundaries on
new interpretations and insights regarding the structure and morphology of biological
samples. In the modern timeline, we can point out the discovery of X-rays in 1895, by
German engineer and physicist Wilhelm Rontgen (1845-1923) [109], which rapidly
led to the proliferation of this type of equipment in medicine, by allowing a clear
visual separation between soft and hard tissues [4]. Later, physicist Ernst Ruska
(1906-1988) and electrical engineer Max Knoll (1897-1969) presented the first full
design of the electron microscope [63], after years of development of electron-based
imaging [39]. In 1936, the first commercial transmission electron microscopy (TEM)
was presented in the UK, despite not being completely functional, and only becoming
available by commercial companies after the end of World War II [139]. In 1935,
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Knoll also presented a prototype of the first scanning electron microscopy (SEM),
which was improved by Manfred von Ardenne in 1938, and became functional by
Vladimir K Zworykin and his research group at the Radio Corporation of America in
1942 [72]. Even though both TEM and SEM techniques required specific protocols
for sample preparation [2], the technology became one of the most important pieces
of science equipment for the study of materials in plant sciences and many other fields
up to the present day [15]. However, important details of microstructures in TEM and
SEM still required trained eyes in order to be reconstructed and volumetrically visu-
alize the observed specimen in 3D [50]. More recently, preliminary works employing
Atomic Force Microscopy (AFM) were published in the mid-1990s, mainly focusing
on the topography of pollen grains [19, 111]. However, the authors stated that despite
the high resolution, the 3D presentation of the surface, and the absence of specific
preparation methods, generally AFM was still limited by its depth of field. The work
of Minsky searching the three-dimensional structure of neural connections led him to
propose in 1957 the principles of confocality, and since then, the basic principles are
used on all confocal microscopes. The modern confocal laser scanning microscopy
has been a powerful tool in elucidating 3D complex internal structures of cells and
tissues, allowing studying dynamic processes visualization in living cells, like rear-
rangements of cytoskeleton and chromosomes. Despite its benefits, the technique has
a limited penetration depth ranging from 150 to 250 pm [23, 89]. It is noteworthy
that the methodology choice is an important step to be followed by the research team,
considering each one has advantages and limitations owing to the image resolution,
sample size, and physical preparation, in addition to the need for sectioning [48].
Simultaneously, resources were applied to the progress of 3D imaging. In this regard,
mathematical models were also critical for allowing us a better comprehension of the
complexity of the biological world. In 1917, Austrian mathematician Johann Radon
(1887-1956) proved [106] that an “infinite” object () could be reconstructed based
on a “finite” number of projections (N — 1) of it [116]. Such mathematical and
physical bases, especially with the works of English electrical engineer Godfrey
Hounsfield (1919-2004) and South African physicist Allan Cormack (1924-1998),
resulted in the development of the first feasible X-ray computed tomography (CT)
scanners, in the early 1970s [56].

In addition to the findings in biomedical sciences, the dissemination of new 3D
observation technologies added new levels of comprehension in many disciplines,
including traditional fields such as plant sciences. Consequently, once enough infor-
mation from a certain biological sample is gathered, improvements and entirely new
concepts on bionic designs can be proposed. However, despite the “biology—tech-
nology—bionics” direction being well established, its orientation can be questioned.
This chapter addresses how technological advances are contributing not only to inno-
vation in bioinspired design but how bionics—as a multidisciplinary approach—is
acting as the driving force behind discoveries in plant anatomy and morphology. First,
some state of the art, 3D technologies for analyses, and simulations are presented,
with a focus on X-ray microtomography (J0CT) and Finite Element Analysis (FEA),
including examples of recent research studies that are benefiting from both multidisci-
plinary teams and technological advances. Secondly, the role of biomedical imaging
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in botany investigation is discussed, showing the importance of 3D technologies for
new insights, and how they are improving biodiversity as a whole. Finally, the last
topic gives an overview of upcoming technologies and the panorama of future studies
in plant sciences and bionics.

2 3D Technologies: Analyses and Simulations

As the awareness of the inherent complexity of biological materials increases—
particularly regarding plants—the need for 3D technologies for observing and
analyzing samples became more evident. During the pioneer studies in plant anatomy
of Hooke and Grew the need for a higher optical magnitude was necessary to
allow visualization of small structures like tissues and cells. However, in the past
decades, this demand has shifted to also understanding the 3D hierarchy and orga-
nization of those fine details, leading to a new comprehension of plant anatomy and
morphology. In addition, in-depth functional analyses and simulations have been
leading to insights regarding plant physiology, as well as mechanical and physical
responses to external stimuli.

Advances in technologies are making them more accessible to researchers from
many fields, which contributes directly to findings in many areas. Generally, plant
materials have the intrinsic characteristic of presenting a fine, detailed architecture, a
complex arrangement of structures, multiple levels of hierarchy, as well as a combina-
tion of delicate and soft with stiff and hard cells, tissues, and organs. One of the main
ways of documenting, analyzing, and transmitting knowledge in botany is by means
of illustrations, which can be found in a major part of specializing literature [27].
In possession of instruments such as microtomes and microscopes, anatomists are
able to observe thin sections, which reveal valuable information about the constituent
tissues and cells. The registers of each individual section can be done manually or
digitally, in order to understand the entire structure. However, traditionally, the volu-
metric reconstruction of the general aspect of the biological material is done based on
the deduction of the researcher, through the interpretation of the observations of the
sequential sections [115]. Therefore, having the ability to investigate the biological
material with a high-resolution and non-destructive technique is key not just to ensure
the integrity of the sample but to facilitate the comprehension of its true morphology
[93]. In this topic, we cover two of the main 3D technologies for investigating plants,
both for qualitative and quantitative analyses, along with numerical simulations.
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2.1 X-Ray Microtomography (nCT)

With the first developments of X-ray-based imaging in 3D, with computed tomog-
raphy (CT) equipment in the mid-1970s [55], the technique has become a well-
established and regularly employed modality in current diagnostic radiology in hospi-
tals worldwide [45]. Shortly after its popularization, CT imaging has evolved with a
focus on improving the resolution of the scans, giving birth to the now-called X-ray
microtomography (or microcomputed tomography), or wCT. Stock [126] highlights
that wCT technology has developed at a slower rate compared to that of clinical CT,
because of clear economic reasons—i.e., investments in more expensive technolo-
gies are far more acceptable in hospitals, with straightforward benefits to patients
than in research centers, where p.CT is most commonly employed. However, it was
with the need for investigating small animals for the study of human diseases that
biomedicals started to emphasize the application of higher resolution CT scans,
leading to investments in commercial WCT equipment, in the mid-to-late-1990s
[126]. The development of more affordable lab-scale WCT technology was also a
crucial step for the democratization of the technology. Once restricted to a small
number of large synchrotron-based research facilities, high-resolution X-ray scanners
have gained attention to major manufacturers, such as Bruker™ (Kontich, Belgium),
Zeiss™ (Pleasanton, CA, USA), North Star Imaging™ (Rogers, MN, USA), General
Electric™ (Wunstorff, Germany), and others.

It is noteworthy the recently growing number of research papers that utilize X-ray
microtomography as the primary source of investigation methods, in a variety of fields
[91]. Assessing them is rather difficult, though, due to the numerous nomenclatures
used to define the technique—e.g., X-ray microcomputed tomography, X-ray micro-
tomography, high-resolution computed tomography, X-ray nanotomography, X-ray
microfocus, just to name a few—and even several abbreviations of the method: WCT,
micro-CT/micro-CT, nCT, HRCT, HRXCT, and others. Even between L CT manufac-
turers, the terminologies used are diverse: micro-CT (Bruker™), X-ray microscopy
(Zeiss™), X-ray system (North Star Imaging™), microfocus CT (General Elec-
tric™), etc. Still, the advantages of employing the technique in the research method-
ology workflow in plant sciences are vast. Firstly, there is the capability of digitalizing
a biological sample volumetrically, instead of just superficially, similar to what can
be found in other observation techniques, such as scanning electron microscopy and
atomic force microscopy. This “bulk”, volumetric scanning is particularly impor-
tant to avoid multiple passes of superficial digitalization in the same sample (like
with SEM, o AFM), where each one is performed with the removal of some mate-
rial. Second, differently from conventional clinical CT, wCT utilizes a smaller X-ray
focal spot size and higher resolution detectors, among others, achieving a much higher
level of details in the obtained virtual model. Evidently, to avoid working with huge
bioimaging datasets, the higher the chosen spatial resolution, the smaller the field
of view needs to be. Third, just like clinical CT, nevertheless, W CT also allows the
digital sectioning of the 3D model in virtually any plane, allowing the researcher
to investigate the sample without the need to destroy it. When working with fragile
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or delicate specimens, like many plant-based materials, this is utterly important to
ensure the integrity of cells, tissues, and structures. Forth, besides the realization of
morphological analysis, binarization and segmentation procedures can be followed
for the division of the 3D model into regions of interests (ROIs), which allows quan-
titative data to be collected and assessed, such as counting (number of cells), sizing
(volumes, lengths, surface areas), and others, utilizing a number of proprietary soft-
ware suites or open-source alternatives like Fiji, a distribution of ImageJ [113]. Many
WCT types of equipment also include in situ capabilities of micro- and nanomechan-
ical testing—including compression, tension, and indentation—while scanning, for
the sample to be digitalized throughout the experiment. Fifth, unlike many lab-based
techniques used in plant sciences, sample preparation often requires little to no addi-
tional steps prior to scanning—e.g., fixation, inclusion, staining, and metallization.
The usage of contrast agents (e.g., phosphotungstate, osmium tetroxide, bismuth
tartrate, and others) is sometimes followed, however with up-to-date pCT features,
such as phase contrast and dark field, soft tissues can be distinguished more easily
in untreated samples.

The functioning of .CT scanning relies on the effect electromagnetic waves in the
X-ray spectrum has on the matter, and the digitalization procedure is often confused
by researchers. Fundamentally, image acquisition is performed by the irradiation of
the sample by the X-ray source, which is relatively attenuated by different local densi-
ties and captured by a detector (scintillator coupled to a CCD sensor), forming a 2D
projection of the sample, perpendicular to the X-ray beam. The sample is then rotated,
and anew set of 2D projections is captured. After a full—or half—rotation, all projec-
tions are combined with a particular CT algorithm that verifies regions with similar
density patterns, merging them into a 3D representation. Finally, this 3D volume can
be exported into a stack of grayscale slices—where the darker the value of each pixel
the lower its density—which can be worked in the post-processing procedure, recon-
structed in 3D—where each slice pixel would be treated as a voxel—and used for
qualitative and quantitative analyses. In the X-ray tube, the higher the potential differ-
ence (voltage) between the cathode and anode, the higher the kinetic energy of the
electrons and, consequently, the emitted photons. When striking the target in the X-
ray tube (typically made out of tungsten due to its high atomic number and melting
point), the electrons decelerate, producing Bremsstrahlung (continuous spectrum)
and characteristic radiation (peak). In addition to tube voltage, the current—estab-
lished by the electron fluency in the tube—and the exposure—defined by the time at
each projection—are the main pCT parameters to considerer. In the short term, the
higher the current-exposure time, the higher the number of photons focusing on the
sample, which may reduce noise, but can also decrease visual resolution due to scat-
tering, and the higher the tube voltage, the higher the X-ray energy and the broader
its spectrum, which can be suited for larger samples, but may decrease the contrast
levels due to saturation of the detector. As a rule of thumb, for plant samples, it may
be interesting to define relatively small values for voltage (~70-80 kV) and current
(~90-130 pA), based on the size of the specimen, due to the general low density
of the material; besides, working with smaller samples is preferable for obtaining
a higher resolution during digitalization, with less noise and more contrast ratio.
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Further wCT physical principles are beyond the scope of this chapter and can be
consulted in the works of [8, 45, 87, 126].

Many recent papers in plant sciences have been applying WCT as an innovative
method for discovering or better comprehending features in a variety of samples.
It is noteworthy still that, just like in bionic-related works, most research groups
count on the presence of professionals with multiple backgrounds, like in engi-
neering, physics, and design, to assist in the research workflow—ever since the set
of acquisition parameters in the digitalization, to the post-processing and analyses
steps. For instance [84, 86], studied the 3D architecture of congested inflorescences
in Bromeliaceae that accumulate different amounts of water, in multiple Nidular-
ioid genera (subfamily Bromelioideae). Authors segmented those regions based on
high-resolution pwCT images, and described their morphology, volume, and orienta-
tion in individuals, allowing the interpretation using a typology-based comparative
approach of inflorescence development and branch patterns in this group that presents
an obscured morphology to interpret with traditional methods. Due to the congested
morphology of inflorescences, investigating their anatomical features and performing
precise measurements would be rather difficult to realize via manually sectioning.
Pandoli et al. [97, 98] explored ways of preventing microbial and fungal proliferation
in bamboo, utilizing silver nanoparticles. Authors used WCT to analyze the distribu-
tion of antimicrobial particles in the vascular system of the plant, which contributed
not only to increasing the protection of the natural material but to better understand the
distribution of particles in its vascular anatomy. Brodersen et al. [11, 12] investigated
the 3D xylem network of grapevine stems (Vitis vinifera) and found that these connec-
tivity features could contribute to disease and embolism resistance in some species.
The authors mentioned the benefits of applying WCT: “selected vessels or the entire
network are easily visualized by freely rotating the volume renderings in 3D space
or viewing serial slices in any plane or orientation” and that the automated method
generated “orders of magnitude more data in a fraction of the time” compared to the
manual one. Teixeira-Costa and Ceccantini [130] analyzed the parasite-host inter-
face of the mistletoe Phoradendron perrottetii (Santalaceae) growing on branches
of the host tree Tapirira guianensis (Anacardiaceae through high-resolution wCT
imaging. Authors also highlighted the difficulties in “imbedding and cutting lignified
and large materials”, therefore manually performing such complex 3D investigation
would require a “huge series of sequential anatomical sections”; the authors even
mentioned the previous work of [17], where the anatomy of the endophytic system
of Phoradendron flavescens required hundreds of anatomical sections. Investigating
the intricate distribution of fine arrangements in 3D is one of the main advantages
of employing WCT for the study of plants. More recently, for example, Palombini
etal. [96] studied the complex morphology of the vascular system of the nodal region
of bamboo with the technique. When comparing their findings with previous serial
sections based on illustrations (Fig. 2) it is clear that the scattered arrangement of
the atactostele distribution of monocots is hard to be spatially understood in 3D by
using just anatomical sections (Fig. 2a). Even if the segmentation procedure after
nCT imaging acquisition can also be labor intensive—authors had to manually select
each one of the hundreds of vascular bundles, separating them into the corresponding
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Fig. 2 Technological improvements for detailing the complex anatomy of vascular bundles of the
nodal region of bamboo: a hand illustration of nodal reconstruction based on serial cuts by Ding
and Liese [21], b actual morphology based on X-ray microtomography of the nodal region, where
the bundles of each secondary axis are shown with a different color, and the ones of the primary
axis are faded

axis (Fig. 2b)—due to the difficulties in automatizing the process, at the very least
the obtained virtual morphology remained intact and undamaged, allowing it to be
anatomically accurate represented.

2.2 Finite Element Analysis (FEA)

As seen before, the segmentation process of a wCT-based investigation permits the 3D
visualization of a specific ROI of a sample along with morphologically accurate qual-
itative and quantitative analyses. Once the region of interest has a segmented mask,
it is considered binarized, i.e., it is no longer represented by means of a grayscale
image, at which the contour of a certain region gradually fades as it approaches its
physical end—as we can originally find in an unprocessed pCT stack—but as a set
of black and white voxels. What it means is that a region in a binarized stack can be
spatially defined with the precision of a voxel: if the binarized, segmentally masked
region is set, it can be distinguished by white voxels, otherwise, it is viewed as a
black region, just like the background in wCT. And it is this absolute division between
black and white voxels that make a region discrete, allowing further calculations and
analyses to take place. Furthermore, since the masked region is spatially—i.e., math-
ematically—defined, it can be exported to be used for other purposes. One of the
main file extensions used in WCT post-processing is STL, a superficial mesh with
universal compatibility. For instance, a pCT-based STL mesh can be 3D printed for
educational uses [93], allowing a microscopic, morphologically accurate region to
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be significantly magnified and physically handled by students. Like most biolog-
ical materials, plants exhibit an intrinsic and complex hierarchical level of elements,
arrangements, shapes, and materials that extend from the macro- to the nanoscopic
world. Despite being fundamentally constructed by a small number of basic compo-
nents, it is their build-up that adds natural materials to their remarkable properties
and makes them desirable as both a straightforward building material and a source
for bioinspiration projects [3, 123]. However, their heterogeneity and intricacy also
make biological materials difficult to be accurately investigated, for instance, in
terms of predicting their mechanical performance. This is the main reason why they
present a natural variability in properties, and thus often require a sufficient number
of individuals for the data sampling to be meaningful [46]. Therefore, another major
possibility of employing 3D biological models obtained via wWCT is their use in
numerical analyses.

An important characteristic of scientific reasoning is the process of dividing a
larger, complex problem into smaller, simplified components, which can then be
separately resolved more effortlessly and, once combined, be used as an estimated
solution for the original issue. If a problem—or a numerical model—is obtained
with a finite number of components, it is called “discrete”. On the other hand, if a
model is considered so complex that it could be indefinitely subdivided, it would
require it to be defined by assessing its infinitesimal parts, leading to the need for
differential equations, and thus being called “continuous” [147]. This is the essence
of the Finite Element Method (FEM) at which in the 1940s mathematicians, physi-
cists, and particularly engineers worked on techniques for the analysis of problems in
structural mechanics, and later applied them to the solution of many different types
of problems [5]. Simplifying, the procedure is based on the division of a contin-
uous problem into a finite number of elements, in the process called discretization,
leading to the procedure known as Finite Element Analysis (FEA). It is worth noting
that despite the assistance of desk calculators in the 1930s, FEA only had its most
significant improvements with the upsurge of digital computing, at which a set of
governing algebraic equations could be established and solved more effectively,
leading to real applicability [5]. The origins of the subdivision of continuum prob-
lems into finite elements set are arguable, though. With the multiple solutions for the
brachistochrone problem—i.e., finding the fastest descent curve between two non-
superposed points with different elevations in the same plane—initially proposed by
Johann Bernoulli (1667-1748), his brother Jacob Bernoulli (1655-1705) along with
other known personalities like Galileo Galilei (1564—1642), Gottfried Leibniz (1646—
1716), and later Leonhard Euler (1707-1783), it was observed that it would require
reducing the variational problem into a finite number of equidistant problems [125].
Gadala [35] comments on even older possible roots of the discretization process,
dating back to early civilizations, like Archimedes’ (ca. 287-212 BC) attempts to
determine measures of geometrical objects by dividing them into simpler ones, or
the Babylonians and Egyptians search for the ratio of a circle’s circumference to
its diameter, i.e., w. As for the present day, numerous commercial software solu-
tions are available, including Abaqus™ (Dassault Systemes™, Vélizy-Villacoublay,
France), ANSYS™ (Canonsburg, PA, USA), COMSOL™ (Stockholm, Sweden),
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Nastran™, and others, for areas varying from structural mechanics to fluid dynamics,
electromagnetics, and heat transfer.

Finite element analyses can be applied into a number of fields, from facilitating
the resolution of well-defined CAD-based geometries to the simulation of specific,
more abstract scenarios which otherwise could be considered much more difficult
to achieve. The basic process of conducting an FEA is based on the definition of
three essential sets of variables: geometry, constitutive properties, and boundary
conditions. The first one is related to the shape, dimensions, and relative organization
of the 3D model. As mentioned, the geometry can be obtained employing CAD
software or, in the case of biological samples, via digitalization. Recently, wCT-based
models are being increasingly used in FEA in many fields of biomedical research,
allowing organic and complex geometries to be investigated and simulated in silico. In
the process of discretization (Fig. 3), at which the original wCT image stack (Fig. 3a)
is converted into a mesh suitable for FEA, two basic methods can be followed, voxel
based and geometry based [9, 94]. The first one is the most straightforward due to
the direct conversion of the image stack voxels into elements (Fig. 3b). As for the
geometry based, the selected regions must first be segmented and then transformed
into an FEA mesh (Fig. 3¢). The main differences are that in the voxel-based meshing
there is no need for segmentation processes, but the resulting mesh tends to be much
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Fig. 3 Discretizing methods of wCT-based finite element analysis: a original pnCT of bamboo
parenchyma; b voxel-based discretization, with detail ¢l of voxel mesh; ¢ geometry-based
discretization, with detail ¢l of tetrahedral mesh
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larger depending on the number of WCT slices in the stack and the resolution of each
slice, i.e., the greater the stack size and resolution, the greater the number of voxels
and elements in the mesh. As for the geometry-based method, once the mesh is
defined automatically, users must also ponder the refinement-performance balance,
whereas on the one hand a finer mesh would represent more accurately the original
geometry, yet it would consume more computational resources. Another point worth
mentioning is that the geometry-based mesh tends to be much more universally
accepted in a variety of FEA solvers, consequently allowing a wider range of several
types of analyses to be executed.

The second basic set of parameters required in any FEA is the constitutive prop-
erties. They are related to the physical characteristics of the geometry regarding its
mechanical (elastic modulus, yield strength, dynamic viscosity...), thermal (thermal
conductivity, specific heat capacity...), and electromagnetic (electrical conductivity,
magnetic permeability...) properties, among others. Since the resulting wCT images
are defined in the grayscale, at which the whiter the color the denser that region
(Fig. 3a), the constitutive properties of a voxel-based analysis can be extracted
directly from the images, like in Fig. 3b, where the warmer colors represent a denser
material, i.e., higher values of mechanical properties were attributed. As for the
geometry-based method, once the region is homogenized, so must be its proper-
ties for the analysis to be accurate [94]. The last main parameter to be config-
ured is the boundary conditions, i.e., all the external parameters that affect the
analyzed geometry, e.g., loads (including pressures, forces, temperatures, electric
potentials...), displacements, and constraints, among others. Once defined all param-
eters, the analysis can be solved. FEA is a complex and comprehensive field of
research and many other fundamentals and parameters should be considered, like
non-linearities (geometric, constitutive, and boundary conditions), types of analyses
(implicit, explicit, thermal, modal, buckling, vibration...), types of mesh elements
(tetrahedra, hexahedra...), and more, which are also beyond the scope of the chapter,
and in-depth information can be accessed in the works of [5, 65, 107, 147].

Despite being less commonly found in the plant sciences fields, the numer-
ical analysis still appears in many important research studies, particularly when
combined with biomedical imaging. As discussed before, the main advantages of
a wCT-based FEA in plants are the ability to carry out investigations where (i) an
accurate morphology is needed; (ii) the potential of conducting experimental anal-
ysis (i.e., with real samples) is somewhat difficult or impossible to accomplish due
to limiting factors like diminished sample size, lack of control of boundary condi-
tions, restrictions to perform experiments with quick modification of variables, etc.
Still, similar to the process of applying the upcoming obtained knowledge in bionics,
the investigation of WCT-based FEA itself also benefits from a team with multiple
backgrounds, as may be seen by some examples. For instance [92], assessed the
structural role of bamboo parenchyma as an important tissue in the plant using pnCT
and FEA. Due to its matrix-like behavior, in a composite analogy, the ground tissue
distributes local stress into a larger region so the sclerenchyma bundles can act like
reinforcements for greater stiffness and strength. The authors also observed, using
the same set of techniques [96], that bamboo tends to spread compression stresses
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into secondary branches in order to preserve the main axis. Due to the resolution of
workable fibers as well as the complexity of the vascular arrangement in the plant,
only wCT-based FEA could be used for this type of analysis. Nogueira et al. [85]
presented the first known literature application of a heat-transfer FEA based on wCT
of biological material. In this research, the authors utilized high-resolution scanned
images of a Bromeliad inflorescence to investigate the role of the accumulated water
in the inflorescence tank of the plant, identifying it as acting as a thermal mass, by
absorbing the external temperature and preventing internal structures to overheat.
This feature results in the protection of the inflorescence and flower components,
preserving it without the appearance of injuries and necrosis in bracts and leaves.
Even though the authors also utilized an experimental procedure to complement the
findings of the numerical analysis, the in silico tests were crucial for a fine assessment
of the inflorescence internal structure’s temperatures as well as the replication of the
tests with the modification of multiple variables. Forell et al. [30] explored ways to
prevent lodging at maize stalks for bioenergy, by means of altering morphological
characteristics. Using pCT-based FEA, authors could digitally modify individual
stalk variables like diameter and rind thickness to assess its performance modifi-
cations. By highlighting the benefits of using non-traditional, engineering-related
techniques like FEA in plant analyses, authors state that “collaborations between
plant scientists and biomechanical engineers promise to provide many new insights
into plant form and function”.

3 Bionics: From Design to Biodiversity

As seen before, bionics or biomimetics is fundamentally based on the relationship
of knowledge interchanging between natural and applied sciences, and how it can be
achieved is via technology. Not only a better understanding of organisms and biolog-
ical materials can be obtained with unusual techniques of observation and analysis,
but interdisciplinary teams in the context of bionics or biomimetics are also ensuring
a more sustainable development [79], which also reflects into gains for biodiversity
as a whole. From unraveling signals used by flowers to attract pollinators [102] to
assessing the role of parenchyma wall thickness for the mechanical properties of
bamboo [22], techniques considered almost exclusive to engineering, design, and
architecture are unveiling new applications in the biological world. Likewise, tech-
nologies originally intended for the development of new bioinspired products are
also a way to promote unexpected insights into the natural world [121], thus paving
the street two ways: from nature-to-project and project-to-nature. This concept is also
known as “reverse biomimetics” which was defined in a guideline for biomimetics
from the Association of German Engineers (VDI or Verein Deutscher Ingenieure):

Over the last few years, it has become apparent that knowledge gained through the imple-
mentation of biologically inspired principles of operation in innovative biomimetic products
and technologies can contribute to a better understanding of the biological systems. This
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relatively recently discovered transfer process from biomimetics to biology can be referred
to as “reverse biomimetics”. [134]

By employing a “two-way bionics” like philosophy, research groups are able
to discover new tools, techniques, equipment, and methodologies, that otherwise
may never be considered for solving scientific inquires in a variety of disciplines.
Different from interdisciplinary, the transdisciplinary approach lies not only in the
interconnection among different disciplines, but in the total removal of the boundaries
between them [81], i.e., treating it as a uniform, homogeneous macro-science, where
no method is unique and immutable. And by considering the applications of digital
technologies, enabling the exchange in knowledge between fields of sciences is
becoming more accessible than ever, particularly regarding bionics and biomimetics
[62]. 3D technologies and numerical simulations are becoming more “integrated” and
more “integrative” in the scientific problem-solving workflow, iteratively questioning
the object of study and the object at which the natural characteristic is supposed to
be applied. “Within this so-called process of reverse biomimetics, the functional
principles and abstracted models (typically including finite element modeling) are
repeatedly evaluated in iterative feedback loops and compared with the biological
models leading to a considerable gain in knowledge” [122].

An organism, an animal, or a plant is a package of its adaptative history, written
in its genes, and seen as its phenotype. Each one of them brings itself its ecolog-
ical history, strategies of reproduction, responses to the environment, and charac-
teristics that make this unique organism well succeed today. In the same way that
our knowledge about the relationship in the life tree has grown with advances in
the techniques and analysis of molecular systematics, the understanding of biolog-
ical morphology was also improved using new technologies, like confocal laser
scanning microscopy, nuclear magnetic resonance imaging, microcomputed tomog-
raphy, and others. Nevertheless, knowledge about biodiversity is not a one-way street,
and related or even distant areas end up benefiting from technological advances in
different fields. For example, several well-succeed lineages distributed today have
some morphological feature associated with their evolutionary success, this morpho-
logical adaption or phenotype is also called “key innovation” [58]. This “new” feature
could occur in a specific lineage, like the evolution of the tank habit in Bromeliaceae
[118], or could be recovered to a large group, as the diversification of different flower
morphology among the Angiosperm lineages [26, 142]. Recovering these traits’
origins is one of the main challenges to reconstructing the life history in different
groups, and the fossil record is an essential step to our understanding of evolution
and diversification of these features, especially in groups that have low preservation
or do not have totally preserved specimens, like the monocotyledons [74, 119]. In
this sense, the use of WCT have been changing the fossil analysis, not only in plants
but in different fields of biodiversity, since using this tool is possible to visualize
internal delicate features without the need for a destructive or invasive preparation
[51, 127]. Using this approach, a new fossil botanical genus was proposed, Tanis-
permum, related to the extant Austrobaileyales and Nymphaeales, based on some
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particular features of the seeds [32]. In the same way, [36], analyzing an inflores-
cence fossil of Fagales, present several distinct features of flower components, the
inflorescence arrangement, and characteristics of the stem useful to understand the
diversification of the stem, the evolution of pollination modes, and other character
evolution in Fagales. On the other side of biodiversity research [14], studied the
semicircular canals of the endosseous labyrinth of living and fossil Archosauria,
represented today by birds and crocodylians, in order to understand several aspects
of locomotor system diversification, and if shapes variation of this structure could be
related of locomotor changes, like flight, semi-aquatic locomotion, and bipedalism.
The authors bring to light several aspects of this structure evolution, showing high
divergence in this trait and that the differences in the semicircular canal are related to
spatial constraints among the analyzed lineages, besides the higher degree of diver-
gence in this structure appeared early in the divergence of bird-crocodylian. The most
interesting aspect of these discoveries in biodiversity research using 3D technolo-
gies, like WWCT, is how significant three-dimensional analysis is for understanding
each group. This means that the individual or the structure is three dimensional and
the understanding of its form, function, physiological process, size, strain limitation,
and growth form is difficult to be inferred by only using 2D images.

Indeed, images are everything, especially nowadays, and all of the images gener-
ated by these new technologies are in digital format. This information brings to us
another important topic to three-dimensional approaches, which is the “Digitaliza-
tion of the Biodiversity Collections” and how 3D technologies could be associated
with the storage, shared, and popularization of these collections. The natural collec-
tion worldwide holds billions of specimens of biodiversity, including information
like taxonomic position, geographic location, ecological, and temporal data [90]. In
recent years, many institutes and initiatives concentrate efforts to digitalize speci-
mens of natural collections. The reasons are the most diverse, like understanding
the taxa distribution through time, climate change, the dynamic of invasive species,
and others [75, 90]. One of these efforts is coordinated by the Rio de Janeiro Botan-
ical Garden, in partnership with the CNPq—Brazil (National Council for Scientific
and Technological Development), with the so-called “REFLORA” program. Its goal
is the historical rescue or the repatriation of the specimens of the Brazilian flora
deposited in foreign herbaria, through the digitalization with high-resolution images
used to construct the “Virtual Herbaria Reflora”. Besides, the program also includes
the digitalization of the Brazilian Herbaria, allowing that researchers worldwide work
in this platform, as they do in the physical collections [108]. This step of digitaliza-
tion, which includes the digital image of the specimen and associated metadata, like
taxonomic position and geographic location, is the first step to digitalizing a natural
collection. However, with the improvement of technologies, like computed tomog-
raphy, those specimens digitalized could provide much more details complementing
this digital imaging, so the data associated with the specimen using, for example,
WCT can be virtually analyzed, dissected, and manipulated by researchers worldwide
[47]. Furthermore, the pCT digitalized models could be used for 3D printing, which
can be employed as a didactical tool or for sharing these specimens. Recently [7],
proposed a 3D model equivalent of a real and unique object, called VERO, which
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stands for “Virtual Equivalent of a Real Object”, being proposed as a non-fungible
token (NFT). In this model, the VERO and the NFT are interlinked, i.e., through
this system, the VERO is transformed into a type of NFT. In accordance with the
authors, “VEROs can be produced by museums to enable recreational collectors
to own NFTs that represent virtual versions of the objects housed within museum
collections”. In this way, the idea of having the natural collections digitalize through
high-resolution morphology using 3D technologies of the specimens also presents
some opportunities for the popularization of the specimens held in these collections,
especially that ones that present risk of degradation, such as fossils and unique and
delicate specimens. Another major contribution of setting VERO is the possibility of
raising funds for maintaining vulnerable or under-resourced collections, museums,
and institutions. By defining it as NFTs, with the use of blockchain technology,
buyers can both (i) ensure it is an original artwork, by preventing forgeries, which
ownership can be traced back to its institution, and (ii) being a digital object, its trade
avoids complicated copyright issues that can be quite common with physical objects

[7].

4 Conclusions and Future Directions

Bionics and biomimetics should be considered as a means to obtain interchangeable
pieces of knowledge between the “project” and the “object” of study. By blurring the
lines dividing the work activities of scientists of classical fields and design engineers,
we can gain access to new ways to promote more sustainable development, either
by (i) better comprehending the functioning and requirements of the natural world
as a way to reduce the human impact in nature and furthering healthier biodiver-
sity, and by (ii) creating more environmentally sound projects, which includes more
efficient materials and structures, and more ecologically integrated organizational
systems. Increasing access to state-of-the-art technologies is a way to ensure a more
transdisciplinary approach between sciences, favoring unified teaching and research
[91]. wCT has been shown a versatile tool in plant research, due to its non-invasive
character and, in most cases, due to the lack of intensive preparation requirements for
samples. Some of the advantages of using this approach include high morphological
resolution of complex and delicate internal structures, like visualizing the complex
vascular system in the nodal region of bamboo [96], obtaining details of the 3D archi-
tecture, and the modeling of gas exchange in leaves [24, 52, 73], in addition, some
opportunities as in vivo measures and experiments are possible [25]. However, the
technique usually requires a long image acquisition time, and the ionizing radi-
ation dosage difficult to repeat the imaging acquisition of some delicate speci-
mens. Besides, some plant tissues like meristems present low density which reduces
X-ray attenuation-based contrast, thus requiring a sample preparation to increase the
contrast [124].
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Available methodologies for imaging samples with different compositions that
follow three-dimensional approaches include confocal imaging, Magnetic Reso-
nance Imaging (MRI), Optical Projection Tomography (OPT), Macro-Projection
Tomography (M-OPT) [66, 67, 104, 132], and other examples in [103]. The selec-
tion of the imaging method in biodiversity research is a matter of scale and resolution.
The researcher needs to previously know the limitation of each technique and the
trade-offs between the benefits and limitations of the methodology employed. For
example, confocal microscopy and OPT present the opportunity for imaging live
plants with restrictions of sample size [66, 104]. M-OPT allows imaging of large
sample size, presenting 3D digitalization of the morphology of the samples, including
visualizing of gene activity and internal details of structures histochemically marked
[67]; however, it is limited by the field of view and the processing artifacts that affect
morphology due to the partial cleaning of tissues [43]. MRI allows non-invasive
and non-destructive analysis of intact and living plants [132], despite limitations in
resolution. The technique is used to measure different physiological processes, like
measuring and quantifying fluid movement in the xylem and phloem [140], and the
development of embolism in vessels [34, 76]. Besides it also allows repeated access
to plant organs development, revealing details of its morphology and anatomy [49,
78, 80, 133]. The main drawback of conventional MRI can be overcome by newer
high-resolution magnetic resonance imaging techniques (or nMRI). However, the
higher the intended resolution in the analysis, the more powerful (and expensive)
the magnet of the equipment has to be, which increases the costs of the procedure,
in addition to not achieving the same spatial resolutions [43] as in X-ray nanoto-
mography (nCT) systems. Some recent works utilize combined approaches in order
to compare size, resolution, and the procedures, showing that the advantages and
limitations of each technique can be complemented when used in a combined way
[16, 44, 77]. Overall, there is no one perfect technique that can be employed in every
investigation, sample, or analysis, and therefore it is up to the scientist to choose the
most suitable method or combination of methods to reach the research goals. Further-
more, a broader diversity in the members’ training backgrounds in a research group
must be seen as a possibility to accomplish more in-depth analyses, benefiting the
whole knowledge transferring process between nature and project and contributing
to a better relationship of humans with the environment.
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