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Abstract

This paper presents a biomechanical study of stems of two liana species, Clematis vitalba and Vitis vinifera, investigates
the mechanical performance of these two liana species and attempts to enhance the understanding of structure—function
relationships. The investigation involved mechanical testing of whole plant stems, supplemented by X-ray micro-CT (X-ray
computed tomography at micron voxel size) imaging and 2D microscopic images of stained cross sections of the plant stems,
to derive structure—function relationships with potential for application in bioinspired composite materials. The micro-CT
images were compared to the microscopic images of stained cross sections, in order to show benefits and potential drawbacks
of the X-ray micro-CT method with respect to traditional methods. The high-resolution 3D imaging capacity of micro-CT
is exploited to explain the structural functionality derived from the mechanical testing. A simple finite element model is
developed based on the plant topology derived by the micro-CT images and proved accurate enough to model the plant’s
mechanical behaviour and assess the influence of their structural differences. The two plants exhibit different to each other
physical and mechanical properties (density, strength and stiffness) due to their common growth form. Anatomical cross-
sectional observation and X-ray micro-CT provide complementary information. The first method allows the identification of
the lignified parts, supposedly more resistant mechanically, of these structures, while the second one provides a full 3D model
of the structure, admittedly less detailed but providing the spatial distribution of density contrasts supposed to be important
in the mechanical properties of the plant. The proposed methodological approach opens new perspectives to better under-
stand the mechanical behaviour of the complex structure of plants and to draw inspiration from it in structural engineering.
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Introduction the creation of an abstracted model of the natural principle
to be used in a technical application.

To use natural structures for inspiring development of tech- In the field of lightweight construction and materials,

nical structures (biomimetics) involves a detailed under-  great interest of research lies on fibre reinforced composites

standing of structure—function relationships in nature and  inspired by plants. The goal in such efforts is to develop
structures with efficient resource use and optimal mechani-
cal properties (Masselter and Speck 2011). The link between
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composites and plants lies in the fibre-matrix composition
inherent to both structures, as well as in the structural organ-
ization in plants on several hierarchical levels that presents a
great potential when transferred to composites (Baley et al.
2018; Masselter and Speck 2011). An example of such bio-
mimetic engineering is the “technical plant stem”, developed
by the German “Competence Network Biomimetics™ project
(Competence Network Biomimetics—Technical plant stem).
This technical fibre composite material is the result of the
translation and combination of seven different structural
functionalities of the stems of two plant species, Dutch rush
(Equisetum hyemale) and giant reed (Arundo donax), leading
to outstanding lightweight properties and high compression
and bending stiffness (Milwich et al. 2006).

Underlying such engineering success is the science of
plant biomechanics, that searches to explain the relation
between plant anatomy and morphology, and their mechani-
cal functionalities (Niklas et al. 2006), and to derive spe-
cific mechanical implications of the structural properties.
Such studies commonly aim at comparing different species
(Hoffmann et al. 2003; Isnard et al. 2003; Kaack et al. 2003),
growth forms (self-supporting and non-self-supporting)
(Isnard et al. 2003) and ontogenetic stages (corresponding
to old stages of development with significant secondary
growth) (Hoffmann et al. 2003; Isnard et al. 2003; Rowe
et al. 2004). Further, a particular mechanical behaviour is
often being related to the environmental conditions prevail-
ing in the respective plant habitat (Ennos 1993; Isnard et al.
2003).

In biomechanical research, technical methods for charac-
terizing mechanical properties and for imaging natural struc-
tures are key to understand structure—function relationships.
Mechanical properties such as the modulus of elasticity can
be determined with bending (Dixon et al. 2015; Hoffmann
et al. 2003; Isnard et al. 2003; Kaack et al. 2003; Obataya
et al. 2007), tensile (Baley et al. 2018) torsion (Hoffmann
et al. 2003) or compression tests (Obataya et al. 2007), test-
ing either a whole stem segment or separate samples of dif-
ferent tissue types (Riiggeberg et al. 2008).

Morphological properties or the plants can be measured
directly on the sample or by using microscopic images of
stem cross sections, whereby they can be evaluated with help
of imaging softwares (Baley et al. 2018; Dixon et al. 2015;
Jellum 1962; Kaack et al. 2003; Niklas et al. 2006; Obataya
et al. 2007; Riiggeberg et al. 2008). However, for imaging
the complex internal structure of plants at high resolution,
the technique of X-ray microcomputed tomography (X-ray
micro-CT) has increasingly received attention as it can pro-
duce a three-dimensional imaging of the variations of mate-
rial density (tomodensitometry) at micron voxel size which
makes it possible to determine primarily the 3D structure
of the plant’s voids but also to identify the major variations
in density throughout the organic material of the plant in a
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non-destructive way as presented for example in Holmlund
et al. (2019), Mylo et al. (2021), Toumpanaki et al. (2021)
and, with a specialized X-ray instrument (XRM) that incor-
porates microscope objective lenses in Duncan et al. (2022).
In addition, X-ray micro-CT can be applied to any type of
plant, its measurement can be repeated on the same sample
if necessary and, as the measurement is non-destructive, the
same sample can be used for other tests at a later date (e.g.
mechanical tests). It thereby represents a time-saving and
functionally identical laboratory based alternative to tradi-
tional techniques involving sectioning and light microscopy
(Brodersen and Roddy 2016; Mayo et al. 2010). The gener-
ated images serve for qualitative and quantitative analysis,
and are increasingly being used as an input for finite element
(FE) modelling of structural properties (Maire and Withers
2014). In the application to plants, micro-CT has the poten-
tial for qualitative and quantitative analysis of wood micro-
structures (Calo et al. 2020; Mayo et al. 2010; Moshtaghin
et al. 2016) for studying plant hydraulics through analysis
of xylem structure (Brodersen et al. 2013; Brodersen and
Roddy 2016; Gao et al. 2020; Koddenberg and Militz 2018;
Li et al. 2020) and for understanding physiological processes
in plants (Pajor et al. 2013). In addition, micro-CT can be
used to image structural developments over time (4D moni-
toring) (Maire and Withers 2014; Pajor et al. 2013).

Industrial and biomimetic considerations have moti-
vated the use of micro-CT in plants to study the mechanical
behaviour of plant tissues. For example, micro-CT-based
FE analysis has been applied to scan maize stalks in order to
estimate the properties with special lodging resistance (Von
Forell et al. 2015). Interest also lies on bamboo as a material
with great biomimetic and industrial potential. Dixon et al.
(2018) built 3D printed models of bamboo parenchyma tis-
sue for mechanical testing based on micro-CT images. Pal-
ombini et al. (2016, 2019) have published several works on
micro-CT-based FEA of the mechanical behaviour of bam-
boo parenchyma and sclerenchyma tissue. They focused on
the comparison of different discretizing methods in FEA,
having identified the transfer of image data to a discretized
mesh as a critical step in the methodology, due to the dif-
ficulty of preserving the detailed structure at the cellular
level and of attributing the appropriate mechanical proper-
ties to the structure (Palombini et al. 2020). However, to the
authors knowledge, micro-CT has never been assessed in its
benefits and drawbacks compared to traditional imaging of
plant material, nor in its potential for facilitating biomimetic
research. Therefore, this study presents an assessment of
micro-CT to better understand structure—function relation-
ships of plants while critically comparing the potential of
micro-CT with that of a traditional imaging method.

This paper presents a comparative biomechanical study
of stems of two liana species, Clematis vitalba and Vitis
vinifera. The two plants exhibit particular mechanical
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properties due to their growth form. The investigation
involved mechanical testing of the plant stems, supple-
mented with X-ray micro-CT imaging and 2D microscopic
images of stained cross sections of the plant stems, to derive
structure—function relationships and to point out benefits and
potential drawbacks of the micro-CT method with respect
to traditional cross-sectional methods. Finally, the results
of a simple finite element mechanical model based on the
plant topology derived from the micro-CT images were com-
pared to the results of the mechanical tests to demonstrate
the consistency in the differential behaviour of the two tested
lianas. The aim of this study is to demonstrate the differ-
ential mechanical behaviour of two plant species that are
closely related, due to their specific microstructures. More
generally, it also aims to demonstrate the widespread poten-
tial of micro-CT to provide a coherent structural model for
quantitative functional analysis of plants. Through a better
understanding of this structure—function relationship, this
study enables us to consider plants even more accurately
as a source of biomimetic inspiration for designing future
engineering materials and structures.

Materials and methods
Plant material

Clematis vitalba and V. vinifera were chosen in this research
as two liana species expected to show remarkable climbing
mechanical properties and occurring in similar habitats at
low altitude and in temperate climate in Switzerland. The
two species exhibit a few differences in their internal struc-
tures (e.g. periderm and phloem geometry, vessel dimen-
sions and spatial distribution, pith diameter), despite the
similar growth form, which was regarded as meaningful
for comparison and analysis of structure—function relation-
ships. Conversely to many other woody perennial crops, the
Vitis vinifera grapevine does not display self-supporting
and limited-in-space aerial architectures, but rather devel-
ops extended shoot systems relying on external mechani-
cal supports (Torregrosa et al. 2021) This behaviour results
from both structural factors, i.e. stem anatomy, bud and
phytomer organization, and also specificities in the modu-
lation of primary growth and branching. Clematis is a cos-
mopolitan genus of the Ranunculaceae showing a range of
growth forms mostly confined to perennial herbs and climb-
ers among its 250 species. Woody aerial plant stems are
extremely rare in the Ranunculaceae and seldom, if ever,
show self-supporting characteristics (Isnard et al. 2003).
Growth form evolution in the group may have been cana-
lized by evolution of rhizomatous geophytic growth forms
with secondary growth confined to underground stems (Liu
et al. 2016). Certain body plan organizations appear to have

inbuilt mechanical constraints which may have profound
effects on the subsequent evolution of growth forms. Vitis
is inferred to have originated in the New World during the
late Eocene (39.4 Ma), then migrated to Eurasia in the late
Eocene (37.3 Ma) (Liu et al. 2016) while the stem age of the
Vitaceae family was proposed to be around 90.7 Ma (Wen
et al. 2013). Ranunculaceae became differentiated in forests
and buttercup crown group was estimated around 109 Ma
(Wang et al. 2016) and Clematis (Clematidaceae) around
29 Ma (He et al. 2022). Clematis vitalba was sampled at
the margin of a riverine forest, climbing on a poplar tree
(Cudrefin, VD, 46°58'4"-7°2'12") and V. vinifera could be
found as an old unpruned plant of “chasselas” grape vari-
ety climbing on bushes in an abandoned vineyard (Boudry,
NE, 46°56'52"-6°51'3"). Stems of different diameters of
C. vitalba and V. vinifera were sampled on living plants
and stored immediately in a conditioning room with a con-
stant temperature of 20 °C and a relative humidity of 65%
(between 1 and 3 months) and dried to approximately con-
stant weight, before being imaged by CT and by anatomi-
cal cross sections and mechanically tested. Diameters of C.
vitalba stems ranged from 5.6 to 18.5 mm, and those of V.
vinifera ranged from 4.6 to 13.0 mm.

Anatomical cross sections

For the anatomical description, a stem of C. vitalba cor-
responding to old stages of development with significant
secondary growth (stage 4 according to Isnard et al. (2003),
Schweingruber (1983)) was used (diameter of 16 mm). For
V. vinifera, a stem of 13 mm was used, corresponding to an
old stem of several years. Sectioning for microscopic analy-
ses was performed with a sledge microtome which enabled
sectioning without prior embedding of the stems. The sec-
tions were stained directly on a glass slide for several min-
utes with a 1:1 solution of Astrablue and Safranin. Lignified
cell walls are stained red from Safranin, and non-lignified
structures are stained blue from Astrablue. Subsequently,
the sections were dehydrated with 96% ethanol, anhydrous
ethanol and xylene, embedded in Canada balsam and cov-
ered with a cover glass. The followed procedure is described
in more detail in Gértner and Schweingruber (2013). Photo-
graphs of the cross sections were taken in normal light with
an Olympus BX51 Microscope.

X-ray microcomputed tomography

Similar-sized stems as for the anatomical cross section were
used for the micro-CT analyses. Each of the plant stem sec-
tions was scanned with an X-ray micro-CT Ultratom scanner
from RX-Solutions (Fig. 1) and with the same parameters. A
Hamamatsu high power X-ray generator was used, in reflex-
ion mode, with a 0.2 mm thick copper filter and a tungsten
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Fig. 1 a General view of the Ultratom scanner system with its two X-ray generators showing the turn table supporting the sample and the plane
detector. b Zoom on the sample of a Vitis vinifera sample mounted for measurement at the high power microfocus X-ray generator

target. The acquisition was performed in cone beam mode
with a current of 150-170 pA and a voltage of 50-60 kV.
During data acquisition, the plant sample was rotated by
360 degrees and 1632 projections were taken by steps of
0.22° to ensure a precise volume reconstruction. The X-ray
beam attenuation was registered by an XL Varian 2530 plane
detector with 2176 x 1792 pixels. The projections were then
processed (X-act RX-Solutions, Filtered Backprojection) to
reconstruct a corrected volume composed of some hundreds
of slices in 16bit Tiff format (typically between 800 and
1500 slices). According to the sample, the cubic voxel edges
length is between 7 and 9 microns.

Image analysis

Micro-CT images were processed with AVIZO (Thermo
Fisher Scientific, v-2019.2). First, raw images were filtered
(non-local means filter) then segmented by intensity thresh-
olding to best differentiate the three major components of
the plant that were visually identified on the CT images and
to best correspond to the main structures identified on the
histological thin slices: (a) the high attenuation regions rep-
resenting the high-density material of the plant (HD) with
grey values over 26,500 for Clematis and over 33,500 for
Vitis, (b) the intermediate attenuation regions (ID) with grey
values between 23,160 and 26,500 for Clematis and between
28,500 and 33,500 for Vitis and (c) the low attenuation
regions which represent the voids of the plant (V) with grey
values under 23,160 for Clematis and under 28,500 for Vitis.
As expected, due to the grey values contrast, the delimita-
tion of the threshold between HD and ID material was more
difficult than the delimitation of the threshold between the
latter two regions and the voids V, which exhibit a clear
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attenuation contrast. An additional criterion for determining
by visual inspection the thresholds was that the voids and
wood materials were globally not over- or underestimated.
Then, the volumes of the three segmented components (HD,
ID and V) were calculated for each plant (on a representative
volume of about 460 slices) as well as the contribution in
volume per cent of these components to the total volume of
the plant sample.

Mechanical tests
Sample preparation

Stems adjacent to those used for CT measurements and
for anatomical thin sections were used to test mechanical
properties of the two lianas. Sections of the stems of C.
vitalba and V. vinifera were prepared, comprising a node
on either extremity of the sample to facilitate fixation. The
length of samples of C. vitalba ranged from 10 to 20 cm,
with diameters from 5.6 to 18.5 mm. The length of samples
of V. vinifera ranged from 8 to 15 cm with diameters from
4.6 to 12.7 mm. Due to the curvature of some branches and
the short internode distances, a minimum sample length of
ten times its diameter, as required for tensile testing, could
not be guaranteed in all samples. For fixation in the testing
machine, both ends of a sample (including the nodes) were
embedded in plastic tubes filled with resin. Epofix resin and
hardener (Sicomin Epoxy-Hérter, Suter-Kunststoffe AG)
were used and mixed at a 25:3 weight ratio. Epofix resin
has a pot time of ca. 30 min and cures after ca. 8 h at 20 °C.
Prior to embedding, any barks were removed from the sam-
ple extremities and adherence between wood and resin was
improved by either carving the extremities in contact with
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the resin or adding staples to the wood. The specimens were
left drying for at least 12 h. Finally, two parallel surfaces on
either fixation tube were sanded, enabling proper fixation of
the specimens in the traction machine. Characteristic speci-
mens of both plant species and a detail showing the trimmed
gripping area are shown in Fig. 2. Overall, twenty-five C.
vitalba and twenty V. vinifera specimens were tested in order
to obtain a significant set of valid experimental data.

Tensile experiments

Tensile experiments on most of the specimens were car-
ried out on a 5 kN electromechanical Walter + Bai testing
machine under displacement-control mode at a rate of 1 mm/
min at controlled temperature of 22 +3 °C. The machine
was equipped with two external linear variable differential
transformer (LVDT) deformation sensors with accuracy
of +0.02 mm for the measurement of the deformation. The
tensile experiments on specimens of C. vitalba with a diam-
eter greater than 13 mm were performed by using a Wal-
ter + Bai 250 kN hydraulic testing device. In that case, the
axial deformation was measured by a video extensometry
system composed of a 10-bit Sony XCLU1000 CCD con-
nected to a Fujinon HF35SA-1 lens, with a focal length of
35-mm and an aperture, f 1.4-22, able to provide an accu-
racy of +0.005 mm. In both cases, the axial stresses were
calculated using the load recorded by the machine’s load
cell and the initial cross-sectional area. The testing set-up/
equipment used in this investigation is presented in Fig. 3.

Fig.2 Characteristic specimens
of both species. Top: C16speci-
men, diameter 11.6 mm.
Middle: V20, Vitis vinifera
specimen, diameter 10.9 mm.
Bottom: sanded surface for
fixation

Numerical modelling

A finite element analysis was successfully performed
on both C. vitalba and V. vinifera plants to model their
mechanical behaviour under tension. In order to simplify
the plant modelling, it has been decided to extrude only
one section of the plants’ stem, and therefore, the FE
model would have a uniform plant cross section along the
plant axis. The tiff images extracted from the micro-CT
were treated with an intensity threshold, segmenting the
section into two parts for (a) the high-density attenuation
regions (HD, as defined in section “image analysis™) and
the intermediate attenuation regions (ID, as defined in sec-
tion “image analysis”) were merged to compose the plain
section of the plant, and (b) a low attenuation region (V)
composing the voids of the plant. Representative sections
from specimens C6 and V4 for C. vitalba and V. vinifera,
respectively, are selected for this simulation and shown in
Fig. 4. The stem of the C. vitalba was 85.1 mm long and
had a 9.3 mm diameter. The area of the section including
voids is 67.9 mm? and without the voids is 49.2 mm?. The
stem of the V. vinifera was 58 mm long, had a radius of
6 mm, an area with voids of 113.1 mm? and without voids
91.8 mm™.

Tiff images of Fig. 4 were used as a basis to draw dxf
sketches with smoother edges in order to diminish the num-
ber of vertices for easier meshing. Considering the sym-
metry axis of both plants, only a quarter of the C. vitalba
section was drawn while a half of the V. vinifera section
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a

Fig.3 Experimental set-up for tensile tests. 5 kN machine (a), 250 kN machine (b)

was necessary. Although this oversimplifies the plant cross
section (that is not symmetric due to the natural growth of
the plants), it seems like a reasonable and practical approach
since the model will be used in the future for introducing,
symmetric in principle, biomimetic structures. Both draw-
ings are shown in Fig. 5.

The FE analysis software ABAQUS 6.14-1 under aca-
demic license was used to perform the simulations. Mechan-
ical properties of both plants were derived from mechanical
testing, by only keeping the successful mechanical tension
tests. The plants’ material was assumed elastic isotropic
with an elastic modulus of 1200 MPa for C. vitalba and
2170 MPa for V. vinifera (see next section). The Poisson’s
ratio equals to 0.45 for both plant species, assumed similar
to common soft wood species properties as given in Green
et al. (1999).

These stiffness values were selected based on the experi-
mental evidence for the two plant species under inves-
tigation. However, it is known that plants’ properties are
subjected to change with age. The phenomenon is called
ontogenesis to describe the development of an individual
organism or an anatomical feature from an earlier stage to
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maturity. For example, the self-supporting plant group, of
which bamboo is part, presents significant increase in the
Young modulus in bending during its lifetime while the non-
self-supporting lianas, such as the C. vitalba and V. vinifera,
present a significant decrease of the Young modulus during
their lifespan (Speck and Burgert 2011).

Results
Anatomical characterization

Figure 6 shows microscope images of the anatomical cross
sections of C. vitalba and V. vinifera, stained with Astrab-
lue and Safranin. These selected samples had a diameter
of 16 mm and 13 mm (in the direction of the longer axis
of the oval) for C. vitalba and V. vinifera, respectively. In
C. vitalba (Fig. 6a), we can distinguish the open collateral
vascular bundles in circular alignment around the pith, sepa-
rated by the medullary rays of parenchymatic tissue. Paren-
chyma cells consist of thin primary cell walls that can either
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a

Fig.4 Processed tiff images (Binarized plant stems sections) of plants’ cross section for the FEA simulations (a Clematis vitalba, b Vitis vinif-

era)

a

b

Fig.5 Sketches of plants’ cross section for the FEA simulations (a Clematis vitalba, b Vitis vinifera)

be lignified or non-lignified and their function is to store
nutrients (Lehmann and Schulz 1976; Schweingruber and
Borner 2018). Figure 6 also shows a clear difference in the
radial organization of xylem vessels, which are very present
towards the periphery in C. vitalba (Fig. 6a) and much less
so in V. vinifera (Fig. 6v).

The ray parenchyma in C. vitalba is lignified (red). The
vascular bundles comprise the xylem and the phloem. The

xylem consists of vessels (large cells, to conduct water) and
fibres. Fibres are made of sclerenchyma cells which are dead
and have thick lignified secondary cell walls, and provide
the main structural support of the plant. Vessels also con-
sist of dead cells with lignified secondary cell walls, which
also contribute to the stability of plant. The phloem is made
of living, non-lignified (blue) cells (sieve elements) that
serve for the conduction of assimilates, and fibres (red) for

@ Springer
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Fig.6 Anatomical cross sections of the stem of C. vitalba (a) and V. vinifera (b and c¢) Red and blue colours represent lignified and non-lignified
tissue, respectively. P pith, RTray tissue (parenchyma), Xy xylem, Phphloem, Pe periderm, Vvessels, F fibres (sclerenchyma)

support. The periderm, or bark, represents the outermost
layer. The structure of V. vinifera is similar (Fig. 6b), with
open collateral vascular bundles separated by the medul-
lary rays and, at the outer layer, a small phloem, reinforced
with fibres, while the periderm is missing on this section.
Figure 6¢ shows a zoomed in view where the periderm is
present. When comparing the structures of the two species,
we notice that the xylem in V. vinifera exhibits proportion-
ally fewer vessels, thus less void, and more fibre cells than
in C. vitalba.

CT analysis of microstructures

The micro-CT structures of C. vitalba and V. vinifera are
presented in 2D with grey values (Fig. 7, top) in a transverse
section relative to the stem axis of the plant. The coloured
representation according to the image intensity grey values
of these slices, chosen to highlight the internal structure
as clearly as possible, is shown in Fig. 7 (bottom) for both
plants and can be compared to the anatomical thin sections
as presented in Fig. 6. One can observe that the cross section

@ Springer

of the stem of C. vitalba (left) shows a regular circular shape
with a small central void, whereas the cross section of V. vin-
ifera exhibits a slightly oval shape with a larger void, which
is not exactly located in the centre of the section. Accord-
ing to the image intensity, in C. vitalba, the high-density
material is concentrated in the medullary rays, in the fibres
enclosing the phloem and in the periderm. In V. vinifera, the
medullary rays are of relative lower density material but the
in between xylem is of high-density material. Importantly,
one can distinguish an outer ring (the phloem) of intense red
colour, indicating a high density of the organic material. On
the direct inside of this ring, a distinct layer of xylem with
low density (blue) is visible. The high contrast in grey values
between the vessels and the plant material of both lianas tend
to confirm that the vessels were mostly desaturated.

Figure 8 shows 3D micro-CT-based representations of
C. vitalba (top) and V. vinifera (bottom), in raw grey values
(left) and after colouring according to image intensity in
the same way as shown in Fig. 7 (right). The images reveal
that the 2D structures which can be observed in Fig. 7 are
repeated equally in the axial direction without any helicoidal
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Fig.7 Micro-CT transverse
slices of Clematis vitalba (a)
and Vitis vinifera (b); in grey
values. Clematis vitalba (c) and
V. vinifera (d), in a coloured
representation of the same sec-
tions using a continuous colour
scale for easy comparison with
the histological sections in

Fig. 6. Red colour represents
regions of relative high density,
blue colour represents regions
of relative intermediate density
and black colour represents
regions of relatively low density
(voids)

effect. Also, when considering the volumes of the three
material components (HD, ID and V), as shown in the pro-
files of volume fractions of Fig. 9, only negligible variations
of the material components in the axial direction can be
noted. Further, these results reveal that in C. vitalba, the
intermediate density material ID presents in average the
largest volume fraction (53%), followed by the high-density
HD material (26.4%) and the voids (20.6%). In V. vinifera,
the high-density material accounts for the highest volume
fraction (61.7%) and the low-density material (19.0%) as
well as the voids (19.3%) make up a similar, small fraction.

Figure 10 shows a 3D representation of the voids (essen-
tially vessels) alone in the two species. Clematis vitalba
exhibits relatively large voids that are regularly distrib-
uted around the central pith. In V. vinifera, the vessel size
decreases towards the outside of the stem (in a radial direc-
tion), except for the outermost layer of xylem of lower den-
sity. Furthermore, the asymmetry of the voids is visible, the
voids to the left and right side of the pith (as shown in Fig. 7)
being larger than those on the top and bottom of the pith.
A similar spatial distribution of vessels in V. vinifera was
observed in the work of Brodersen et al. (2013).

As the CT measurements were carried out on two speci-
mens of similar size with identical measurement param-
eters, the quantification of structures between C. vitalba
and V. vinifera is based on almost similar image resolutions
(voxel size between 7 and 9 microns) and can reasonably be
assumed to involve relatively comparable objects.

Mechanical properties

Typical failure modes of both specimen types are presented
in Fig. 11. Due to their natural growth, most of the speci-
mens were not completely straight, while their irregular
cross section was not entirely circular. In some cases, short
internode distances did not allow to have long enough speci-
mens without a node in the free length, or very close to
the free length in the griping part (Fig. 11d). Due to this
inconsistent geometry and material distribution of the speci-
mens, no prevailing failure mode could be identified. As
shown in Fig. 11, specimens C1 (Fig. 11a), C2 (Fig. 11b),
C10 (Fig. 11c) and V19 (Fig. 11f) failed at the free length,
with C10 specimen showing a split failure. V7 specimen
(Fig. 114) failed at a node close to the gripping areas and
V14 (11e) failed at the borders of the gripping area. Most
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Fig.8 Micro-CT half-volume rendering of Clematis vitalba in vol-
ume rendering with grey values (a), and coloured representation of
the same sections using a continuous colour scale for easy compari-
son with the histological sections in Fig. 6b. Same for Vitis vinifera

of V. vinifera specimens however failed close to the grip-
ping area, either due to nodes located there (Fig. 11d), due
to material defects (Fig. 11f), or due to additional bending
moment at the area due to the specimen curvature (Fig. 11e).
For these reasons, the estimated ultimate stress values were
considered as indicative strength values of the examined
materials.

Representative stress—strain curves for both specimen
types are presented in Fig. 12. It appears that V. vinifera
specimen is stiffer and stronger than C. vitalba specimen.

This contrasting result was confirmed with measures on
a series of specimens (Table 1). Vitis vinifera has an aver-
age stiffness of 2.62+1.51 GPa and an average strength
of 37.77 + 8.89 MPa, while C. vitalba is around 30% less
stiff with an average stiffness of 1.81 +0.88 GPa and
around 50% less strong reaching an average strength of
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in (¢) and (d). Red colour represents regions of relative high density,
blue colour represents regions of relative intermediate density and no
colour represents regions of relatively low density (voids)

18.50 +3.03 MPa. Although cannot be directly compared
these values are in the range of other published results for
plants, e.g. Rowe et al. (2004) although most of the previ-
ous works were performing flexural experiments instead
of tensile strength experiments and a number of them used
specimens on their natural hydrated state, instead of dried
as in this study. The higher mechanical properties of V.
vinifera as compared to C. vitalba can be explained by the
smaller percentage of voids in the volume in combination
with the higher proportion of higher density material in
the V. vinifera (ca. 61%) compared to the corresponding in
the C. vitalba (ca. 26%) as presented in Sect. “CT analysis
of microstructures” and Fig. 9.

For both plants, the variation was more on the Young
modulus (coefficients of variation CV: 0.49-0.58) and
less on the strength (CV: 0.16-0.24). Furthermore, it
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Fig.9 Volumes of three regions of different density (HD, ID and V) in a representative sample volume of 482.8 mm? and 327.2 mm? in Clema-
tis vitalba (a) and Vitis vinifera (b), respectively, in function of the vertical position along the sample

Fig. 10 Micro-CT half-volume representation of the segmented void regions (V) in Clematis vitalba (a) and Vitis vinifera (b)

was observed that the stiffer specimens tended also to
be stronger (Fig. 13), without however any correlation
between the two properties.

Both strength and stiffness seem to be independent of
the plant’s cross section as presented in Fig. 14. A simi-
lar observation was reported in Gallenmiiller et al. (2001),
indicating that free-standing plants show a nearly constant
structural Young’s modulus, while their flexural stiffness
(ED) is increasing proportionally with the sectional moment
of inertia. Therefore, such plants develop a geometrical
flexural stiffness correlated to their dimensions—higher
at the roots where the plant is thicker, and lower at the
upper level where the plan is thinner. Both studied lianas

are non-self-supporting plants but it has been demonstrated
that the mechanical properties can change importantly dur-
ing the development of the plants. Like many lianas, young
individual plants of C. vitalba show relatively high values
of structural Young’s modulus and older wider stems show
a significant drop by up to 95%, while flexural stiffness is
increasing linearly with axial second moment of area of the
stem (Rowe et al. 2004; Schweingruber 1983). This can be
probably explained by the change of growth strategy of such
climbing plants, where young axes are relatively stiff (due
to primary fibre bundles) to reach supports and older stages
become highly compliant (formation of compliant wood) to
adapt to movements in the canopy. This pattern could not be
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Fig. 11 Typical examples of failure modes of Clematis vitalba (C) and Vitis vinifera (V) specimens. a C1, b C2, ¢ C10,d V7,e V14,f V19
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Fig. 12 Typical stress—strain curves of the two plants species Clema-
tis vitalba and Vitis vinifera
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observed with the data presented in this work, which did not
comprise the very young stems of C. vitalba. This contrasted
mechanical behaviour aligns with the functional perspective
by the difference in fructification of both species. The higher
flexural resistance of V. vinifera is necessary to support the
heavy bunches of fruits, while C. vitalba has remarkably
light dried fruits called achenes.

Numerical modelling

Two ABAQUS models were derived by extrusion of homo-
geneous solids based on the sketches of the two plant species
derived from the micro-CT images as shown in Fig. 5. Cyclic
symmetry was used as explained in section “numerical mod-
elling”, and therefore, a quarter section was employed for
the C. vitalba and a half section for V. vinifera. Although
the examined plants were not symmetric the model was. In
the model, the bottom part is fixed, while the upper part was
subjected to tension at a constant displacement rate of 1 mm/
min for a total time of 300-360 s. The simulation was not
time dependent. A tetrahedral mesh was generated for both
plant sections (Fig. 15), with a 1-mm spacing along the plant
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Table 1 Summary of the mechanical experimental results of tensile
strength and stiffness on Clematis vitalba (C1-C27 specimens) and
Vitis vinifera (V1-V23 specimens)

Specimen ID Cross-sectional Tensile Stiffness—
diameter (mm) strength Young modulus
(MPa) (GPa)
Cc7 5.6 22.86 2.04
C20 5.9 18.75 4.63
C21 59 19.95 1.78
C26 5.9 15.6 1.9
C23 6 12.44 1.58
C22 6.1 18.2 1.36
C25 6.1 18.68 1.16
C27 6.9 16.76 1.04
C19 7.6 24.29 2.38
C6 9.3 14.35 1.2
Cl1 10 21.07 0.93
CI18 10 16.02 3.04
C10 10.1 15.38 2
C3 11.4 19.52 1.66
C16 114 20.36 1.5
C2 11.5 18.89 1.04
C24 11.5 21.36 1.59
Average 18.50 1.81
Standard deviation 3.03 0.88
V10 53 42.57 1.28
Vi3 53 52.21 3.36
V14 5.5 52.7 391
V16 5.5 31.8 6.7
V15 59 31.2 34
V18 6.5 26.28 0.83
V2 7 43.78 1.84
V12 7.7 33.89 332
V19 8.6 45.01 0.84
Vi 9.2 30.76 1.53
V7 10 40.28 3.04
V17 10 38.5 2.08
V21 10 41.65 2.29
V23 10.5 455 1.01
V20 10.9 21.1 44
V22 11.8 27.15 2.15
Average 37.77 2.62
Standard deviation 8.89 1.51

Various failure modes were observed for both wood species, and the
derived strength values are considered as indicative for comparison

length and a refined precision around delicate void regions.
The mesh of the C. vitalba plant model contained 582'845
elements in total, which makes 6’857 elements every
1 mm along the plant. The simulation time was approxi-
mately 60 min. The mesh of the V. vinifera is composed by
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Fig. 13 Relationship between strength and Young modulus of both
species Clematis vitalba and Vitis vinifera

1'336'480 linear hexahedral elements with 1'434'834 nodes,
and the simulation time was approximately 160 min.

Preliminary checks were performed to confirm the uni-
formity of the stress along the plants stem and at any cross
section. Indicative photos are presented in Fig. 16 confirm-
ing the uniformity along the plant axis for the C. vitalba
model. The boundary effects are perceptible until ca. 15 mm
after the tension grip and before the fixed boundary; how-
ever, all along the specimen axis in between these bounda-
ries the normal stress remains constant. The same holds true
for V. vinifera.

The stress at each cross section in between these bounda-
ries was also constant, Fig. 17 shows selectively the results
for the V. vinifera model, although similar results were also
obtained from the C. vitalba model. The stress in Fig. 17
slightly fluctuates, however differences not more that 3% can
be calculated (min stress 217.6 MPa, max stress 223.4 MPa).

Discussion
2D comparison of imaging methods

A comparison of the 2D cross sections shown in Figs. 6
and 7, generated from microtome sections and micro-CT
scanning, respectively, shows that similar internal struc-
tures can be visualized with both methods and for both
analysed plant species. Nevertheless, the staining of the
microtome sections with Astrablue and Safranin results in
a differentiation of tissue types according to their chemical
composition, namely the presence or absence of lignin (cf.
Fig. 6). For the micro-CT slices, the image segmentation
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Fig. 15 Mesh of numerical models for both plant structures. Clematis vitalba (a), Vitis vinifera (b)

is based on the X-ray attenuation coefficient of the differ-
ent tissue types and represents their variations in density.
Also, in this work, voids smaller than the image resolution
(estimated to 3—4 times the voxel size, i.e. around 30 to 40
microns) are not captured, and on a small scale, the struc-
ture is imaged as a homogeneous material, meaning that
individual cell walls are not distinguished. The staining
of the microtome sections, however, results in the visu-
alization of only the cell walls, which can be discerned
separately with a microscope. Comparing the results of
the two colouring methods in C. vitalba, the lignified tis-
sues appear in general to coincide well with the denser
parts of the cross section (coloured red in both images);
however, parts of the xylem that are lignified according
to Fig. 6 are blue (relatively low density) in the micro-CT
representation (Fig. 7), and the non-lignified phloem is not
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properly captured at all in Fig. 7 (appears as void—V). In
V. vinifera, the lignified tissue and high-density tissues do
not coincide well. The medullary rays are shown in blue
(low density) in the micro-CT section even though they are
lignified, and the phloem appears as the zone of highest
density (red) but is made up of lignified as well as non-
lignified cells (blue in Fig. 6), which is not very well rep-
resented in the micro-CT scan. The xylem region directly
adjacent to the phloem appears of lower density and bor-
ders a denser xylem region towards the centre of the sec-
tion. This can be observed on the micro-CT scan through
the differentiation between blue and red colour (Fig. 7) and
in the microtome section by variation in densities (visual)
of the individual cells, and therefore a variation in the
intensity of red colour (Fig. 7). These insights suggest
that the image segmentation based on the material density
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and with the chosen threshold value does not entirely
coincide with the differentiation of materials according
to their chemical composition. From a plant mechanical
perspective, the fibre cells with lignified secondary cell
walls are most important for the structural support. These
are coloured red in the micro-CT images and are located
in C. vitalba along the medullary rays and surrounding
the phloem, and in V. vinifera, they are associated with
the xylem and the phloem. The parts appearing blue in the
micro-CT images are associated with the xylem and the
periderm in C. vitalba, and in V. vinifera, they are associ-
ated with the medullary rays, the outer part of the xylem

and the periderm. These are all cells of parenchymatic
nature, sieve elements in the phloem or less dense fibre
cells which are of minor structural importance. There-
fore, we suggest the employed segmentation of micro-
CT images to discern between the stem components with
mechanical importance and those without or with minor
mechanical importance.

From a methodological perspective, this means that the
conventional staining method and the image segmentation of
micro-CT scans do not provide exactly similar information in
relation to plant’s functionality but complement each other.
The stained microtome sections can be used to evaluate the

@ Springer



10 Page 16 of 18

C.Karlen et al.

coincidence of the micro-CT-based density differentiation
with the differentiation of tissue types based on their bio-
logical function, which can partially be inferred through the
knowledge about the chemical composition of the cell walls.
In addition, the microscopic view of the microtome sections
allows for a better distinction of individual cells and small
voids, especially for larger samples for which the resolution
of micro-CT is not high enough.

We also suggest that although micro-CT provides a sim-
pler structural model than that provided by histological sec-
tions, this model is sufficiently detailed to highlight the dif-
ferences in mechanical behaviour as discussed below.

In this section we have compared the two imaging meth-
ods in 2D but a major advantage of micro-CT is the ability
to determine the continuity of plant pore structures in 3D
in order to infer their functional properties and use them as
input when modelling their mechanical behaviour.

Simulation versus experimental results

The simulation for the force displacement was successful
for both species. A perfectly elastic behaviour is observed
as expected for the linear analysis. For Clematis vitalba, the
force reaches 5.13 kN for a displacement of 5 mm, while for
the Vitis vinifera, the force reaches 5.3 kN for 5 mm of dis-
placement. These values correspond to stiffness of 1.4—1.9
GPa (Clematis with voids, and without voids) and 2.2 GPa
(Vitis) and are similar to the experimentally derived values
of 1.81+0.88 GPa and 2.62 +1.51 GPa accordingly (See
Table 1). The FEA simulation of the tension experiment
performed on both plant species was successful showing
that the extrusion of a simplified section assuming a single
homogeneous material is a good approximation. Although
by extruding a single section the variability of the cross sec-
tions along the stem is not considered, this did not seem to
have a significant effect on the results.

Conclusions

In this study, detailed imaging of the internal structure
of two types of lianas was carried out by coupling X-ray
micro-CT and anatomical cross-sectional observation. The
comparison of these two methods shows that their contri-
butions are different but coherent and complementary. The
comprehensive material characterization obtained by these
two methods was successfully used to derive a FE model of
the plants’ structure and analyse their mechanical perfor-
mance. The classical method of anatomical cross sections
allows the identification of the structures of the lianas in
2D with great precision and allows the identification of the
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lignified parts, supposedly more resistant mechanically, of
these structures. Micro-CT provides a full 3D model of the
structure, admittedly less detailed but providing the spatial
distribution of density contrasts which can be important in
the mechanical properties of the plant. The derivation of
the 3D model based on the micro-CT results facilitates the
characterization of the structural heterogeneity in a given
volume of the plant, e.g. continuity of the porous struc-
ture, and allows the consideration of this internal material
structure by the FE modelling, offering this way an accu-
rate analysis of the plant’s mechanical behaviour, which
is practically not achievable on the basis of 2D thin slices.

The relationships between the 3D structural model and
the results of mechanical tensile tests on these two liana
species are discussed and show consistent trends. In par-
ticular, the stress—strain curve shows that the V. vinifera
specimen is stiffer and stronger than that of C. vitalba and,
based on the 3D structural model, the higher mechani-
cal properties of V. vinifera, compared to C. vitalba, can
be logically explained by the lower percentage of voids
(essentially vessels) in combination with a higher pro-
portion of high-density material in V. vinifera than in C.
vitalba.

The structures identified on the basis of the 3D model
for each of the two liana species are discretized and used,
in a simplified manner, to model the mechanical behaviour
of the two lianas and to compare the simulation results
which take into account not only the volume fraction of
the different components but also the spatial distribution
of these components within the specimen studied.

The proposed methodological approach opens new per-
spectives to better understand the mechanical behaviour
of the complex structure of plants and to draw inspiration
from it in structural engineering.
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