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Modeling the nonlinear elastic behavior of plant epidermis!
Amir J. Bidhendi, Hongbo Li, and Anja Geitmann

Abstract: Cell growth and organ development in plants are often correlated with the tensile behavior of the
primary cell wall. To understand the mechanical behavior of plant material, various mechanical testing tech-
niques have been employed, such as tensile testing of excised tissue samples. The onion (Allium cepa L.) epidermis
has emerged as a model system for plant tissue mechanics. In this study, we performed tensile tests on strips of
adaxial onion epidermis. While the tissue appeared stiffer in the direction along the major growth axis compared
with the transverse direction, the tensile strength of tissue was not significantly different between the two
orientations, indicating a nontrivial link between the cell wall and tissue mechanical anisotropy. Importantly, we
observed the stress—strain behavior of the onion epidermis under tension to be highly nonlinear. Several hyper-
elastic models were fitted to the test data to evaluate their capacity to describe the nonlinear deformation of onion
epidermis. The Yeoh hyperelastic model could successfully simulate the uniaxial tensile test data. This study
suggests that accounting for nonlinearity in the deformation of the primary tissue may be essential for the
accurate interpretation of mechanical test data, and a better understanding of the mechanics of the primary plant
cell wall.

Key words: epidermis, plant cell mechanics, nonlinear elasticity, hyperelasticity, uniaxial tensile testing, finite
element analysis.

Résumé : La croissance cellulaire et le développement des organes chez les plantes sont souvent corrélés au
comportement en traction de la paroi cellulaire primaire. Afin de comprendre le comportement mécanique de la
matiere végétale, plusieurs tests mécaniques ont été réalisés, tels que I'essai de traction sur des échantillons de
tissus excisés. L’épiderme de ’oignon (Allium cepa L.) est apparu comme un systéme modele de la mécanique des
tissus végétaux. Dans cette étude, les auteurs ont réalisé des essais de traction sur des bandes d’épiderme adaxial
de I’oignon. Alors que le tissu semblait plus rigide le long de ’axe principal de croissance comparativement au sens
transverse, les forces de traction du tissu n’étaient pas significativement différentes entre les deux orientations,
indiquant I’existence d’un lien non négligeable entre la paroi cellulaire et I’anisotropie mécanique du tissu. Fait a
noter, ils ont observé que le comportement de contrainte-déformation de I’épiderme de ’oignon placé sous
tension était hautement non linéaire. Plusieurs modeéles hyperélastiques ont été apposés aux données expérimen-
tales afin d’évaluer leur capacité a décrire la déformation non linéaire de I’épiderme de I'oignon. Le modéle
hyperélastique de Yeoh pouvait simuler avec succés les données de I’essai de traction uniaxiale. Cette étude
suggeére que la prise en compte de la non-linéarité de la déformation du tissu primaire peut étre essentielle a
I'interprétation exacte des données d’essais mécaniques et a une meilleure compréhension de la mécanique de la
paroi cellulaire primaire des plantes. [Traduit par la Rédaction)]

Mots-clés : épiderme, mécanique des cellules végétales, élasticité non linéaire, hyperélasticité, essai de traction
uniaxiale, analyse par éléments finis.

Introduction primary plant cell walls are correlated with a host of

Cell walls are composite materials that encapsulate the plant activities such as sperm delivery and fertilization,
plant protoplast. Growing plant cells are characterized by organogenesis, cell-level morphogenesis, and plant de-
primary cell walls that accommodate cell expansion. The fense (Cosgrove 2005; Osorio et al. 2008; Fayant et al.
chemical composition and mechanical properties of the 2010; Kierzkowski et al. 2012; Braybrook and Peaucelle
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2013; Bidhendi and Geitmann 2016; Phyo et al. 2017;
Bidhendi and Geitmann 2018a; Cosgrove 2018; Sapala
et al. 2018; Bidhendi et al. 2019). During cell growth, the
hydrostatic pressure within the cell and the uptake of
water are thought to drive irreversible wall expansion
following the biochemical modulation of the cell wall.
Morphogenetic processes such as directional growth are
attributed to mechanical anisotropy and heterogeneity
of the cell wall (Cosgrove 2015; Bidhendi and Geitmann
2016). Various mechanical testing techniques are used to
quantify and correlate the mechanical properties of the
cell wall with cell and organ morphogenesis. Mechanical
testing techniques such as nanoindentation or tensile
testing have been used to characterize plant material at
the tissue or subcellular level, and their application has
been critically reviewed (Milani et al. 2013; Bidhendi and
Geitmann 2019). The outcome of the mechanical assess-
ment of plant cells and tissues has led to insight on cell-
growth-related features such as mechanical anisotropy
of the cell wall and enzymatic activity. Many studies have
attempted to correlate the subcellular mechanical be-
havior of the cell wall with cell growth (Bolduc et al.
2006; Fayant et al. 2010; Sanati Nezhad et al. 2013; Carter
et al. 2017) or, at a larger scale, with tissue growth and
organogenesis (Braybrook and Peaucelle 2013; Peaucelle
etal. 2015; Bou Daher et al. 2018). Experimental strategies
to study the mechanics of primary plant cells and tissue
mostly rely on the application of some type of force and
examining the response of the tissue. However, how the
results obtained by some of these techniques correlate
with in-plane mechanical properties of the cell wall —
those that are thought to be directly relevant for the
cell wall’s resistance to turgor driven expansion, is
sometimes convoluted (Braybrook and Peaucelle 2013;
Bidhendi and Geitmann 2019).

Tension tests are among the techniques widely used to
characterize biological materials. Unlike techniques in-
volving complex loading conditions such as indentation-
based methods, loading in tensile testing may be more
easily reconcilable with in-plane tension of the cell wall
under turgor. Tensile testing on plant material has
mostly been performed at tissue-scale, regardless of the
scale to which the findings were attributed (Ryden et al.
2003; Vanstreels et al. 2005; Suslov and Verbelen 2006;
Oey et al. 2007; Saxe et al. 2016). This is generally due to
technical challenges associated with sample preparation
and testing at miniature scales. As a result, except for a
few studies that carried out tensile tests on cell wall frag-
ments (Toole et al. 2001; Wei et al. 2006; Zamil et al. 2013,
2015), tensile testing has remained limited to tissue scale
tests. In uniaxial tensile testing, the sample is gripped
and stretched in one direction while the force required
to stretch the sample is registered. This information is
used to calculate the stress—strain relationships and con-
sequently the material parameters, such as Young’s mod-
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ulus quantifying the resistance of the plant material
against deformation (Bidhendi and Geitmann 2018b).

The onion epidermis has emerged as a model in a wide
range of studies involving the study of plant tissue and
cell mechanics. Studies investigating the effect of en-
zymes, or polymer interactions in the cell wall network,
the tensile behavior of plant material, or bio-inspired
design have benefited from the use of onion epidermis
(Vanstreels et al. 2005; Suslov and Verbelen 2006;
Van Sandt et al. 2007; Suslov et al. 2009; Zamil et al. 2013;
Chen et al. 2015; Kim et al. 2015; Zhang et al. 2016). A set
of desirable properties render the onion epidermis a suit-
able specimen for such studies. For instance, the adaxial
onion epidermis is readily detachable from the underly-
ing layers providing intact plant tissue specimens that
are a single cell thick. The abaxial onion epidermis, on
the other hand, often rips open upon detachment, which
allows us to study the composition of the most recently
synthesized wall layers at inner faces of the cell walls
using techniques such as atomic force microscopy
(Zhang et al. 2016). Another important property of the
onion epidermis is the fairly regular, brick-like shape of
its cells and the simple alignment of their major growth
axes with respect to the onion bulb axis. The simple
geometry of onion epidermal cells simplifies, at least to
some degree, the investigation of the effect of cellular
shape and arrangement on tissue-level mechanical prop-
erties as it reduces the confounding cell geometrical vari-
abilities.

A few studies have investigated the tensile properties
of the onion epidermis (Wei et al. 2001; Vanstreels et al.
2005; Suslov and Verbelen 2006; Suslov et al. 2009; Kim
et al. 2015). The goal of these studies has generally been
to infer the microscopic properties of the cell wall from
tissue level tensile testing. The results of these studies
suggest that the cell wall of onion epidermal cells is
anisotropic, with the mean cellulose orientation being
along the major axis of the cells (Suslov and Verbelen
2006). This was inferred from the difference in resistance
of the tissue against deformation along the two major
tissue axes, and supported by observations made with
polarized light microscopy (Suslov and Verbelen 2006;
Suslov et al. 2009). The fact that tensile testing data at the
tissue level have been used to infer the composition of
the cell wall underlines the importance of methods for
accurate characterization and a better understanding
of the tensile behavior of primary plant tissues in general.
The epidermis in particular has been shown to control
the growth of inner tissue layers (Savaldi-Goldstein et al.
2007). Developing models that can capture the mechan-
ical behavior of the epidermal tissue is therefore essen-
tial. Typically, in studies designed to measure the
stiffness of the onion epidermis or primary plant tissue
in general, the tissue has been considered as linear elas-
tic and the value of Young’s modulus is calculated from
the slope of the engineering stress—strain graphs. This is
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done despite the fact that Young’s modulus is only rele-
vant for linear reversible deformations at very small
strains. At larger strains, specifically with plastic defor-
mations, the tangent modulus should be used instead.
The tangent modulus is defined by the slope of the line
tangent to the stress—strain graph at a given point (Gooch
2010). It can be used to evaluate hardening or softening
in the plastic domain. When the point of tangency is
within the linear elastic range, the tangent modulus be-
comes equivalent to Young’s modulus. However, that re-
quires the deformation behavior of the tissue to be
linear, at least within a strain range, which is not always
the case for biological tissues, especially at the large elas-
tic strains that they undergo under small stresses.

In this study, we performed uniaxial tensile tests on
turgid and plasmolyzed samples prepared from adaxial
onion epidermal peels as a model system for isolated
primary plant tissue. We first performed the common
monotonic tension to failure tensile test to assess param-
eters such as the elastic modulus, tensile strength, and
strain at failure of tissue samples in directions along and
transverse to the major axis of cell growth. Further, we
performed a series of loading—unloading uniaxial tests,
where loading with up to 20% strain was followed by
unloading. These cyclic tests were carried out on plasmo-
lyzed samples with the goal to distinguish reversible and
irreversible strains from the unloading data. The test
data sets were used to calibrate hyperelastic material
models, and evaluate their ability to reproduce the ob-
served nonlinear stress—strain behavior of the onion epi-
dermis. The calibration results for the models were
confirmed through finite element models of the uniaxial
tensile testing.

Materials and methods

Plant material

Fresh onions (Allium cepa L.) were obtained from a local
supermarket. For consistency, all of the experiments
were conducted with adaxial epidermal peels extracted
from the equatorial region of the bulbs from scales 2, 3,
and 4, counting in from the most external layer.

Sample preparation

A custom cutter was used to consistently cut the onion
epidermis samples for tensile tests. The cutter consists of
two razor blades that are symmetrically spaced in the
center by a glass slide and are curved at the two ends.
With this cutter, onion samples were prepared in ta-
pered shapes with widened ends (Fig. 1A). This was to
ensure that the strain was mostly concentrated in the
gauge length, but importantly, to improve the gripping
at the ends and avoid slippage, which is a common issue
encountered in tensile testing. Slippage can dramatically
alter the tensile testing results, including the slope of the
stress-strain graph. Schematics of the sample shape are
presented in Figs. 1A and 4A. It should be noted that the
sample shape is modified from the common dumbbell
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shapes used in standardized tensile tests because of chal-
lenges with handling the delicate samples. This modifi-
cation includes the fact that in standard dumbbell
shapes, a part of the sample between the gripping ends
is considered as the gauge length. In our case, we consid-
ered the whole part between the two clamped ends as
the gauge length in calculations. The sample was
mounted on the device and clamped such that a consis-
tent clamped length of 12 mm was maintained, as ob-
served under the microscope. Clamping was achieved
using spring clamps (Fig. 1C), and patches of sandpaper
were affixed on the clamps to achieve better and more
uniform contact with the sample. We did not use glue to
secure the specimens because it was incompatible with
the sample moisture and it has the potential to infiltrate
and alter the property of the tissue upon curing. Before
experiments, the device was calibrated to exclude the
weight of the extension, and specifically the clamps,
from force measurements. The longitudinal and trans-
verse samples were excised from the region near the
equator of the onion scales along and transverse to the
bulb axis, respectively (Fig. 1B). The width and length of
the gauge area of the specimens were of 0.65 and 12 mm,
respectively. The thickness of the epidermis, 0.08 mm,
was determined by averaging measurements from mi-
crographs of epidermal cross-section area as well as by
using a digital caliper independently for n = 20 samples.
The number of samples for the monotonic tension to
failure tests was n = 51 from three different onions. In
cases where plasmolyzed and nonplasmolyzed samples
were compared, the plasmolysis was carried out by plac-
ing the samples in 0.8 mol-L~! mannitol for at least 15 min
prior to the experiment. The nonplasmolyzed samples
were submerged in dH,0 for the same period. During the
experiments, the samples were continuously covered
with a layer of liquid using the corresponding solution
(mannitol for plasmolyzed or dH,O for turgid samples) to
avoid dehydration. The cyclic tests were carried out on
plasmolyzed samples.

Tensile testing
Preliminary tensile tests were carried out on a Liveco

Vitrodyne V-200, which is a commercialized miniatur-
ized tensile testing setup developed by Lynch and
Lintilhac (1997), that was generously provided by Philip
M. Lintilhac, University of Vermont. Further tests were
carried out on a tensile testing setup developed in-house.
The custom-built tensile device allows us to measure a
wide range of forces by its flexible design and inter-
changeable force sensors. The axial displacement that
separates the grips and stretches the sample is generated
by a linear motorized stage. Displacement parameters
such as velocity and range of displacement are given as
inputs to the stage via computer. The stage allows for
submicron displacement resolution. The displacement is
measured by a linear variable differential transformer
(LVDT). The force is measured by a load cell attached to
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one of the gripping ends. The load cell is calibrated
against a series of known weights prior to the experi-
ment. The force-displacement data of sample stretching
are collected at the computer.

For both monotonic and cyclic tests, the speed of load-
ing or unloading of the samples was 20 pm-s~. In cyclic
tests, the cycle displacement magnitude was 2.5 mm
(20% of the gauge length). Real-time observation of ten-
sile tests was carried out using a Zeiss Discovery V8 ste-
reomicroscope. This allowed to detect and exclude from
the analysis samples displaying undesirable effects such
as slippage, premature failure or rupture near clamps.
Observation under the stereomicroscope allowed us to
detect any displacement of landmarks that might indi-
cate slippage. Small sawtooth oscillations observed
in force-displacement data (e.g., Fig. 2) are, therefore,
likely caused by systemic noise. We corroborated this by
mounting a loop of elastic rubber on the device (hence
no clamping required). Upon opening the jaw, we ob-
served a similar oscillation pattern. The noise in the
graph could be alleviated through averaging of the input
signal from the force sensor, but we deemed this effect to
be inconsequential in this study and prefer to show the
original data.

Before applying the load, drops of the appropriate lig-
uid (dH,O for turgid or mannitol solution for plasmo-
lyzed samples) were added gently on the sample to keep
it hydrated. This was repeated during the experiment to
keep the sample surface moist. Stress and strain calcu-
lated from force-displacement data from tensile tests
were used to determine the material parameters of the
models as described in the following sections. Raw data
of tensile tests are available upon request.

Calculations and in-silico studies
Calculation of stress and strain

The force-displacement data are used to calculate the
engineering stress—strain graphs as:

_F AL
oc=-—ande = —
Ay L,

where o and ¢ are the engineering stress and strain; A,
and L, are original cross-section area and gauge length of
the specimen; F is force; and AL = L - L, is the displace-
ment read by the LVDT. The prefix “engineering” as op-
posed to “true” before stress and strain refers to use of
original dimensions (before the sample deformation) in
the former as opposed to the use of the instantaneous
length and cross-section in the calculation of the latter.

In Fig. 3, first, a 5th order polynomial function was
fitted to each individual data set ensuring optimal fit (R?
value close to 1). The polynomial function parameters
were identified, and the function was then used to gen-
erate stress data points at regular strain intervals of 0.005
that could then be used for averaging as well as deter-
mining the standard deviation.
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Hyperelastic curve fitting

The primary plant tissue material was considered iso-
tropic and nearly incompressible. Six hyperelastic for-
mulations were evaluated, in addition to the linear
elastic behavior, to simulate the deformation behavior
of the adaxial onion tissue: Ogden (orders 1-3), Yeoh,
Arruda-Boyce and Neo-Hookean hyperelastic models
(Table 1). The Mooney-Rivlin hyperelastic model was also
initially considered, but it could not fit the experimental
data or was unstable, and hence was not further consid-
ered in this study. Hyperelastic material models are
widely used to describe the mechanical behavior of
soft biological tissues and rubbers (Gasser et al. 2005;
Chagnon et al. 2015; Mihai et al. 2017) and are defined by
various strain energy potentials, U(e). The strain energy
function is then used to derive the stress and strains.
The Ogden hyperelastic model (Ogden 1972, 1986; Ogden
et al. 2004) is a phenomenological (mathematically
driven) general hyperelastic model with a strain energy
potential defined based on principal stretches in the
form of:

N ZM N
IOk R R R O
i=1 1

i=1 DL

where ), represent the deviatoric principal stretches;
1

\; = J 3\, A; are the principal stretches; ] is the total
volume ratio; and ], is elastic volume ratio; N is a mate-
rial parameter; and pu;, «;, and D; are temperature-
dependent material parameters (Abaqus theory manual
2019). For a physically realistic response and material
stability, for N < 2 (Ogden et al. 2004):

mie; >0

For instance, for the first-order Ogden model, we used
the constraint w,a; > 0. By assuming an incompressible
material behavior, D;, were excluded from the optimiza-
tion process and the material parameters optimized in
the curve fitting for this model were p; and «;. For nu-
merical purposes, a negligible compressibility was as-
signed to D, in all models when applicable (1e2 Pa-!).
Therefore, the number of parameters for the first, sec-
ond, and third order Ogden model are 2, 4, and 6, respec-
tively. It should be noted that, while the Ogden model is
generally very capable in fitting a wide range of experi-
mental data, it should be used with caution. Specifically,
to calibrate this model, generally, a combination of two
or more different types of experiments such as combina-
tions of uniaxial, biaxial, or planar tension or other tests
are required. The parameters obtained from calibration
of this model based only on one type of experiment, such
as uniaxial tension as is the case in this study, can gen-
erate considerable errors in predicting stresses for the
other types of deformations. Therefore, this model is
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generally used when data from several types of mechanical
tests are available (Dorfmann and Muhr 1999; Bergstrom 2015;
Shahzad et al. 2015).

The Yeoh hyperelastic model (Yeoh 1993) is an
invariant-based strain energy potential expressed as:

3

U= 2:; Cio(L - S)i + 2 %(]el - 1)2i

i=1 i

where C;, and D; are temperature-dependent material
parameters, and I, is the first deviatoric strain invariant
defined as:

L=X+N+ A7

Considering incompressibility for this model, three pa-
rameters of C;, are to be identified by fitting to the exper-
imental data. As can be seen from the formulation, this
model does not rely on the second strain invariant. Hy-
perelastic models that are independent of the second
invariant are generally suggested to be suitable when
only one type of experiment is available for calibration
(Bergstrom 2015). As in this study only uniaxial test data
were produced, and due to a relatively good fit of this
model to our experimental data (see Results), we chose
this material model for identification of the onion epi-
dermis hyperelastic constants.

The Neo-Hookean model is a simple hyperelastic
model that is, like the Yeoh model, a special case of
reduced polynomial strain energy potential, defined as:

= 1
U= Cylly =3) + 5la = 1
1

Because of its simplicity, the Neo-Hookean material
model is generally used when accurate material data and
experiments are lacking. When D, is removed from the
calibration process by considering a slight compressibil-
ity, the only material parameter to be identified for this
model is C,,. This is similar to the linear elastic case
defined by Young’s modulus E, when the Poisson’s ratio
(v) is assigned a value close to 0.5.

Lastly, the Arruda-Boyce or eight-chain (Arruda and
Boyce 1993) hyperelastic strain energy potential is de-
fined as:

5 2
C. _ . g — 1
U= 2 - 3+ 1(1 R anel)
P D 2

where C; are constants as follows:

1 1 19 519
Cs = 1050’C4 7000’CS ~ 673750

1
C1:§,C2:%,
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This is a micromechanically (in contrast to phenomeno-
logically) motivated model because it takes into account
the molecular network of the material. Eliminating D
from the unknowns, as in the previous models, leaves
two material parameters to be determined: p and A,,, the
shear modulus, and the network locking stretch param-
eter, respectively. We assigned a constant value of 1 to
Ay

MCalibration 5.1.2 software (Veryst Engineering, Need-
ham, Massachusetts, USA) was used to fit linear elastic
and hyperelastic material models to stress-strain data
obtained from cyclic tensile testing. Drucker’s stability
of the hyperelastic models with the identified material
parameters was confirmed for uniaxial tension up to 50%
strain, exceeding the strains relevant in our experiments
(20% strain, a fraction of which was deemed elastic,
Fig. 2). The function to be minimized in MCalibration
was set as the mean square difference (MSD) between the
experimental data and the output of the hyperelastic
function being calibrated. MCalibration was set to use an
extensive search for optimal parameters minimizing the
fitness function, including an initial random search fol-
lowed by Levenberg-Marquardt and Nelder-Mead sim-
plex methods.

In cyclic tensile tests, loading was performed up to 20%
strain for both transverse and longitudinal samples
(Fig. 2), followed by unloading. To limit the fit of the
hyperelastic models to the reversible or elastic parts of
deformations, we attempted to separate the elastic and
plastic strains. To this end, we used the recovered strain
(epy» Fig. 2) from the unloading part as an indicator of the
elastic range of deformations in both loading and un-
loading. In addition to this, for the loading part of the
data, we examined and excluded strains at which the
slope of the stress—strain curves changed. This change,
usually towards a lower slope marking a softening at
the end of the cycle, is indicative of damage. It should be
noted that, because of such effects, the recoverable
strain from unloading can be different from the true
elastic range of loading before permanent changes in
the material have occurred. However, at this stage and
for the purpose of this paper, we considered this simpli-
fication reasonable. In future studies, it may be benefi-
cial to use viscoplastic models that take into account the
material damage, but this approach was beyond the
scope of this study.

We wanted to include ranges in which all samples
were within the elastic limit so that we could fit the
hyperelastic models to all data sets simultaneously. After
determining the elastic range based on the above ap-
proach, we limited the fitting of the hyperelastic models
to ranges of 8% and 12% strains for longitudinal and
transverse specimens, respectively. The lower value con-
sidered for the longitudinal samples was necessary be-
cause they underwent plastic deformation and failure at
smaller strains compared with the transverse samples
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(Fig. 1H). The material parameters found at this step were
used as initial inputs for finite element models of uniax-
ial tensile tests in Abaqus (Dassault Systémes, Simulia
Corporation, Providence, Rhode Island, USA, 2019) to
evaluate the results obtained from curve fitting (Fig. 4)
when realistic sample geometry and boundary condi-
tions are considered. After this confirmation, the Ogden
(N =1) and Yeoh models were fitted for each case of trans-
verse and longitudinal, loading and unloading, simultane-
ously to all experimental data, using MCalibration (Fig. 5;
Tables 2 and 3).

Finite element analysis
The Abaqus finite element package was used for

all modeling steps from defining geometry to post-
processing (Fig. 4). Abaqus/Standard solver was used for
quasi-static finite element simulations. The tissue geom-
etry and dimensions were as described in the sample
preparation section (Fig. 4A). Ignoring cellularity, the tis-
sue was considered as a homogeneous isotropic contin-
uum material. C3D20RH, 3D continuum finite elements
were used to discretize the geometry. The hyperelastic
model parameters were estimated from the initial curve
fitting as described in the previous section and input in
Abaqus. Simulations were run on a Windows 10 worksta-
tion with dual Xeon E5-2643 v4 processors and 128 GB of
2400 MHz DDR4 physical memory.

Results

The epidermal tissue is mechanically anisotropic but the
mechanical link between tissue- and cell-level anisotropy
is obscure

The difference in mechanical properties of onion epi-

dermal tissue along and transverse to the main axis of
cell elongation has been linked with the net cellulose
orientation in walls of individual cells comprising the
tissue (Suslov and Verbelen 2006; Suslov et al. 2009). To
assess the mechanical properties of the onion epidermal
tissue, we first performed strain-to-failure monotonic
tensile tests. Tapered samples (Fig. 1A) from the adaxial
onion epidermis along and transverse to the major cell
growth axis (Fig. 1B) were mounted on the tensile device
and stretched to rupture (Figs. 1C-1E). Force-displacement
data from tensile tests were recorded and used to obtain
the stress—strain graphs (see Materials and methods and
Fig. 1F).

To calculate Young’s modulus as a means to compare
the stiffness of the samples along the two distinct direc-
tions, similar to previous studies, we had to find the
slope of the linear portion of the stress-strain curves.
However, in most cases, no perfectly linear portion could
be found because the stress—strain data were nonlinear.
Therefore, we chose segments of the graphs that seemed
close to linear below 25% strain, typically between 10%-
15% strains. The results for the tangent modulus of the
onion epidermis measured in this way, indicated that
the stiffness of the onion epidermis in the transverse
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direction appeared to be 44% lower than that of the lon-
gitudinal direction (p < 0.005) (Fig. 1G), which is qualita-
tively in agreement with previous findings (Vanstreels
et al. 2005). Upon plasmolyzing the samples, however,
the difference between the transverse and longitudinal
tangent values decreased to 24%, and the difference was
statistically insignificant (p > 0.05). The transverse sam-
ples showed higher strains at rupture compared with the
longitudinal samples in both plasmolyzed and turgid
cases (Fig. 1H). The difference was statistically significant
(p < 0.05) for the turgid, but not for plasmolyzed samples
(p > 0.05). Importantly, the maximum stress reached be-
fore rupture in these experiments was higher for trans-
verse samples in both turgid and plasmolyzed tissues
(Fig. 1I). This result is interesting considering the initial
higher stiffness of the tissue and the reported mean ori-
entation of cellulose alignment in the longitudinal direc-
tion (Suslov and Verbelen 2006; Suslov et al. 2009).
However, the difference between the ultimate stress of
the transverse and longitudinal groups for both cases of
turgid and plasmolyzed tissues was statistically insignif-
icant (p > 0.05).

Force-deformation behavior of onion epidermal tissue is
nonlinear

From the experiments described in the previous sec-
tion, we retained that determining a linear elastic strain
range for the onion tissue was challenging in many
cases. The reason was the lack of a substantial or detect-
able linear range in the stress—strain graphs of these sam-
ples. Further, from the monotonic tension-to-failure
tests, the reversible range of the deformations cannot be
determined to ensure that the deformations at which the
elastic parameter is calculated are truly reversible. For
this reason, we performed a cycle of loading—unloading
on plasmolyzed samples. The loading cycle was limited
to 20% strains to avoid rupturing the sample. The results,
in general, demonstrated nonlinear loading-unloading
paths and residual (plastic) deformation upon unloading
for both the transverse and longitudinal samples (Fig. 2).
As will be discussed later, and can be seen from Fig. 2, the
unloading part of the data differs significantly from the
loading part. This is in part due to hysteresis effects, even
if deformations are limited to the elastic range. It was
observed that at the strains we had considered to mea-
sure the tangent modulus in monotonic tests, in many
samples the plastic deformation may have already initi-
ated. Indeed, the result of cyclic loading-unloading
shows that samples exhibit average (SD) reversible
strains of 11.5% (*1%) and 15% (+1%) for the longitudinal
and transverse specimens, respectively, as determined
from the unloading paths (Fig. 2). Therefore, from this
point onward, we limited the strains for (nonlinear) elas-
tic parameter identification within these ranges. Specif-
ically, we limited the estimation of parameters to a
subset of these strains, namely to 8% and 12% for the
longitudinal and transverse samples, respectively, to
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Fig. 1. Uniaxial tensile testing on adaxial onion epidermis. (A) Uniaxial tensile specimens cut with tapered ends using a
custom cutter. The dimensions of the gauge region used for the calculation of stress and strain are shown. (B) Transverse

and longitudinal onion epidermis tensile samples were taken from the equator region of the onion scales, along and
perpendicular to the axis of the bulb, respectively. (C) The custom-built device allows for tensile loading of small plant
samples while observing the process under a stereomicroscope. The white rectangle indicates the mounted sample.

(D) Longitudinal onion epidermis sample mounted between the two gripping ends of the tensile device. (E) Closeup of a turgid
longitudinal (E1) and a plasmolyzed transverse (E2) onion sample mounted on the device. Scale bar = 200 pm for E1 and E2.

(F) Example of stress-strain graphs of turgid adaxial onion epidermis for transverse and longitudinal samples. (G) The tangent
modulus was calculated for onion samples from a linear portion of the engineering stress—strain curves. The stiffness was
higher along the longitudinal cell axis compared with the transverse orientation. In the plasmolyzed tissue samples the
difference was smaller. (H) Average rupture strains of plasmolyzed and nonplasmolyzed samples. Transverse samples
tolerated higher strains prior to rupture. (I) Transverse specimens tended to rupture at slightly higher stresses compared with
longitudinal specimens in both the turgid and plasmolyzed groups. Bars show the standard error; n = 51 samples (10, 12, 17,
and 12 samples for the transverse, plasmolyzed transverse, longitudinal, and plasmolyzed longitudinal samples, respectively).
[Colour online.]
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Fig. 2. Typical stress—strain graph resulting from a single
cycle of loading-unloading on a longitudinal specimen of
plasmolyzed adaxial onion epidermis. The curve starts
with a nonlinear portion exhibiting strain stiffening,
followed by a change in slope demonstrating softening
(horizontal dotted line). The unloading curve takes a
different path showing substantial hysteresis and residual
(plastic) deformation. The vertical dotted lines mark
elastic strain recovered upon unloading (eg;) used to
determine the elastic strain range for both loading and
unloading parts. It should be noted, however, that
material undergoes changes upon loading, and this elastic
strain might not be fully relevant to the elastic strains in
loading.
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ensure that the deformations in all of the samples
were within the reversible range (see Materials and
methods).

Separating the reversible and irreversible portions of
deformation from loading-unloading data, we observed
that the elastic deformation of tissue for both transverse
and longitudinal samples is highly nonlinear, and there-
fore cannot be described sufficiently with a single linear
elastic modulus (Fig. 3). Nonlinear stress—strain behavior
is known to be inherent to many biological materials,
including soft tissues (Fung 1967). Hyperelastic material
models comprise a large class of elastic material models
that are commonly used to describe the deformation be-
havior of elastomers and biological tissues that undergo
large and nonlinear deformations under relatively small
stresses (Bergstrom 2015; Mihai et al. 2017). To assess the
performance of the hyperelastic models with respect to
reproducing the deformation of onion epidermis, we fit-
ted several hyperelastic formulations as well as the lin-
ear elastic model to the unloading part of the uniaxial
test of a transverse specimen. We chose the unloading
path at this stage to ensure that deformations were elas-
tic, but eventually applied the calibration to the loading
paths as well. The parameters for each material model
were determined first using MCalibration through an
optimization process (see Materials and methods and
Table 1). To further evaluate the output of the material
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models with the identified parameters, a 3D finite ele-
ment model of the uniaxial test specimen was developed
in the finite element package Abaqus, and the model was
run with the tested material models. Figure 4 depicts the
force-displacement output of different material behav-
iors plotted against the experimental data. Specifically,
the Yeoh model with three variables, and the three
Ogden models with two, four, and six variables (see Ma-
terials and methods) all appeared to capture the trend of
the experimental data points (Table 1). The linear elastic
model, as well as the Neo-Hookean and Arruda-Boyce
hyperelastic models, on the other hand, did not repro-
duce the trend observed in the experimental data, and
specifically the upturn or strain stiffening, for any input
parameter.

Yeoh and Ogden hyperelastic models can reproduce the
elastic uniaxial test data
A number of criteria are often cited for the proper

choice of hyperelastic models (Shahzad et al. 2015). The
most important ones in our context are the ability of the
model to provide a “complete” description of the mate-
rial deformation behavior. The term “complete” encom-
passes two aspects of the model properties: being able to
capture the entire range of stress—strain data at small,
intermediate, and large strains, but importantly also to
produce reliable predictions for other modes of deforma-
tions with inputs based on model calibration to only one
or a limited number of experiment types. The latter en-
tails, for instance, the ability of a model to predict the
biaxial stress—strain behavior of the material reasonably
well, based on the data from calibration to uniaxial ten-
sile test data only. Finally, a smaller number of parame-
ters in each model is desirable to reduce the number of
experiments needed for model calibration.

The results in the previous section indicate that Ogden
and Yeoh hyperelastic models could reproduce the ob-
served force-deformation behavior of the adaxial onion
epidermis under uniaxial tension. The true value of a
model, however, lies in its ability to explain observations
and (or) predict outcomes with a minimum number of
required parameters (Howard 2014). It is particularly so
in the absence of sufficiently diverse types of experimen-
tal data to disentangle the influence of different param-
eters and to evaluate their potential in predicting other
modes of deformation. As described in Materials and
methods, the use of the Ogden model is generally pre-
ferred only when data from at least two types of tests are
available, such as from uniaxial and biaxial tension. For
this reason, and as the added number of parameters is
not justified, we only considered the first order of the
Ogden model (N =1) further in this study to fit the loading
and unloading data of the uniaxial tension test on onion
epidermis. Excluding the parameter controlling the
compressibility, D,, the first order Ogden model can be
defined using two parameters, w, and o, (refer to Materi-
als and methods). The Yeoh hyperelastic model also
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Fig. 3. Stress—strain data for single-cycle loading and unloading uniaxial tests for transverse (A and B) and longitudinal
samples (C and D). The strain on the transverse specimens was applied at 12%, and on the longitudinal at 8%, because the
former tolerates larger strains before undergoing permanent deformation. The stress—strain data show varying degrees of
nonlinearity for the loading—unloading paths of the transverse and longitudinal samples. The bars indicate the standard
deviation and show that variations in force measurement in samples increase at larger strains; n = 30 (14 longitudinal and 16
transverse specimens).
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Table 1. A set of optimal parameters from fitting the various hyperelastic and linear elastic models to an example unloading
stress-strain data set of a transverse epidermis tensile specimen.

Models Parameters

Ogden(N=1)  p,=0.24 ;=397  D,=1e2

Ogden (N=2) u,;=0214 ju,=0.03 «,=41.08 «@,=0474 D,=1le2 D,=0

Ogden (N=3)  u,=-0.0 w, =005  p3=036  ,=-59.6 ;=551 az=1471 D,=1e2 D,=0 D;=0

Yeoh Cp=026 Cyo=-10 Cy0=271 D ,=1e2 D,=0 D,=0
Arruda-Boyce w=0.59 A, =1 D=1e?

Neo-Hookean C,o=0.99 D,=1e2

Linear Elastic E=6.23 v=0.49

Note: All of the models are considered as nearly incompressible. As a result, D values and the Poisson’s ratio, v, were excluded from
optimization in curve fitting. The network stretch parameter, \,,, of the Arruda-Boyce model was also assigned a default value of 1 and was
excluded from curve fitting optimization. Values for u;, C; and E are in MPa; values for D; are in MPa™.

seemed to produce results similar to the Ogden (N = 1) the tensile tests for transverse and longitudinal samples
model (Fig. 4B). Unlike the Ogden model, however, the (Fig. 5).

Yeoh model, an invariant-based hyperelastic formula- The values of parameters identified for the Ogden (N=1)
tion independent of the second strain invariant, is model are presented in Table 2, along with parameters
deemed reliable even with only one type of test data for this model for soft tissues from other studies for
available for calibration (Bergstrém 2015). Therefore, the comparison. A considerable variation can be observed
Yeoh model was also considered for material parameter between the model parameters for different tissues.
identification (Table 3). To obtain average model param- Nevertheless, the values of u, and «, for the adaxial on-
eters, each model was fitted to all data series simultane- ion epidermis samples are well within the range of val-
ously for each case of loading and unloading portions of ues identified for other materials. To evaluate the
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Fig. 4. (A) Geometrical representation of the specimen
used for finite element analysis. (B) Force-displacement
data predicted by the finite element model for various
linear and nonlinear material models with inputs from
curve fitting compared with the experimental data of the
unloading portion of a transverse onion sample (red data
points). The values from curve fitting are presented in
Table 1. [Colour online.]
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influence of each of the parameters of the Ogden model
on the stress—strain outcome, a parametric study was
performed by varying each parameter by 50% about the
average value found from a group of samples, keeping
the other parameters constant. It can be seen that, while
increasing the parameter p, (related to the shear modu-
lus) increases the stiffness and therefore the stress of the
model, oy controls the strain-stiffening and nonlinearity
of the response, with force-displacement behavior ap-
proaching a linear behavior with «, values approaching
zero (Fig. 6). The parameter w, was found to be larger
for longitudinal specimens (0.724 MPa) compared with
the transverse samples (0.554 MPa). For both groups, the
loading path was defined with a higher p,, and the un-
loading path with a higher nonlinearity parameter c,.
Interestingly, while the loading path is more linear for
longitudinal samples, a considerable nonlinearity is
demonstrated by the unloading path of force-displace-
ment data of this group.

Discussion

Modeling and experimental studies are required to
investigate the origins of plant tissue mechanical
anisotropy

In this study, we adopted a phenomenological ap-

proach to investigate the nonlinear tensile behavior of

Botany Vol. 98, 2020

the onion epidermis. Like all plant tissues, the onion
epidermis is not a homogeneous continuum, as assumed
by the constitutive material models used in this study.
The microstructural features of the cellular tissue are
certain to influence the deformation behavior of the tis-
sue under load. These features are of both material and
geometrical nature and are relevant at multiple scales.
The tissue is cellular thus featuring load-bearing struc-
tures (apoplast) and liquid-filled cavities (symplast) and
the cell wall proper is heterogeneous and has the poten-
tial to be anisotropic. Combined, these features cause
non-uniform distribution of stress and strain fields at
subcellular scale. However, in this study our aim was to
investigate how the tissue deforms globally under load
rather than the microstructural underpinnings of its be-
havior. Therefore, we considered the tensile behavior of
the tissue as a whole using continuum models, disregard-
ing any phenomena at the microscopic scale, such as cell
wall anisotropy or cell shape. We evaluate several mate-
rial models with regards to their ability to describe the
recoverable strains under uniaxial tension. This has fun-
damental significance because determining the appro-
priate constitutive behaviors is an essential part of
modeling and interpreting deformation of plant cells
and tissues (Bidhendi and Geitmann 2018a).

We evaluated the extent to which the epidermis tissue
can be regarded as a linear elastic material. The tangent
modulus calculated from the monotonic tension-to-
failure tests demonstrated a considerable anisotropy be-
tween the longitudinal and transverse samples (Fig. 1G).
However, the difference was significantly diminished
upon plasmolysis. It is intuitive for the loss of turgidity to
reduce the apparent stiffness of the tissue. However, the
mechanics underlying the observed disproportionate
stiffening of tissue in two directions by turgidity requires
further investigation. It is plausible for the effect of tur-
gor to either mask or amplify subtle differences by put-
ting the cell wall under pre-stress. It should be noted,
however, that as mentioned previously, measurement of
the tangent modulus from the experimental data was
challenging due to the absence of a true linear behavior
in many cases, and was dependent on the judgment of
the experimenter to locate an approximately linear re-
gion. As a result, the reduced difference between the
longitudinal and transverse stiffness upon plasmolysis
may be due to measurement errors, especially given that
the plasmolyzed samples exhibited a higher nonlinear-
ity. The nonlinear Ogden model parameter u, showed an
increase in the longitudinal direction for the loading
path. This further confirms that a stiffness anisotropy
between the samples exists, without needing to resort to
a linear elastic modulus. However, further studies are
required to evaluate turgid samples and to investigate
whether the turgor increases the directional stiffness of
the tissue disproportionally.
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Fig. 5. First-order Ogden hyperelastic (N = 1) and Yeoh (N = 3) models were fit to all (A) transverse loading (B) transverse
unloading, (C) longitudinal loading, and (D) longitudinal unloading data series. The material parameters were identified
inversely by minimizing the mean square difference (MSD) function between the experimental data points and the outcome
of the hyperelastic material functions. The material parameters for this model are provided in Tables 2 and 3; n = 30 (14
longitudinal and 16 transverse specimens). [Colour online.]
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The stiffness anisotropy observed between the longi-
tudinal and transverse tissue specimens is thought to be
related to the cell wall anisotropy and, specifically, to a
net longitudinal orientation of cellulose microfibrils
(Suslov and Verbelen 2006; Suslov et al. 2009). However,
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Table 2. Optimal parameters found for the first order Ogden model (N = 1) for plasmo-
lyzed adaxial onion epidermal specimens cut along (longitudinal) or perpendicular to the

axis of the onion and selected other biological tissues.

Ogden model (N =1)

Parameters w (MPa) oy D, (MPa™)
Transverse onion epidermis (loading; this study) 0.554 16.1 le2
Transverse onion epidermis (unloading; this study) 0.145 41.92 le2
Longitudinal onion epidermis (loading; this study) 0.724 21.85 1e2
Longitudinal onion epidermis (unloading; this study)  0.33 52.22 1e2
Human foot tendon (Morales-Orcajo et al. 2017) 33.16 24.89 12¢-5
Porcine skin (Remache et al. 2018) 0.69 23.2 0

Human epidermis (Groves et al. 2012) 4.099 2.98 0

Human dermis (Groves et al. 2012) 0.022 3.28 0

Porcine cortex (Coats and Margulies 2006) 167¢-° 0.013 O

Note: Values for D, were not included in the optimization process for onion epidermis, and the

material was considered nearly incompressible.

comparing the ultimate strength from monotonic ten-
sile tests of the samples did not confirm this. Particu-
larly, if the net orientation of cellulose was in the
longitudinal direction, the samples excised in this direc-
tion were expected to exhibit a considerably higher ten-
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Table 3. Optimal parameters found for the Yeoh model (N = 3) for plasmolyzed adaxial
onion epidermal specimens cut along the longitudinal axis or perpendicular to the axis of
the onion and for porcine skin for comparison.

Parameters

Yeoh model (N =3)
ClO C20 C30

Transverse onion epidermis (loading; this study)
Transverse onion epidermis (unloading; this study) 0.26
Longitudinal onion epidermis (loading; this study)

Longitudinal onion epidermis (unloading; this study)

Porcine skin (Remache et al. 2018)

0.29 3.27 2e

-4.73 257
0.406 6.68 34
0.394 —4.44 1.22e3
0.26 15.5 1.75

Note: Values for D,-D; are not included in the optimization process for onion epidermis. D, = 1e-2 MPa™!, and
the other values were zero. Values for C,y, C,,, and Cy, are in MPa.

Fig. 6. Parametric studies investigating the influence of the material parameters in the first-order Ogden (N = 1) model. Each
of the model parameters, (A) o, and (B) u, were varied by 50% around the average value found from optimization while
keeping the other parameter constant. Both parameters significantly affected the model results; «, controlled the nonlinearity
of the stress—strain curve with the model approaching a linear behavior as values for «, approached zero.

>

a,-0Ogden model (N=1)
M= 0.38 MPa

- = a1=10.88

POOO00 00
wWhrUOON DO

Engineering Stress (MPa)
e 9o
= N

o

o %

Engineering Strain

sile strength than those prepared in the perpendicular
direction to the mean cellulose orientation. A recent
study on thin anisotropic films with cellulose nanofibers
showed anisotropic samples to possess strengths that in
the direction of fibers were nearly three times those of
films with randomly oriented cellulose (Zhu et al. 2017).
In our study, the transverse specimens demonstrated a
tendency towards a higher tensile strength (determined
by maximum stress reached before rupture) than the
stiffer longitudinal specimens, although the difference
between these two sample groups was statistically insig-
nificant. Because the cell wall is a complex composite
material of various polysaccharides, a direct conclusion
is challenging. For instance, the observed lack of a signif-
icant difference between the tensile strength of longitu-
dinal and transverse samples may mean that rather than
cellulose determining the failure behavior, another wall
polymer is the weakest link in both directions and fails
first. However, these results may also mean that infer-
ring the cell wall anisotropy and net orientation of cel-
lulose microfibrils from a stiffer behavior of tissue in a
given direction may not be a straightforward procedure,
and that cell-level details may need to be incorporated
into calculations.

Deformation behavior of the isolated epidermis is
nonlinear
Biological tissues often demonstrate a nonlinear de-

formation behavior (Fung 1967). While the concept of
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nonlinearity of plant material and specifically the pri-
mary plant material has been put forward in the past
(Spatz et al. 1999; Kierzkowski et al. 2012), to our knowl-
edge, this is the first study to investigate this phenome-
non and quantify the nonlinear deformation behavior of
the primary tissue in the reversible regime observed in ten-
sile testing. The nonlinear behavior is observed in different
studies reporting similar stress—strain curve patterns (Yuan
et al. 2001; Ryden et al. 2003; Vanstreels et al. 2005; Abasolo
et al. 2009; Saxe et al. 2016). Yet, many more studies do not
illustrate the stress—strain curve behavior, and only report
Young’s modulus values in bar graphs, thus tacitly assum-
ing a linear behavior. In these studies, either a linear region
of the curve was identified to find the slope for calculation
of Young’s modulus, or a region of the curve was chosen
that showed a maximum, linear slope (Ryden et al. 2003).
While some plant tissues, especially those containing the
secondary cell wall, may exhibit a predominantly linear
elastic behavior, many primary plant tissues behave non-
linearly. While determining the stiffness value allows for a
rough comparison between samples, it may not be suitable
for a quantitative approach to predict tissue behavior. In
this study, we observed that a region that is deemed linear
and considered for slope calculation can belong to strains
already beyond the reversible regime. This became evident
from the loading—unloading data.
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Among the hyperelastic material models tested in
the present study, the Ogden and Yeoh models fit the
experimental data successfully. For each of the four
cases, the models were fitted to all experimental data
simultaneously. The alternative, obtaining material
coefficients by averaging the model results fitted to
individual data sets needs to be avoided because it
is likely to give rise to erroneous or nonphysical
outcomes (Robertson and Cook 2014). The Yeoh model
is independent of the second deformation invariant,
and is suggested to be suitable when only one type
of experimental data are available for calibration
(Bergstrom 2015). For the Ogden model or hyperelastic
models that rely also on the second deformation in-
variant in the formulation of their strain energy func-
tions, however, data from more types of experiments,
such as uniaxial and biaxial tensile data, are required
to reliably calibrate the model parameters. The value
of these models when calibrated based on limited ex-
perimental data are questionable because they can
make erroneous predictions for other deformation
modes (Dorfmann and Muhr 1999). The parameters
identified for the Ogden and Yeoh models for adaxial
onion epidermis fall within the range reported for
other biological tissues (Tables 2 and 3). Specifically,
the parameters for the loading path from the Ogden
model are close to porcine skin. The unloading
path of tensile tests showed a reduced p, (Table 2). This
is in agreement with a reduced “cyclic elastic modu-
lus” compared with the loading slope reported by
Vanstreels et al. (2005). Further studies are required to
assess whether the Yeoh and Ogden model parameters
obtained in this study can reproduce the other defor-
mation modes of the plant epidermal tissue, such as
biaxial tension.

Limitations and opportunities for prospective studies
A major simplifying assumption made in this study

was to consider the epidermis as a uniform material,
ignoring the cellularity of the tissue. Because of this,
the thickness of the tissue, including the cell lumens,
is considered as the effective load-bearing thickness
used in stress calculations. In reality, the effective
cross-section is the cumulative thickness of all cell
walls in the cross-section, and the liquid-filled lumens
do not contribute to the load-bearing. As a result, the
effective cross-sectional area bearing the load is con-
siderably smaller than the values used in this study,
and the resulting engineering stress values found in
this and similar studies reflect the tensile properties of
the epidermal tissue rather than the cell wall proper.
On a related note, the thickness of the epidermis mea-
sured in this study was derived from the turgid sam-
ples. This was because with the methods we used to
measure the epidermis thickness using digital caliper
and stereomicroscope (see Materials and methods), mea-
surement on and handling of plasmolyzed samples was
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problematic. More importantly, because plasmolysis
does not change the effective thickness of the sample,
namely the collective thickness of the cell walls, we did
not see any reason to change the effective cross-section
for the plasmolyzed samples. This, however, indepen-
dently emphasizes a source of underestimation for the
stiffness values identified using onion epidermis in this
study. Measuring the proportion of the cell wall to the
overall volume of the sample, similar to that carried out
by Saxe et al. (2016), is one way to correlate the tensile
properties measured at the tissue level to the cell-wall
level properties.

Kim et al. (2015) reported an average Young’s modulus
of 80 MPa for the outer (abaxial) onion epidermis in the
longitudinal direction, much higher than our equivalent
value of tangent modulus. However, the average thick-
ness of the onion epidermis used in their study was re-
ported to be 7 pm, indicating that during the separation
from the scale, only half of the epidermis had been re-
moved. Hence, essentially, only the outer periclinal walls
were measured, as was the case for another study by
Zhang et al. (2016). Therefore, the stiffness value re-
ported by Kim et al. (2015) may be more closely related to
the material properties of the cell wall proper, because
the cell lumen is removed from the cross-section consid-
eration, whereas our data, as mentioned, apply to the
tissue. While an interesting outcome, this is not the
point we pursued in this study, and as mentioned,
the deformation behaviors of the onion epidermis are
more accurately described using nonlinear material be-
havior. In that case, a more reliable comparison between
different epidermal layers can be performed. For these
reasons, in this study, the trends and patterns should be
held to a higher significance than the absolute values
themselves. Further, the values reported in this study are
average properties, because the samples were taken
from different onion scales. Whether the onion epider-
mis behaves differently in different scales needs further
investigation.

The shape of the tensile specimen used in this study
was modified from the standardized dimensions, such as
dumbbell shapes, which are specified in standards such
as ASTM D638 (ASTM 2014). The standardized sample di-
mensions are used to avoid nonhomogeneous stress
fields and end effects resulting in calculation errors
when deducing parameters from tensile tests. Here, we
used a tapered version of the standard dumbbell shape to
avoid inducing tear and damage in the fragile material
during cutting. As with a true dumbbell shape, the wider
ends of our tapered specimens allowed us to consider-
ably improve the gripping and reduce slippage, which is
a common challenge in tensile testing. Also, the width of
the sample was slightly larger near the clamps. Our finite
element model based on realistic sample shape pro-
duced results that were close to the MCalibration hyper-
elastic fitting results for uniform width (Fig. 4). Not
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surprisingly, owing to the slightly wider ends in the
gauge length, the finite element model of the tapered
sample behaves slightly stiffer than one with a uniformly-
wide gauge length. Inverse finite element analysis could
be used to quantify the difference between the identified
values and those based on the detailed geometry. How-
ever, as the difference was negligible and was not the
goal of the study, we did not pursue this further. Devel-
oping methods for standard plant tissue sample prepara-
tion and use of standardized sample dimensions are
warranted in future studies.

Another point to consider is the limit of the applica-
tion of the proposed model parameters in this study.
While we obtained very good fits between the output of
the hyperelastic material models and the experimental
data, the parameter identification process was based on
only one type of experiment: uniaxial tension test. As
discussed, some of the hyperelastic models may be less
useful when data from limited test types are available.
Further, in living plant cells, the cell wall experiences a
biaxial stress state due to the turgor, which justifies the
development of methods to incorporate the biaxial
stress of the anisotropic cell wall. Lastly, the accuracy of
models could be increased by accounting for viscoelastic
and plastic effects. While we fitted hyperelastic curves to
loading and unloading part of data separately, proper
visco-elastoplastic models can simulate the whole cycle,
accounting for plastic and hysteresis effects, moving to-
ward a “fuller” picture of the cell wall deformation be-
havior as a result.
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