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Abstract
The primary cell wall controls plant growth and morphogenesis but also determines the structural
resilience of non-woody plant organs. The predominant mechanical role of the primary cell wall lies
in its ability to resist or conform to tensile forces. Assessing the tensile properties of the cell wall,
therefore, is a fundamental feature from both biomechanics and mechanobiology perspectives.
Tensile testing is a classic approach for the mechanical characterization of materials. Various loading
strategies such as monotonic or cyclic loading or creep or relaxation allow for analysis of the material
response in terms of elastic, viscoelastic and failure properties. Here, we discuss tensile testing
strategies for plant samples with primary cell walls with the aim to provide a practical guide that
highlights challenges and offers solutions for the design, execution and interpretation of such tests.
Keywords: Mechanical characterization, micromechanics, cell wall mechanics, tension test, uniaxial
tensile test, biaxial testing, Young’s modulus, cellulose, primary cell wall, anisotropy, inverse finite
element analysis, multiscale, Arabidopsis

Introduction
Mechanical testing of material is an essential element in the toolbox of biomechanical research.
Understanding how wood breaks, how it resists compression and bending stresses is essential in its
use as a construction material or to understand how trees respond to external stresses such as wind
and gravity. The resistance to damage of fruit after harvest determines the storage and handling
procedures. To be meaningful, mechanical tests should mimic relevant stress types that the biological
material experiences during its lifetime. Typical tests for woody plant tissues are three-point bending
or compression tests, whereas fruits are typically tested under compression or impact loading.
The mechanical properties of plant tissues are not only relevant for the plant to withstand and
respond to externally applied forces but are also involved in internal processes such as plant
development and differentiation. The primary cell wall, characteristic of growing cells, is typically
between a few tens of nanometers up to a few microns depending on the species, the organ of interest
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as well as cell type (Derbyshire et al., 2007; Zamil et al., 2013). During plant development, at a
cellular scale, the forces driving cellular expansion are generated internally by the turgor pressure
that acts on the inner face of primary cell walls. As a result of this, a net permanent expansion of the
cell wall results under tension that is interpreted as growth. To be consistent with this stress type, the
methods used to measure the mechanical properties of plant material in the context of developmental
processes need to relate to the tensile behavior of the cell wall. Such pertinent mechanical tests not
only provide information on the mechanical behavior of the plant materials regarding stiffness or
failure but also produce vital ingredients for mathematical models. Modeling approaches such as
those based on finite element (FE) method attempt to explore phenomena such as cell growth,
morphogenesis or organogenesis to elucidate the underlying biology or to guide future experimental
strategies (Bidhendi and Geitmann, 2018). The quality of the predictions made by models are greatly
augmented if actual quantitative information can be obtained from mechanical tests. In this chapter,
the focus is on tensile testing related to primary plant tissues. The concepts of tensile testing, an
introductory guide to tensile experiment components, and the challenges involved in its
implementation are discussed.
Woody plant tissues are formed by the secondary xylem, a tissue that, depending on the species,
comprises only a few different cell types most of which have lignified cell walls. From a macroscopic
point of view, wood tissues are therefore relatively homogenous. Depending on the scale at which
measurements are performed, a block of wood behaves relatively uniformly albeit with significant
anisotropy because of the longitudinal arrangements of cells and the presence of growth rings.
Interpretation of tensile test results of entire tissues can, therefore, be used to deduce the mechanical
properties of single cells in relatively straightforward manner. Herbaceous plant organs, on the other
hand, possess different types of tissues including turgid primary tissues such as parenchyma,
collenchyma and sclerenchymatous tissues such as primary xylem. Because of this heterogeneous
composition, the analysis of tensile tests administered to whole primary organs needs to consider the
spatial variation of mechanical behavior within the organ. Similar considerations are made in Chapter
3 for bending tests.
The mechanics of woody tissue is dominated by the lignin and cellulose-rich secondary wall of
the sclerenchymatous wood cells. Primary plant cell walls, on the other hand, are composed of several
types of polysaccharides, proteins, ions and a significant amount of water. Lignin is absent from the
primary wall, and cellulose, while abundant, is less organized and dominant than in the secondary
wall. Cellulose is still considered to be a major load-bearing component, however, since due to a low
tensile compliance its spatial arrangement can determine the magnitude and orientation of anisotropy
in the cell wall (Baskin, 2005; Cosgrove, 2005). Because of the biochemical complexity of the
material, the roles of polymers other than cellulose are rather prominent in defining the mechanics of
primary plant cell wall (Bidhendi and Geitmann, 2016). The chemical configuration of pectin, for
instance, is associated with the regulation of cell and tissue growth (Bidhendi and Geitmann, 2016;
Palin and Geitmann, 2012), organogenesis and the ripening of fruits (Prasanna et al., 2007). The
visualization of cell wall polysaccharides has therefore been an important tool to understand plant
cell structural makeup. However, in many studies, the spatial information on the distribution of cell
wall components has been used directly to make inferences on cell mechanics which, unless
accompanied by mechanical testing data, remain inconclusive. The reason is that the relationship
between the chemical changes and mechanics is not straightforward. Highly methylesterified pectin
in the tip where the growth occurs in pollen tubes is associated with a low stiffness as shown by
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microindentation techniques (Chebli et al., 2012; Zerzour et al., 2009). Yet, pectin de-esterification
is found to be associated with local softening in the shoot apical meristem where it seems to be a
prerequisite for organogenesis or growth anisotropy (Braybrook and Peaucelle, 2013; Peaucelle et
al., 2015). This is not to mention the ultrastructural changes in the cell, such as changes in wall
thickness or cell shape that are often not accounted for in studies focusing on the chemistry of wall
polymer alone (Bidhendi and Geitmann, 2018). Therefore, visualization of cell wall composition
needs to be associated with mechanical tests and in silico experiments to determine the consequence
of specific changes in cell wall chemistry (Bidhendi and Geitmann, 2016).
The mechanics of the primary plant cell wall regulate both irreversible and reversible plant
processes. Among the reversible processes are those regulating the opening and closing of stomatal
guard cells or the pulvini-driven motion of plant leaves. While in silico modeling has helped to
understand the mechanical underpinnings of these mechanisms (Bidhendi and Geitmann, 2018;
Cooke et al., 1976; Forterre et al., 2005), limited experimental work exists to determine the
mechanical properties of these structures quantitatively. One of the primary challenges is the type of
mechanical test and the scale at which relevant tests would have to be performed to yield meaningful
information.
Mechanical testing is an essential part correlating cell wall chemistry and shape to growth and
movement in plant cells and tissues. As a result, many mechanical testing techniques have been
developed or adapted to study the mechanics of plant cell walls over the past two decades. Microand nanoindentation techniques (Bolduc et al., 2006; Milani et al., 2013; Peaucelle et al., 2015;
Routier-Kierzkowska et al., 2012; Zerzour et al., 2009), tensile testing (Phyo et al., 2017; Saxe et al.,
2016; Zamil et al., 2013), and various forms of acoustics-based microscopy (Gadalla et al., 2014)
have been used to this end. These techniques offer a spectrum of force and spatial resolution and each
is associated with its own strengths and limitations. For instance, if the deforming force has out-ofplane components with regard to the plane of the specimen, as with indentation experiments,
correlating the measured stiffness with in-plane properties of the cell wall is not always
straightforward (Eder et al., 2013; Milani et al., 2013). Tensile testing allows for an in-plane stretch
of the specimen and therefore, produces data that are more tangibly relevant for turgor induced stretch
of the cell wall during cell growth. This aspect makes tensile testing a major mechanical test for the
characterization of thin anisotropic primary plant cell walls.
Tensile testing of primary plant cell wall mechanics can be classified into two categories. In the
first approach, the sample is stretched while either the force (creep test) or the length (relaxation test)
is kept constant and the variations in the other parameter are monitored. This approach of tensile
testing seeks to identify the time-dependent properties of the specimen. Creep test is the more
prevalent type of testing in this category which is also referred to as extensiometry in some references.
The creep approach is often employed to investigate the role of enzymes, temperature and other agents
in the modulation of cell wall properties. Important conclusions have been drawn based on this on
agents such as expansins and the influence of pH (Cosgrove, 1998; Durachko and Cosgrove, 2009).
The second approach in tensile testing is to stretch the specimen until failure with the aim to extract
passive mechanical properties such as stiffness, yield point or strength. The data from this approach
are also relevant for cell growth since they can provide information on the orientation of cellulose
and bonding of other wall polymers. For instance, tensile testing of adaxial onion epidermis has
shown a higher stiffness parallel to the main axis of cell growth while in the transverse direction the
tissue appeared to be more extensible. This tissue behavior is interpreted in terms of the mean
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longitudinal orientation of cellulose microfibrils in cells of this tissue (Vanstreels et al., 2005).
Therefore, this approach of tensile testing can be used to study the cell wall anisotropy which, along
with time-dependent enzymatic modification of the cell wall provides a full scenario under which the
cell grows. The first approach and experiments related to cell wall extensibility are covered in Chapter
14.
In this chapter, we focus on the second approach, the classic tensile test. Tensile testing of plant
specimens can be exploited to acquire essential information across multiple scales, from the organlevel to the subcellular scale. The plant root, for instance, requires cell wall pliability at the cellular
level to grow, yet its overall material and structure should be able to withstand environmental stresses
and be rigid enough to penetrate the soil without buckling. Therefore, the mechanical evaluation of
root tissue can provide insight into its developmental stages and identify the parameters that a root
should possess for the survival of the plant in a specific soil and environment. Chimungu et al. (2015)
observed that the tensile strength of root specimens decreases with the diameter. It was shown that
the tensile properties of the stele predominate the overall root tensile strength while the cortical
properties such as cell count and thickness were shown to affect the bending and buckling properties
of the root. Saxe et al. (2016) studied the effect of age on mechanics of the elongated zone in etiolated
Arabidopsis hypocotyls. They correlated the mechanics of the elongated zone to material density,
geometry and cellulose content. Their results suggest that the tensile stiffness of the samples may
increase over a period of growth with no apparent increase in cellulose content implying a role for
other components such as pectin (for related reading refer to Bidhendi and Geitmann, 2016; Phyo et
al., 2017). Such an interesting approach combining tensile testing with biochemical analysis enables
unraveling the contribution of different wall biopolymers and cell shape to macroscale organ
properties.

Tensile testing parameters and methods
Tensile testing requires gripping a specimen either at two ends (uniaxial testing) or its
circumference or along two axes (biaxial testing) and applying a pulling force. Tensile testing can be
performed under strain (or displacement) control or force (stress or load) control. In the former, the
rate of opening of the device “jaw” or elongation of the specimen is regulated while in the latter the
magnitude of the extending force is adjusted. These modes are not to be mistaken with creep or
relaxation experiments where either the strain or stress is kept constant. Load application stretches
the specimen, and upon release of the force it either returns to its original dimensions immediately
(elastic deformation), remains at the stretch-induced dimension (plastic deformation), or slowly
returns partially or fully to its original dimensions (viscoelastic or anelastic). During stretching, the
force corresponding to the elongation is recorded. For a uniaxial tension test, the force-displacement
data points are used to derive a stress-strain graph as:
!

𝜎="

!

and 𝜀 =

#$#!
#!

𝜎 and 𝜀 are engineering stress and strain. 𝐴% and 𝐿% are original cross-section area and length of the
specimen prior to onset of the experiment. A typical stress-strain graph is depicted in Fig. 1A. The
curve may consist of three main zones. A transient “toe” region may indicate initial straightening of
the specimen or rearrangement of its load-bearing components. The elastic regime in which
deformations are recoverable and stresses are proportional to strains is followed by the plastic zone
where elastic and permanent deformations occur in parallel. It should be noted, however, that many

4

Author version of Bidhendi & Geitmann. 2018. Tensile testing of primary plant cells and tissues. In: Plant Biomechanics - From Structure
to Function at Multiple Scales. Geitmann A, Gril J (eds), Springer Verlag, pp 321-347

Figure 1: (A) Schematic of a typical strain-stress graph obtained from the tensile test. Various zones of material behavior
are indicated. (B) Graph of experimental tensile test carried out on an onion tissue up to failure. (C) A generic cyclic tensile
testing pattern applied to onion epidermal specimen similar to the study conducted by (Vanstreels et al., 2005). The initial
loading is followed by a number of loading-unloading cycles. The specimen is eventually loaded up to failure. (D) Cutaway
view of a thin-walled cylindrical vessel under pressure (𝑃), with a thickness of (𝑡) and a diameter (𝑑). 𝑇 and 𝐿 represent
transverse and longitudinal directions, respectively. (E) Schematic of a biaxial tensile test cruciform specimen. (F) Bulge
test of a flat specimen. The pressure gradient working on the specimen results in a hemispherical bulge of the sample. The
displacement of the specimen at the center (𝛿), thickness (𝑡), diameter (𝑎) and the hydraulic pressure (𝑃) are used to derive
the material behavior of the specimen.
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biological materials such as plant tissues, can exhibit considerably different stress-strain patterns with
the marked zones either hard to distinguish or entirely absent (see the curve from a tensile test on
onion epidermis in Fig. 1B). From this graph several mechanical parameters of the sample can be
obtained. These parameters include the Young’s modulus 𝐸, the yield strength 𝜎& , the ultimate
strength 𝜎' and the fracture strength 𝜎! . The Young’s modulus indicates the material’s resistance to
deform and is determined from the slope of the linear reversible portion of the stress-strain curve.
Yield strength corresponds to the stress values at which the specimen begins to deform permanently.
This measure is often difficult to pinpoint precisely since plastic deformations can occur even at low
strains. Ultimate tensile strength or simply tensile strength corresponds to the highest stress in the
stress-strain graph. Fracture strength corresponds to the stress at fracture point. For materials
exhibiting brittle fracture, tensile and fracture strengths can be close to each other. However, for
ductile failure, the fracture strength is lower than the ultimate strength on a tensile testing graph based
on “engineering” stress and strains. Other than engineering stress-strain curves, true stress-strain
calculation accounts for changes in cross-section area of the specimen (generally a reduction) to
calculate the stresses. This becomes more prominent in the plastic zone, at least for ductile materials
with a tendency for necking (a phenomenon characterized by narrowing and a decrease in the crosssection of the specimen prior to failure; this is not to be confused with reversible lateral contraction
of the material referred to as the Poisson’s effect that occurs even in the small deformations in the
elastic regime) (Fig. 1A). True stresses and strains can be calculated as:
𝜎( = 𝜎 (1 + 𝜀) and 𝜀( = 𝑙𝑛 (1 + 𝜀)
In small strains, despite the lateral contraction of the specimen, the difference between the engineering
and true graphs is negligible. However, beyond yielding and especially necking, the difference can
be more dramatic. While the engineering stress in the specimen decreases after necking due to
decrease in force required to stretch the sample, the true stress continues to increase since the effective
cross-section is getting smaller in sample experiencing necking. Tensile tests allow for evaluation of
the fracture behavior of the material and determination of fracture toughness. Fracture toughness is a
measure of the resistance of the material against the propagation of existing cracks and tears. Such
experiments can be carried out, for instance, by tension of a tissue with a preexisting notch. The area
below the engineering stress-strain curve up to the elastic limit indicates the strain energy per volume
stored and relates to “resilience”, while if the curve is considered up to fracture, the area relates to
tensile “toughness”. Poisson’s ratio, 𝜈, measured at the elastic zone, provides information on the
extent of the material shrinkage in directions perpendicular to that of the applied stress. Poisson’s
ratio can be determined based on:
𝜈=−

𝜀)*+,-*)
𝜀*./*)

𝜀)*+,-*) and 𝜀*./*) correspond to strains in perpendicular to and along the stress direction,
respectively. Note that since most common materials contract laterally when stretched, 𝜀)*+,-*) is
negative and therefore the Poisson’s ratio holds a positive value. Most isotropic elastic materials hold
a Poisson’s ratio between 0 and 0.5. In case of a near 0 Poisson’s ratio, the material does not
considerably strain laterally when strained axially. This applies for example to cork and is exploited
in its application to seal bottles (Silva et al., 2005). When squeezed, cork does not expand in other
directions which facilitates its insertion into and removal from the bottle’s neck. A Poisson’s ratio of
0.5 refers to an incompressible material behavior, where the volume changes through longitudinal
6
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increase and lateral contraction cancel each other out. For anisotropic materials, the Poisson’s ratio
differs based on the direction and, unlike for isotropic materials, the value is not confined to a
particular range (Norris, 2006; Ting, 2004; Ting and Chen, 2005). It might be interesting to note that
Poisson’s ratio can even hold negative values. “Auxetic” materials with a negative Poisson’s ratio,
counterintuitively, expand in the transverse dimensions while being stretched uniaxially. This is often
due to a particular internal structure, for example, that of the polymer network or shape of unit cells
(Mir et al., 2014). Auxetic materials are, however, rare in nature and are mostly synthetic. Most
common materials including plant materials contract to compensate for elongation in the other
dimension to preserve the volume. The magnitude of this contraction is correlated with the
microstructure but also with the state of hydration. The presence of water in the porous network
renders the material less compressible if the short force-exertion time or impermissible solid network
prevent any water movement through the sample microstructure.
When plastic and elastic behavior occur combined, the components need to be distinguished to
correctly deduce the mechanical properties. Experimentally, this can be achieved by closing the “jaw”
of the tensile tester until the force read from the sensor reaches zero. The difference between the
length at which the force becomes zero upon unloading and the mechanical zero at which the
experiment started constitutes the permanent deformation. If further recovery eventually occurs, but
not instantly, the material exhibits viscoelastic behavior. Most biological materials do exhibit
viscoelastic behavior if given enough time. Therefore, whether to account for viscous effects is a
matter of the time frame of the experiment and whether such a time frame is of biological relevance
(i.e. may occur in vivo).
Uniaxial testing is experimentally easiest to achieve, and the obtained data are informative,
certainly for plant organs that primarily grow longitudinally such as stems or roots. However, it is
important to realize that even in uniaxially growing cells, the stress applied to the cell wall by the
turgor pressure, and by the contact with other cells, is biaxial. Furthermore, a considerable mechanical
anisotropy exists in the cell wall of elongating cells that promotes growth in preferential direction in
the first place. Therefore, the mechanical characterization of plant materials and specifically plant
cell wall by uniaxial testing may result in an incomplete representation of their overall mechanical
behavior. Further, it has been shown for biological material such as arterial wall tissue—a collagen
fiber-reinforced composite—that in uniaxial tests fibers can reorient toward the stress direction. This
results in altered stiffness measurements in that direction when compared with biaxial tension test
(Zemánek et al., 2009). Indeed, recent studies on onion epidermis have demonstrated that during the
uniaxial stretch of the sample, cellulosic bundles passively reorient toward the main direction of the
stretch (Kafle et al., 2017; Zhang et al., 2017). A similar result was shown for cellulose microfibrils
in wood cells (Keckes et al., 2003). Another complicating factor in uniaxial tensile testing occurs
when the stress is applied in a direction that does not align with one of the principal anisotropy axes.
This can be the case when the anisotropy is not structurally evident, i.e. not correlated to the cell
geometry. Off-axis loading of the anisotropic material results in the development of shear forces
between the matrix components (e.g., between fibers and the matrix) in addition to tension. While
this effect is also useful for the determination of shear strength of composite materials, it has been
shown in a flax fiber composite that failure mechanism of the sample may vary dramatically based
on the angle between the loading and the direction of anisotropy (Shah et al., 2012). Therefore, the
elastic modulus and failure parameters derived without knowledge of the tissue anisotropy require
further attention.
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Biaxial tension tests, in general, comprise two pairs of coaxially applied forces. Biaxial tension
tests allow several important experiments such as the application of equal or different tension in two
perpendicular directions or a stretch in one direction while the other direction is constrained. An in
vivo way of applying biaxial tension to the walls of intact cells is to record the changes in cell
dimension with and without turgor pressure. The changes in diameter and length of the cell can bear
the elastic modulus (or moduli for anisotropic wall properties assumption) of the cell wall. For a thin
+

shell pressure vessel (0 ≪ 1) (Fig. 1D) the resulting stresses along the two principal axes are:
𝜎# =

10
2+

and 𝜎( =

10
3+

Where P is the internal (e.g., hydrostatic) pressure, t and d are the wall thickness and the diameter
of the vessel, and 𝜎# and 𝜎( are longitudinal and transverse (hoop) stresses, respectively. It can be
seen that the transverse stress is two times greater than the longitudinal stress simply due to the shape
of the cell (for the same reason barbeque sausages split along their axis). From the inverse of the
Hooke’s law in three dimensions for an isotropic material and with plane stress assumption (variation
in stress in thickness of the wall is negligible), it can be shown that:
4

4

5

5

𝜀# = ( 𝜎# − 𝜈𝜎( ) and 𝜀( = ( 𝜎( − 𝜈𝜎# )
Where 𝜀# and 𝜀( are longitudinal and transverse strains. The strains can be determined from
changes in dimension from microscopic images. The Poisson’s ratio, however, needs to be measured
separately or adopted from the literature. Approaching an incompressible behavior (𝜀# + 𝜀( + 𝜀+6 =
0 with the subscript th denoting the direction of the wall thickness) corresponds to a Poisson’s ratio
value close to 𝜈 = 0.5. However, as mentioned before, elongated cells rarely have an isotropic wall.
In most cases, there exists a preferential orientation of cellulose microfibrils in the circumferential
direction, although this may later change to a longitudinal direction due to passive reorientation
during cell growth (Anderson et al., 2010; Green, 1960). In such a case, the strains cannot be
explained with a single Young’s modulus. A special case of anisotropy, the transverse isotropy that
corresponds to unidirectional composites can be relevant to the composition of plant cell walls with
a relatively well-organized direction of fibers. Simplifying the inverse of Hooke’s law written in form
of strains for transverse isotropy and plane stress assumptions, the longitudinal and transverse strains
can be written as:
𝜀# =

4
5"

(𝜎# − 𝜈(# 𝜎( ) and 𝜀( =

4
5#

(𝜎( − 𝜈#( 𝜎# )

Where 𝜈#( and 𝜈(# are the Poisson’s ratios. The subscript LT, for instance, denotes the Poisson’s
ratio effect in the transverse direction due to the strain in the longitudinal direction. In case of
incompressible transverse isotropy, it can be shown that:
𝜈#( =

4
3

5

and 𝜈(# = 1 − 35"

#

Therefore, the strain relationships can be further simplified to (for a more in-depth reading refer
to classic books on the theory of elasticity or, for instance, see Argatov and Mishuris, 2015; Bernal
et al., 2011):
𝐸# =

7#

$
%

38" 9 8#

and 𝐸( =

; 7#
2 8#

8

Author version of Bidhendi & Geitmann. 2018. Tensile testing of primary plant cells and tissues. In: Plant Biomechanics - From Structure
to Function at Multiple Scales. Geitmann A, Gril J (eds), Springer Verlag, pp 321-347

Therefore, having measured the axial and transverse strains, Young’s moduli in two directions
can be calculated based on the above relationships. While this method allows for measurement of the
elastic moduli of the cell wall along the two axes, it requires a measurement or a justified assumption
of the turgor pressure. In the absence of quantitative information on turgor, the ratio of anisotropy
5

(5" ) can be evaluated using this approach.
#

A common way of performing biaxial tension test for planar materials is to prepare square or
cruciform shapes of the sample to be stretched by a pair of perpendicularly positioned actuators
(Hannon and Tiernan, 2008; Lally et al., 2004) (Fig. 1E). The elastic and plastic deformations are
then analyzed in the midsection of the specimen which should remain stationary by proper adjustment
of displacement actuators. Bulge testing is yet another common technique for tensile characterization
of both thin and thick films (Small et al., 1994; Srikar and Spearing, 2003; Yu et al., 2016). It has the
advantage of not requiring preparation of complex sample shapes or dealing with complex stress
distributions in specimens. In the bulge test, the sample can be of circular or square shapes. The
specimen is fixed at the open end of a tube and pressure is applied on one side (Fig. 1F). Usually, a
positive pressure is applied, for instance, by using a viscous silicone oil that does not permeate the
specimen (Chanliaud et al., 2002), resulting in the outward bulge of the specimen into a hemispherical
profile. Depending on the shape of the membrane specimen, various analytical solutions have been
developed to correlate the parameters such as pressure (𝑃), the maximum deflection of the specimen
(𝛿), its diameter (𝑎) and thickness (𝑡) (for instance, refer to Maier-Schneider et al., 1995).
Alternatively, inverse FE modeling can be employed to identify the unknown parameters. The
maximum deflection at the center of the specimen and the sample thickness can be measured using
either tactile techniques or, without contact, through optical methods such as 3D digital image
correlation (DIC), and plotted against the pressure of the fluid in the chamber (Machado et al., 2012;
Neggers et al., 2014; Nouira et al., 2014; Orthner et al., 2010). This technique also allows for the
determination of the Poisson’s ratio of the sample. If the pressure is kept constant, the increase in the
bulge size versus time can be used as a creep test to acquire viscoelastic properties of the specimen.
Adopting this strategy, Chanliaud et al. (2002) performed uni- and biaxial tension tests to study the
mechanical behavior of the cell wall under turgor pressure using Acetobacter xylinus based cellulose
as plant cell wall analog. Cellulose, cellulose/pectin and, cellulose/xyloglucan composites were tested
under tension and compared with FE modeling used to interpret the pressure-displacement test data.

Tensile testing setup
The tensile setup generally consists of two distinct compartments: sensors and actuator units. In
this section we describe the essentials of a simple uniaxial tensing device. For biaxial testing, a
significant number of considerably different configurations have been developed over the years (for
instance, refer to a review by Hannon and Tiernan, 2008). However, the concepts remain similar to a
great extent. The displacement is generated by a displacement transducer. A wide range of actuators
can be used to this end such as mechanical, piezoelectric or pneumatic mechanisms (Fig. 2). In
motorized lead screw actuators, for instance, rotation of the lead screw by a stepper motor causes
linear displacement, similar to the driving mechanism of many syringe pumps. Finely threaded screws
in conjunction with precise stepper motors allow for the production of displacements of several
centimeters in range and submicrometer in resolution well-suited to displacements required in many
micromechanical tensile tests. Several methods exist for measurement of displacement or strain in
the specimen. The simplest method is to rely on the displacement values given as inputs to the
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displacement transducer. However, different
sources such as the existence of backlash in
the gear system can cause a lag and cause the
actual displacement to deviate from the
desired input. As a result, the displacement
input cannot be used to derive the stress-strain
relationships and instead, the device’s “crosshead” or “jaw” motion which is equivalent to
the actual displacement of the actuator and the
gripping ends can be measured and used.
Using gripping end displacement as a measure
of sample strain is usually accomplished by
readings from a position sensor such as a
linear variable differential transformer
(LVDT). LVDTs consist of a ferromagnetic
core that can move freely without contact in a
hollow cylinder equipped with an assembly of
a primary and secondary coils. The primary
coil fed with an AC or DC input voltage
induces a voltage in the secondary coils. The
movement of the core, connected from one
side to the displacement actuator or a gripping
end, in or out of the hollow cylinder changes
the amplitude and phase of the voltage
induced in secondary coils which constitutes
the output signal from the LVDT enabling
measurement of that displacement. However,
Figure 2: A miniaturized tensile testing device developed
by Lynch and Lintilhac (1997) allowing for mechanical
this reading does not take into account the
testing in air and liquid conditions. The testing chamber
compliance of the loading frame. The loading
consists of (1) load shims, (2) LVDT (tube) (3) pneumatic
bellows that act as displacement actuator opening or closing
part of the device including the force sensor,
the frame driven by air flow (4) adjusted by a control unit
extensions and fixtures can deform along with
based on displacement or force feedback. The deformation
the specimen during the loading and result in
of the strain gauges (5) adhered to the load shims is read as
the change in the output voltage and translated to forces
an underestimation of the elastic modulus of
acting to bend the shims. The displacement of the LVDT
the specimen (Sanders et al., 1997). The frame
core (6) inside the tube reads the displacements.
compliance can be corrected for using a rigid
mock-sample of known elastic modulus
(Turek, 1993). Most times, the device compliance is considered to be a constant, meaning that a linear
relationship between the force and the deformation of the loading apparatus is presumed (Sanders et
al., 1997). However, this might not always be the case, and nonlinearity might exist resulting in
deviation of the measurements based on the specimen being used (Kalidindi et al., 1997). Another
method for strain measurements in tensile testing is the use of strain gauges. Strain gauges often but
not always refer to thin film patches with an electrical resistance that changes when the patch is
deformed (for an example of such a design refer to Pang et al., 2012). Generally, strain gauges refer
to the use of such contact patches although sometimes the term is also used for non-contact strain
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measurement approaches (e.g., see Yamaguchi, 1981). There are numerous types of strain gauges
based on their working mechanisms and the working environment they are intended for. However,
the contact nature of the strain gauge requires it to be mounted and bonded to the surface of the
specimen at various locations. The need for bonding to the specimen and the miniature size of most
plant specimens render the use of strain gauges in plant tensile studies challenging. Further, the
presence of strain gauges on the sample can affect the behavior of the specimen due to reinforcement
or due to the weight of the patch and the connecting wires. Despite all these challenges, they only
provide limited information on strains in the whole sample as the information is limited to the location
of their installment. Therefore, strain fields and possible inhomogeneities and hotspots outside the
installment zones remain undetected (Motra et al., 2014; Soons et al., 2012).
Extensometers can also make another class of strain measurement techniques. Basic contact
extensometers rely on the attachment of a pair of “sensing arms” to two ends of the gauge length of
the specimen averaging the strain over this region (for an example of its application refer to Boitier
et al., 2000). For plant applications, this method suffers from similar shortcomings as the strain
gauges in that it affects the delicate sample and that only average strain data are produced. Noncontact extensiometry approaches, on the other hand, seem very promising for specimens of various
texture and sizes, especially in micro and nanomechanical characterization. Two broad classes of
these methods rely on either image matching algorithms or optical interferometry. Matching
algorithms such as DIC or differential digital image tracking (DDIT) techniques (Sharpe et al., 2007)
are based on analysis of consecutive images taken from the sample during the deformation. This is
accomplished by means of one or more cameras (2D, 3D or volumetric) or by other techniques such
as scanning electron microscopy (Kashfuddoja and Ramji, 2013). A sufficient number of speckles or
patterns, either artificial or digital, for DIC (Lava et al., 2009) or intensity peaks on the image for the
DDIT are required for comparison and correlation of successive images to carry out full-field
measurement of strains in the sample (e.g., Pan et al., 2009; Sutton and Reu, 2017). DIC can provide
a subpixel displacement/strain resolution (Hua et al., 2007; Zhou and Goodson, 2001). Another
advantage of an image-processing based approach is that rigid body motion (such as that occurring
due to slippage of the specimen at clamps) can be accounted and corrected for. Various interferometry
techniques have been developed for strain measurement. Electronic speckle pattern interferometry
(ESPI), for instance, is one of the common interferometry methods for strain or displacement
measurements. In this technique, the sample surface is illuminated with a coherent laser beam. The
reflected laser forms a pattern on the image recording setup. Topographical information of the
specimen can be acquired based on changes in the phase difference between the reflected and original
laser beams that is caused by sample deformation or displacement (Soons et al., 2012; Yang and
Ettemeyer, 2003).
Other than displacement actuator and sensors, force sensors comprise another compartment of
the tensile device. Forces are measured by one or two load cells that are installed on the gripping
ends. Load cells are commonly based on one or more strain gauges. The deflection of the load cell
beam results in changes in the electrical resistance of the strain gauge incorporated into it and in turn
to a change in the output voltage that is read through an amplifier. The compliance of the load cells
can be measured for different loads during the calibration stage and prior to the experiment and be
accounted for in the displacement measurements. It is good practice to calibrate the device for force
and displacement after mounting all the extensions on which the sample will be fixed, or in case of
any change in environmental temperature or humidity. Excluding the weight of the extensions and
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loading frame from the force and displacement measurements is even more important in vertical
setups.

Common challenges associated with tensile testing
While some mechanical tests such as nanoindentation are relatively easy to perform, correlating the
force-displacement data from these tests to in-plane properties of the cell wall, and accounting for
complex probe-sample interactions is not straightforward and sometimes demands cumbersome
calculations. Tensile testing, on the other hand, is considered a test requiring relatively simple
calculations for extraction of the parameters from the experimental data. However, carrying out the
experiment itself can be accompanied by many challenges that begin with sample preparation and
handling and extend to sample alignment and gripping. Some of these challenges are briefly
discussed.

Measurement of the original values
Obtaining the mechanical parameters of the sample in a tensile test relies on the measurement of
several independent variables such as displacement, force and dimensions of the specimen that serve
as input for the calculations. The eventual outputs of the tensile test, i.e. stresses and strains, can be
only as accurate as the measurements of the independent values allow. Above we commented on the
practical aspects of the force and strain measurements. An important set of input variables used to
calculate the tensile testing parameters includes the original length and cross-section area (through
diameter or width and thickness) of the specimen. With minute plant specimens such as roots or
shoots of Arabidopsis, measurements of the original dimensions are typically carried out using optical
techniques such as microscopic visualization. The issue here is that, other than the considerable
biological variability among samples, the errors in measurement of these dimensions can dramatically
alter the conclusions of the study. This becomes significant in situations where small changes in the
mechanics of the cells or tissues are being investigated through tensile testing. The changes in
mechanical properties of the material over close time points might not be dramatic and could be
masked by errors or uncertainties in the measurement of original dimensions. An example of how
important the measurement of the initial dimensions can be, even if they add complexity, is provided
in a study by Saxe et al. (2016) which tested Arabidopsis hypocotyls for their tensile properties. In
this study, a subset of hypocotyl samples exhibited decreasing cross-sections with age while in other
datasets, no significant age-dependency was observed. The environmental and growth parameters
such as humidity and temperature, while able to affect the length of the growing hypocotyls, were
shown to not significantly affect the cross-section. The authors calculated the stress based on dividing
the force by the cross-section of hypocotyls, as it should be done. However, the biologically atypical
reduction in diameter, whether caused by biological variation or other, may significantly influence
the determined stress values thus making a clear-cut interpretation more difficult. While it goes
without saying that an increased number of biological replicates will increase the reliability of the
conclusions drawn from experimental data, it will also be helpful to define methods and protocols
that ascertain precise, consistent and reproducible quantification of dimensions and other parameters
with potential influence on the measured mechanical values.
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Gripping
One of the prominent technical challenges associated with tensile testing, particularly for soft and
small tissue specimens, is fixing the ends of the sample. Stress concentration and damage near the
grip can result in premature failure of the specimen near the gripping ends. With cylindrical samples
such as root, shoot or hook structures such as prickles and spines, the ends of the specimen can be
tied using a resistant non-deforming thread such as Kevlar (for instance, refer to Gallenmüller et al.,
2015). However, this requires a certain minimum size of the sample and the thread compliance needs
to be accounted for in calculations. Clamping or grips are one of the common methods to hold the
ends of the tensile specimen. Various grades of sandpaper can be used between the specimen and the
clamp to prevent slippage. Sometimes, a layer of a softer material is placed between the sample and
camping mechanism to reduce the risk of specimen damage (Hervy et al., 2017). Clamp gripping
methods tend to induce damage and are particularly prone to slippage, due to reasons such as the nonflat geometry of the samples and moisture. Further, in case of the model plant Arabidopsis, the minute
size of its organs make solutions such as tying unviable. Piercing structures such as fishing hooks
have also been used for tensile testing of soft tissue such as porcine arterial specimens (Lally et al.,
2004). More invasive gripping techniques such as fishing hooks inevitably result in failure of the
tissue around the fixture and are better suited for determination of tensile modulus and not strength.
Due to these reasons, application of fast-curing glues such as cyanoacrylate can represent an attractive
alternative. A high viscosity glue is preferable to prevent diffusion into the specimen as it can
dramatically alter the mechanical properties of the tissue. Still, using a glue is not without its
challenges. The glued area tends to shrink upon curing which causes a prestress in the sample. This
is easily observable as the force sensors begin to register increasing tensile forces as the glue is curing.
Therefore, it is necessary to release this tension prior to the onset of tensile testing. This can be done
by closing the “jaw” of the device up to a point that the force reads zero which can be set as the
mechanical zero for displacement. Further, moisture on the hydrated tissue can hinder curing of the
glue. Since the tissue needs to be kept constantly hydrated, if not thoroughly submerged in liquid,
acquiring a perfect fusion in a reasonable time may not be trivial. As the dimensions get smaller in
micromechanical tests, the importance of applying glue droplets small enough to prevent bleeding
into the gauge length of the specimen becomes significant. In such scenarios, techniques such as
platinum deposition have been used to fix the microscale specimen on the loading frame, for instance,
to study a subcellular patch of the onion cell wall under the scanning electron microscope (Zamil et
al., 2013). Handling and mounting thin film specimens such as an epidermis is challenging since they
are prone to wrinkles and folding that can affect the stress distribution in the sample. Water surface
provides a substrate to hold the specimen without wrinkles until mounting. In a recent study on tensile
testing of ultrathin films, it was shown that stiction forces such as van der Waals could constitute a
gripping mechanism (Kim et al., 2013), a promising approach for ultrathin plant layers.

Biphasic behavior, effects of the loading rate and preconditioning of the cell wall
An interesting note related to the tensile behavior of the plant cell wall is a reported “biphasic” or
“bilinear” behavior in the stress-strain curve. Such behavior is described as the existence of two
different slopes in the stress-strain curve that in some cases are associated with a primary and a
secondary Young’s moduli (Pieczywek and Zdunek, 2014; Spatz et al., 1999; Vanstreels et al., 2005)
(Fig. 1C). While the existence of a strain-dependent and nonlinear elasticity in the plant cell wall, as
also observed in mammalian cells and tissues (e.g., refer to Fabry et al., 2001; Guilak et al., 2014;
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Kollmannsberger and Fabry, 2011; Mofrad, 2009), is expected, the approach to demonstrate this
“bilinear” behavior seems unclear. As seen in Fig. 1C depicting a generic form of such graphs, in
these studies the second Young’s modulus suggesting a secondary elastic behavior is defined after a
turning in the graph (likely due to yielding) and on the loading (as opposed to unloading) part of the
stress-strain curve. Firstly, the slope of engineering stress-strain curves in tensile testing of many
materials does change after yielding. The existence of a slope change in the graph per se does not
indicate a secondary elastic modulus. Further, Young’s modulus is defined based on relatively small
strains prior to yielding or upon separating the plastic deformations from the total strain (thus using
the unloading data) and is strictly indicative of deformations that are elastic, 𝜀, (where total strain
𝜀+ = 𝜀, + 𝜀< ). However, in these studies, the loading path is marked for the secondary Young’s
modulus during a monotonic loading and the deformation seems to be associated with considerable
plastic strains. For regions that are not purely elastic, fitting of appropriate elastoplastic models or
presenting the data in terms of moduli other than Young’s modulus such as tangent modulus,
therefore, is more appropriate. Secondly, while in some studies the transition between the primary
and secondary elastic behavior is demonstrated under relatively small strains (less than 5% strain in
Spatz et al., 1999), others have demonstrated these two values in a range of over 20% strains
(Vanstreels et al., 2005). Besides the monotonic tensile loading, cyclic loading is performed in some
studies and seems to suggest that, when unloading paths are considered, the slope of the stress-strain
curve remains relatively unaffected and comparable to initial cycles (Vanstreels et al., 2005).
Therefore, the existence of such bilinearity in the stress-strain behavior of the wall material needs
further assessment through analysis of reversible deformations. Moreover, studies are required to look
into underlying wall composition and structures that result in such a putatively biphasic behavior.
Viscoelastic materials exhibit a rate dependency in their deformation behavior. This means, the
faster the deformation is applied, the stiffer the tissue appears to be. Such a strain-rate dependency
can affect the measurement of stiffness, but also the strength and maximum strain at fracture. Higher
loading rates can result in increased apparent stiffness, increased stress, but less strain at fracture (the
specimen appears less extensible). It is therefore interesting to investigate to what extent the results
obtained by stretching the plant cell wall at different loading rates are comparable. Further, in many
cases involving tensile testing of soft tissues, the specimen is preconditioned prior to actual data
collection. In many animal tissues, it can be observed that the loading and unloading paths do not
coincide (hysteresis). The area between them corresponds to the dissipated energy due to viscous or
plastic effects. Further, for some materials, the peak load for the same amount of strain appears to
differ in each cycle. Therefore, to obtain reproducible results, the specimen is sometimes
“preconditioned” prior to measurements, for calculation of the elastic modulus and tensile strength.
This is not to be confused with preconditioning term used in other contexts such as cold acclimation
of the plant or removal of turgor pressure before tensile testing. The preconditioning is carried out by
repeating the loading and unloading cycles for a certain number of times to reduce the peak force
variations and also to some degree the hysteresis prior to actual measurements (Lee et al., 1984). For
tendons and ligaments, it has been shown that preconditioning results in an increase in both stiffness
and strength of the samples. This has been suggested to be due to an increase in recruitment or
reorientation of collagen fibers resisting the tensile loads toward the force field (Miller et al., 2012;
Schatzmann et al., 1998). To verify whether preconditioning has caused damage or a permanent
deformation in the sample, the toe region of the force-displacement curve can be analyzed. An
increase in the length of the toe region (i.e. the existence of some strain without a corresponding
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force) may indicate permanent deformations in the specimen. The reorientation of fibers, that might
also depend on their initial distribution to begin with, may render the preconditioning a questionable
practice if original properties of the tissue are of interest. There is a considerable variation between
the strains used to precondition the samples among various studies. While some advocate a fraction
of the real testing strains for preconditioning strains, others suggest a full experimental strain to be
used before actual data collection and, obviously, this treatment must be reported along with other
experimental conditions (Cheng et al., 2009). In case that preconditioning strains were observed to
induce damage, either due to fatigue (failure in the material at stresses significantly lower than the
ultimate and fracture strengths of the material due to repetitive loading) or simply exceeding the
fracture strength, there is a need to settle for lower strains in the actual experiments.
Tensile testing of onion epidermis was also demonstrated to exhibit hysteresis in loadingunloading paths (Vanstreels et al., 2005). The existence of such a load history dependency of the
plant tissue is suggested to stem from the presence of wrinkles or adhesion of other structures on the
onion sample that unfold and resolve over a number of cycles (Wei et al., 2001). However, in addition
to these potential artifacts, the hysteresis and rate dependency seem to be an inherent part of most
biological tissues, including plant materials. Tensile testing of onion epidermis has also shown a
considerable transient response in the first cycle; a significant difference in stress-strain values
between the initial and later loading cycles (Kerstens et al., 2001; Vanstreels et al., 2005; Wei et al.,
2001). This phenomenon that might be due to plastic deformations of the matrix occurring in the first
cycle, becomes even more interesting when considering the contrasting results reported for the onion
epidermis. From the work of Wei et al. a more significant transient response is observable in onion
epidermal strips stretched perpendicular to the cell axis compared to the longitudinal one. Other
studies (e.g., Kerstens et al., 2001) report the opposite. Since in these studies, this behavior is
correlated with the composite material behavior of the cell wall, e.g., the orientation of cellulose
microfibrils, further studies are required to address these different observations.

Effect of cellularity
A major factor that distinguishes the use of tensile testing for the mechanical characterization of plant
specimens from common industrial materials is that plant tissues are made up of cells. Whether the
aim is to determine tissue-level mechanical properties or to deduce the cell-level mechanical
properties, the cellularity of the material incorporates a number of factors that need to be accounted
for when interpreting the experimental data. An immediate consequence of the cellularity is the
difference between the effective and geometrical cross-sections of samples. The effective crosssection is the one that bears the loads. For plant tissues, this area is not the same as the tissue crosssection. If cell wall-level properties are to be deduced from the results, measuring only the portion
containing the cell walls by subtracting the void space of cell lumina and intercellular spaces from
geometrical (tissue-level) cross-section can be beneficial. However, instead, this is often either
avoided and the whole cross-section is used in the calculations. In cases where factors such as cell
type, cell size and cell wall thickness are expected to be identical between samples, this is probably
an acceptable simplification. In cases where any of these factors is different, a more granular approach
should be considered. Saxe et al. (2016) estimated the cell wall density based on the hypocotyl’s dry
weight and its volume in the hydrated state.
Aside from the measurement of the effective cross-section outlined above, inferring the mean
mechanical properties of individual cell walls from tissue-level tensile testing is not straightforward.
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Figure 3: Finite element
model of a tissue consisting of
pressurized elongated cells.
The distribution of stresses
and strains is not uniform
within the tissue (A), and can
even vary in different walls of
a single cell at subcellular
scale
(B). Color map
represents the magnitude of
principal stresses.

Firstly, due to the shape of the specimen, cellularity and presence of borders in the material, the
stresses may not be distributed uniformly across the cells. This means that different cells in the tissue
can experience different levels of stresses and strains. As a result, the properties of some cells may
affect the calculations disproportionately, and the outcome of the tensile test may be a weighted rather
than the arithmetic average of the properties of all cells. Additionally, even within a single cell, not
all the walls experience the same share of stresses and can be stressed to a varying degree depending
on their orientation with regard to the stress field and the cell geometry (Fig. 3). To what extent the
mechanical properties of individual cells of different shapes and locations affect the overall elasticity
of the tissue warrants further studies. Nevertheless, a study on onion epidermal cells has suggested
that the growth anisotropy of the cells is correlated with tissue stiffness, with tissue samples with
more elongated, higher aspect ratio cells appearing stiffer (Vanstreels et al., 2005). While such
differences are generally attributed to the anisotropic composition of the cell wall, it might be also
due to cells shape. It should be noted that the apparent stiffness of a structure is determined in part by
the properties of its building material, e.g. Young’s modulus, porosity and degree of anisotropy, but
also by the geometry of the structure. To better illustrate this, consider a beam with a rectangular
cross-section under bending. It can be easily illustrated with a plastic ruler that the beam behaves
stiffer under bending when placed with the longer edges of its cross-section vertical or parallel to the
force (due to an increase of the second moment of area). Similarly, it is expected that the individual
cells with different shapes resist the tissue-level deformation differently due to their geometry and
orientation, affecting their contribution to overall mechanical properties of the tissue. This can
confound comparison of the mechanical properties of different tissues with considerably different cell
geometries if cell-level mechanical properties are to be inferred and correlated to tissue-level
behavior. This issue concerns both classes of tensile testing outlined previously. Therefore, studies
are required to untangle the contribution of cell geometry and material properties of the cell wall in
the mechanical behavior that the tissue exhibits.
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Tensile testing can be performed on both turgid and plasmolyzed cells. Turgid tissues are stiffer
and reportedly fracture in a brittle manner. On one hand, tensile testing of turgid tissues is interesting
since it more closely mimics the state of living plants. On the other hand, discriminating cell wall
properties per se from the properties measured when under turgor induced tension requires a
comparison between the two hydration states of the sample (Pieczywek and Zdunek, 2014).
Unraveling the mechanical properties of cell walls from the apparent tensile modulus obtained
through tissue-scale mechanical characterization requires to also consider the intercellular interface,
known as the middle lamella (Pieczywek and Zdunek, 2014; Zamil and Geitmann, 2017; Zamil et al.,
2017). In terms of tensile strength, the role of the middle lamella is intuitive. If tissue failure occurs
by the failure at the middle lamella, i.e. cell separation or delamination, the strength of this structure
determines the strength of the whole tissue. As explained by the weakest link concept, the fracture of
the specimen is determined by the strength of its weakest spot (Freundthal, 1968). If and how the
stiffness of the middle lamella also contributes to the tensile stiffness of the whole tissue remains
elusive considering its negligible thickness.
To eliminate the compounding features such as cell shape and middle lamella, tensile testing on
subcellular patches of the cell wall have been attempted (for instance, refer to Wei et al., 2006; Zamil
et al., 2013). Besides the usual technical hurdles, manipulation and observation of the sample while
keeping it hydrated are the major challenges at the micron scale. Given the challenges at each length
scale, a combination of approaches incorporating macroscale response and micromechanics at the
cell level is likely the most promising avenue in many cases. Multiscale experimental and
computational strategies that combine tests both at the tissue and subcellular scale, giving
consideration to the osmotic status, and integrating the experimental approach with numerical
modeling allows for evaluation of the contribution of single cells to tissue-level mechanical properties
and, conversely, determination of the cell-level properties from the tissue-level tension experiments.
These considerations are equally important in the context of extensiometry and time-dependent
studies where the goal is to quantify the effect of cell wall modifying treatments from the creep or
relaxation of the whole tissue.

Nonuniform strain fields and application of optical strain measurement methods
Tensile testing of common industrial materials is often well documented and protocols regarding
dimensions of the testing specimen, mounting and loading conditions are well defined. These
dimensions and proportions are available in various standards provided by organizations such as ISO
(International Organization of Standardization) or ASTM (American Society for Testing and
Materials). Standards often ask for certain shapes of the specimen such as a so-called “dogbone”
geometry or rectangular specimens of certain aspect ratios. The dogbone geometry incorporates a
gauge length of a reduced cross-section in the middle part of the specimen and ensures that strains
are mainly concentrated and uniform in that region rather than near the clamps. The specimen shape,
boundary conditions and loadings prescribed in these standards ensure accurate and, importantly,
reproducible results. In plants, however, the delicate nature of the samples, and the minute dimensions
in many cases preclude production of such sample geometries. While some standards exist for tensile
testing of thin papers and cardboards such as BS EN ISO 1924, relatively large dimensions, in the
order of a few centimeters, are required that do not often correspond well with dimensions of plant
tissues (Hervy et al., 2017). Further, if strips need to be prepared, cutting the samples needs to be
accurate without tears and flaws at edges that would cause stress concentration, premature failure and
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influence the mechanical parameters obtained during the test. All samples to be compared should be
of same dimensions or at least the gauge length undergoing tensile testing needs to be of same
dimensions (Carew et al., 2003; Tsuchiya et al., 1998).
Due to lack of standardized protocols, a great variety of sample shapes (e.g., aspect ratios), often
arbitrarily chosen, and even more variable testing conditions have been used for plant materials.
Several studies have demonstrated the sensitivity of tensile testing results to sample dimensions,
aspect ratio and geometry (Anssari-Benam et al., 2012; Carew et al., 2003; Hervy et al., 2017).
Further, due to errors introduced when measuring the strain based on the motion of the displacement
transducer or the cross-head of the tensile device, different sample shapes can result in considerable
differences in the calculated tensile modulus even within otherwise standardized samples. Hervy et
al. demonstrated that measurement of stiffness of cellulose nanopapers shows a considerable
dependence on sample geometry (Hervy et al., 2017). The authors demonstrated that using the optical
measurement of strain instead of the opening of the tensile device cross-head reduces the geometrydependence in the estimated mechanical properties. This suggests that size-dependence in tensile
testing is, at least in part, related to strain measurement (e.g., slippage). The tensile strength defined
at failure theoretically does not depend on the specimen size. However, in practice, it has been
observed that an increase in sample width can result in a decrease in tensile strength. This can be
explained by the weakest link theory. As the width of the specimen increases so does the likelihood
of inclusion of weak spots or defects in the sample (Hervy et al., 2017). To add icing on the cake, the
cellular nature of the plant tissues, as mentioned previously, and material anisotropy in individual
cells, make the strain fields of plant specimens susceptible to inhomogeneity. As a result, the values
reported by the force-displacement sensors may not be able to explain directly the phenomena
occurring during a tensile test and comparing the mechanical properties of the biological specimens
harvested at different stages of development or from tissues featuring intrinsically different cellular
arrangement may be problematic. To fully address this concern, non-contact full strain field
measurements can be used to acquire local information on the deformation of the sample. Optical
extensiometry methods provide an attractive tool for the investigation of deformation within
anisotropic and discontinuous materials such as intragranular and boundary movements in granular
materials (Hall et al., 2010). The displacement field in subregions of the specimen can be acquired
by optical imaging and combined to construct the local strain information. The strain field data can
be used to determine the mechanical parameters of the material using approaches such as virtual fields
(Grédiac et al., 2002; Promma et al., 2009) or inverse FE method. Through comparing full-field
displacement data with the predictions made by the FE model, material parameters can be reverse
engineered. An FE model of the tensile test can be developed with inputs of the specimen dimensions
(length, width, thickness) and force recorded from the sensors. The FE-produced displacement field
is then compared with the displacement field of the landmarks or fiducial markers. The objective can
be defined as the minimization of an error function based on the difference between the in silico and
experimentally obtained values which results in the identification of the optimized parameters.
Optical extensiometry techniques are broad in their possible configurations as mentioned for
DIC or interferometry approaches (Sutton and Reu, 2017). In the simplest form, they can be carried
out by monitoring a few fiducial points on the specimen (such as two pairs of points in axial and
transverse directions by Hervy et al., 2017; or four symmetrically placed points in the middle of the
square biaxial test specimen by Lally et al., 2004). To increase the number of data points, fiducial
markers such as fluorescent beads can be sprayed or fixed on the surface, ideally with a higher density
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close to the middle and ends of the specimen. The tensile testing device can be placed under a stereoor confocal microscope to record the displacement of fiducial markers versus the force exerted at two
ends of the specimen. Kim et al. (2015) used fluorescent nanobeads as fiducial markers to calculate
the microscale deformation of onion epidermis under tension. Application of optical methods in
displacement/strain measurements is not limited to tensile testing. For instance, Armour et al. (2015)
used fluorescent fiducial markers on the leaf epidermis of Arabidopsis to perform a time-lapse study
of growth in epidermal pavement cells or Kuchen et al. (2012) used cell corners as landmarks to
assess the local growth behavior of leaves.
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