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Wind-induced bending loads frequently cause failure of maize (corn) stalks. When failure occurs, it
usually manifests as transverse buckling. Because this failure mode is closely related to transverse tissue
stiffness, the purpose of this study was to develop a method for measuring the transverse Young’s
modulus of maize stalk rind and pith tissues. Short, disc-shaped stalk segments were used for this pur-
pose. X-ray computed tomography was used to obtain the geometry of each specimen prior to testing.
Each specimen was tested in two different configurations. Computed tomography data was used to create
a specimen-specific finite element model of each test specimen. Data from the first testing configuration
was used in conjunction with the finite element model to determine the Young’s Modulus values for each
specimen. The specimen-specific finite element models provided estimates of the stress states in the
stem under transverse loading, and these stress states accurately predicted the location of failure in
transverse test specimens. The entire testing method was validated using data from one test configura-
tion to predict the structural response of each specimen during the second test configuration.

� 2018 Published by Elsevier Ltd.
1. Introduction

Maize is the world’s most highly produced crop (USDA, 2018).
But in spite of its economic importance, we know relatively little
about the structural characteristics of this plant. Like many other
plants, maize stems can be described as foam-filled tubes (Niklas,
1991b). The tough, dense outer tissue is referred to as the rind,
while the much softer, foam-like tissue in the center of the stem
is called pith (see Fig. 1). Both rind and pith tissues can be approx-
imated as transversely isotropic (Stubbs et al., 2018).

The dominant mode of maize stalk failure is transverse buckling
(Robertson et al., 2014, 2015). Analyticalmodels of transverse buck-
ling of orthotropic tubes indicate that the critical load depends upon
both the longitudinal and transverse Young’s Modulus values
(Wegst and Ashby, 2007; Schulgasser and Witztum, 1992). For a
thin-walled, hollow orthotropic cylinder, Wegst describes the criti-
cal applied moment (M) as a function of the outer radius (r), wall
thickness (t), and longitudinal and transverse Young’s moduli
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(Wegst and

Ashby, 2007).
Several methods have been developed for quantifying the longi-
tudinal Young’s modulus of plant tissues. For example, vibrational
theory and beam equations have been used to infer the longitudi-
nal Young’s Modulus of plant stems (Niklas and Moon, 1988;
Niklas, 1991a). Static bending tests have also been used in a similar
manner using maize (Al-Zube et al., 2018; Gou et al., 2008) and
other plant species (Niklas, 1997).

Several studies have also focused on measuring the transverse
material properties of plant tissues. For example, Amada et al.
reported both longitudinal and transverse stiffness properties of
bamboo (Amada et al., 1996) as well as detailed descriptions of
common composite features such as fiber volume fraction, which
was related to the measured tissue properties. This composite
model paradigm has helped to develop an understanding of some
of the material properties of these plants, including material
strengths (Rodriguez et al., 2010) and longitudinal stiffnesses
(Zhang et al., 2017; Al-Zube et al., 2017). Other studies have inves-
tigated the overall structural responses of plant stems for bending
(Chen et al., 2007; Gou et al., 2008; Tongdi et al., 2011) and shear
loading (Chen et al., 2007).

Only a small number of studies have directly reported tissue
properties of maize tissues. Longitudinal tensile testing of the
maize rind and pith was reported by Zhang et al. (2016, 2017).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2018.12.028&domain=pdf
https://doi.org/10.1016/j.jbiomech.2018.12.028
mailto:ddc971@byu.edu
https://doi.org/10.1016/j.jbiomech.2018.12.028
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


Fig. 1. A single test specimen.
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However, these studies utilized dog-bone shaped specimens,
which are not recommended for testing composites materials
(ASTM-D5083, 2017). As an alternative, bending, compression,
and tensile testing methods were developed in recent studies
(Al-Zube et al., 2017, 2018). Detailed geometric data has been col-
lected on maize stalks using x-ray computed tomography
(Robertson et al., 2017).

The authors are not aware of any prior studies that have
reported the transverse Young’s modulus of maize tissues.
Research progress on maize stalk failure is currently impeded by
a lack of information about these properties. Although simple
closed-form analytical solutions have been developed for single-
material hollow cylinders, maize stalks are not cylindrical (see
Figs. 1–3). The non-circular, non-hollow architecture is not well-
suited to analytical modeling approaches. Instead, finite element
models were used in this study to aid in determining the trans-
verse Young’s modulus of maize rind and pith tissues.

The purpose of this study was to (a) develop a reliable method
for measuring the transverse Young’s moduli of both the pith and
the rind tissues in maize stems; (b) determine the validity of the
method, and (c) report these tissue properties in support of future
research on maize stem biomechanics.
2. Methods

2.1. Background

The length of the stem can be categorized into the nodes and
the area between nodes (internodes). Internode cross sections
can be divided into two main areas: the rind and the pith
(Remison and Akinleye, 1978). The rind is a dense area along the
outside of the cross section, while the pith is a less dense foam-
like structure on the inside of the cross-section (Thompson,
1963). The cross-section is generally oval shaped, with a groove
for the ear of corn to grow from (Niklas, 1998). In this study, test
specimens were taken from the internodes of the stems. Internodes
were cut transversely using a precision abrasive saw, into speci-
mens with an average length of 12 mm.
2.2. Overview of testing process

Short cross-sectional specimens were tested in transverse com-
pression (see Fig. 1) to determine the transverse stiffness of rind
and pith tissues. Each specimen was tested in two orientations;
with the load applied along the major diameter and with the load
applied along the minor diameter, as shown in Fig. 2. The pith of
each specimen was then removed, and the tests were repeated
for both orientations. This resulted in four force/deformation
curves for each specimen.

Specimen-specific CT scans were used to determine both the
outer boundary of the specimen and the interface between the rind
and the pith (Robertson et al., 2017). These boundaries were used
to build a specimen-specific finite element model for each speci-
men. With the geometry and boundary conditions known, material
properties of the finite element models were adjusted to match the
experimental results. With two unknown material properties and
four (4) force/deformation curves it was possible to solve for both
stiffness values using two force/deformation curves. The remaining
two force/deformation curves were then used to independently
validate the results.

Details of the testing procedure, CT scanning, finite element
model, and Young’s modulus calculations are described in detail
in the following sections. Specimen preparation and the testing
equipment is described at the end of the Methods section.

2.3. Compression testing procedure

As shown in Fig. 2, each specimen was tested in two orienta-
tions. First, the specimen was loaded along the minor axis of the
cross-section. This orientation will be referred to throughout the
paper as the horizontal orientation. Second, the specimen was
rotated 90 degrees and loaded along the major axis, which is
referred to as the vertical orientation. Regression was performed
on the resulting force-displacement curves to determine the struc-
tural stiffness of the specimen in each orientation.

Following horizontal and vertical orientation testing, the pith
tissue of each specimen was carefully removed. This was some-
what challenging because the boundary between the pith and
the rind is not always distinct. The best results were obtained by
removing the vast majority of the pith tissue, while being careful
not to inadvertently remove any of the rind tissue. This is because
removal of even a small amount of rind tissue had a significant
effect on structural response, but small amounts of remaining pith
were found to have a negligible effect on the structural response.

2.4. CT scanning and geometry extraction

X-ray computed tomography was used to quantify cross-
sectional geometry of the rind and pith regions. Specimens were
scanned using an X5000 scanner (NorthStar Imaging, Rogers, MN,
USA). The scanning process produced 2D cross-sectional images
of the maize stems. The scanning is described in more detail in a
previous study (Al-Zube et al., 2017). A custom computer program
was used to extract a specimen-specific cross-sectional geometry.
The program objectively identified two boundaries: the outer sur-
face of the stem, and the boundary between the rind and pith
regions.

2.5. Finite element model development

Using the CT-based geometry, a unique finite element model
was created for each specimen (see Fig. 3). Each model was two-
dimensional with an assumption of plane stress. The material
was assumed to be transversely isotropic. The finite element mod-
els were developed in Abaqus/CAE 6.14-1. The geometry was
meshed using 4-noded bilinear plane stress quadrilateral elements,
using a reduced integration formulation, hourglass control, and a
global seed size of 0.2 mm (Matthews, 2000; Abaqus, 2014).

Because the model was two-dimensional, and all deformation
was restricted to the transverse plane, only the in-plane material
properties were needed. The in-plane material properties included



Fig. 2. The testing protocol for each specimen both with a pith (solid) and without a pith (hollow).
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the transverse Young’s moduli of the pith and rind regions as well
as the in-plane Poisson’s ratios of both materials. A sensitivity
study was performed for the full range of possible Poisson’s ratios.
Poisson effects were found to be negligible: accounting for less
than 0.2% of the structural response. As such, the Poisson’s ratio
was set to a moderate value of 0.25.

The same model geometry and mesh was used for all finite
element simulations of a single specimen, with the orientation
of the specimen matching the orientation of the testing. The
bottom platen was fixed in all three degrees of freedom. The
top platen was fixed in the rotational and horizontal transla-
tional degrees of freedom. The top platen was then driven to
a maximum displacement of 0.2 mm in the vertical degree of
freedom.

The FE models were analyzed using a non-linear, full Newton
direct solver in Abaqus/Standard 6.14-1 (Abaqus, 2014). The con-
tact between the platens and the specimen was represented by a
general contact interaction with a finite-sliding formulation and
a hard penalty pressure-overclosure relationship (Abaqus, 2014).
Tangential friction was used to aide in convergence with a negligi-
bly small coefficient of friction (Abaqus, 2014). No strain-free over-
closure adjustments were made.

2.6. Determination of Young’s modulus

The hollow model required only one material property: the
Young’s Modulus of the rind. In addition, the relationship between
Young’s modulus and the structural stiffness of the model was
found to be linear. The secant method (Fausett, 2008) was used
to solve for the Young’s modulus value that provided agreement
between the structural stiffness of the model and the structural
stiffness of the specimen, as measured experimentally. In all cases,



Fig. 3. A meshed finite element assembly for the horizontal (left) and vertical (right) analyses.
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the structural stiffness of the finite element model matched the
hollow specimen stiffness within ±1%.

Once the rind Young’s modulus was known, the Young’s modu-
lus of the pith could be determined. But in contrast to the hollow
model, the structural stiffness of the solid model was nonlinearly
dependent upon the Young’s Modulus of the pith tissue. The secant
method was used to adjust the Young’s Modulus of the finite ele-
ment model until it matched the solid specimen stiffness within
±1%.

2.7. Validation

As previously discussed, the rind and pith Young’s modulus val-
ues were obtained using only data from horizontal tests. Validation
was of the method was performed by using these Young’s moduli
values and the finite element model of each specimen to predict
each specimen’s structural stiffness in the vertical orientation.
Comparisons between the predicted structural stiffness and exper-
imentally measured structural response from completed the vali-
dation process.

2.8. Stem specimens

Dried commercial hybrid maize stems were used as test speci-
mens for this study. Stems were cut just above the ground and just
above the ear node immediately before harvest. To prevent fungal
growth, stems were placed in forced-air dryers to reduce stem
moisture to approximately 10–15% moisture by weight, which clo-
sely mimics the state of stems in the field just prior to harvest.
Only stems found to be free of disease and pest damage were
included in the study.

2.9. Specimen preparation

To test the applicability of the methodology for a broad range of
geometries, stems of differing cross-sectional size were selected for
testing. Individual test specimens were cut from regions of each
stem where cross-sectional variation was minimal. Each test spec-
imen was cut from the stem using a precision abrasive saw, and
test specimens were typically 10–12 mm in length. A total of 20
specimens were tested from 4 stems.

2.10. Compression testing equipment & procedure

Compression tests were performed using a universal testing
machine (Instron 5965, Instron Corp., Norwood, MA, USA). Loads
were measured with a 5 kN Instron load cell. Instrumentation con-
trol and data acquisition were managed with Instron software
(Bluehill 3.0).

When testing biological tissues, a preload and repeated applica-
tion of load cycles is commonly used to bring the specimens to a
repeatable reference state. This procedure is used to reduce mea-
surement variability and is referred to as pre-conditioning (Al-
Zube et al., 2018).

For the solid specimens, an initial load of between 3 N and 10 N
was applied to each solid specimen, depending on specimen size.
Five loading cycles were then applied. In each loading cycle, the
specimen was compressed beyond its pre-loaded state by
0.2 mm, and then the platens were retracted until the initial load
was restored. The first four cycles were used as conditioning cycles.
Only data from the fifth cycle were employed in the follow-on cal-
culations. For all tests, the displacement rate was 0.05 mm per sec-
ond and the sampling frequency was 33 Hz. The testing procedure
for hollowed specimens was identical to that of the solid speci-
mens, with the exception that the initial load was reduced to
0.2 N due to the decreased load-bearing capacity of the hollow
specimens.
3. Results

3.1. Force/deformation and structural stiffness values

Force-deflection curves for each specimen were linear in nature.
Linear regression on the data was used to extract specimen



Fig. 5. Rind and pith Young’s modulus distributions.

C.J. Stubbs et al. / Journal of Biomechanics 84 (2019) 113–120 117
stiffness during the loading phase, with a coefficient of determina-
tion (R2) typically above 0.99.

Structural stiffness values (N/mm) were normalized by the
specimen length to obtain the normalized structural stiffness (N/
mm2) for each specimen. As expected, specimens exhibited higher
stiffness in the vertical orientation. Hollow specimens had a stiff-
ness values that were more than one order of magnitude lower
than the solid specimens. The distributions of normalized struc-
tural stiffness values for each test are shown in Fig. 4.

3.2. Tissue stiffness values

The Young’s Modulus of the rind tissue was found to have a
mean value of 0.85 GPa and standard deviation of 0.39 GPa. The
pith had a mean Young’s Modulus value of 0.026 GPa and standard
deviation of 0.01 GPa. The distributions of these stiffness values are
shown in Fig. 5.

As a point of comparison, the transverse Young’s modulus of the
rind was found to be similar to previously reported transverse
Young’s modulus values of wood: spruce and pine (Gibson,
2012). The transverse Young’s modulus of the pith is slightly less
than the transverse modulus of balsa wood (Gibson, 2012).

3.3. Validation

The Young’s moduli determined in the horizontal orientation
were used to predict each specimen’s structural response in the
vertical orientation. The structural stiffness values predicted by
the model were then compared to the experimentally measured
structural stiffness values in the vertical orientation. Using a line
of best fit, the finite element predictions were reasonably well cor-
related with the experimental data (R2 = 0.84 for the hollow spec-
imens, and R2 = 0.57 for the solid specimens, as shown in Figure 6).
A much more restrictive approach is to calculate the R2 values
based on an imposed 1:1 line. The correlations were somewhat
lower under this model, but were still significantly correlated
(R2 = 0.72 for the hollow specimens, and R2 = 0.46 for the solid
specimens).

This validation approach provides intra-specimen validation;
that is to say that the Young’s moduli values calculated in one test-
ing configuration can accurately predict the overall structural
Fig. 4. Experimentally obtained structural stiffnesses by configuration (n = 20).
behavior – and force-displacement curve – of the specimen in a dif-
ferent testing configuration. This validation approach is used to
avoid the issue of inter-specimen validation, where the inter-
specimen variance in the measured values of biological specimens
can obfuscate the reliability of the experimental approach.

3.4. Estimated stress state

With the specimen-specific Young’s moduli of the pith and rind
determined, the stress state can be estimated. Although this
approximation does not capture the microscopic stress concentra-
tions, it can provide insight into the structural reaction of the stem
under transverse loading, where failure is likely to occur, and why.
Finite element models predicted that the maximum stresses in the
pith tend to split the pith between the platen-specimen contact
points (see Fig. 7). This is in agreement with what is seen under
testing to failure (Zuber and Grogan, 1961; Thompson, 1963;
Robertson et al., 2015) (See Fig. 8).

In Fig. 7, the finite element model is overlaid on photographs
from the physical specimen testing. As an additional qualitative
confirmation of the method, it should be noted that the deflected
shape of the finite element analysis closely matches the deflected
shape of the specimen while being tested.

3.5. Covariance of rind and pith values

The Young’s moduli of the rinds were compared to the Young’s
moduli of the piths. Contrary to our expectations, no correlation
was found between the rind and pith Young’s moduli of the spec-
imens tested in this study (R2 = 0.01).

This observation suggests that these tissues serve different
structural purposes. For instance, the stiffness and strength of the
rind tissue may be determined in response to bending loads, while
the pith may be designed to resist ovalization, thus preventing Bra-
zier buckling (Schulgasser and Witztum, 1992).
4. Discussion

Throughout the development of this methodology, acquired
valuable insights into the factors that affect test results of this kind.



Fig. 6. Structural stiffness values as obtained by finite-element model (horizontal
axis) and experimental measurements (vertical axis). Note that finite element
models were created using only data from horizontal tests (not depicted in this
figure). Top panel: hollow specimens; bottom panel: solid specimens.
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For example, the method was varied by changing specimen
lengths, cutting methods, testing configurations, and rind-pith
delineation determinations. While the full details of each
attempted approach is beyond the scope of this article, the most
important issues are discussed below.
4.1. Sensitivity to geometry

Specimen lengths were varied from 8 mm to 17 mm to investi-
gate the effect of specimen length. While no correlation was found
between methodology accuracy and specimen length (R2 = 0.07).
The authors observed that perpendicular cuts were more difficult
to achieve with short specimens (less than 10 mm). Longer speci-
mens could be cut more reliably, but exhibited slight longitudinal
variation in cross-sectional shape and size. This effect cannot be
captured by a 2-dimensional finite element model and thus intro-
duces discrepancies into the method. Specimen lengths of 10–
12 mm were found to produce the most reliable results.

4.2. Correlation of test and validation sets

The correlation between predicted and measured stiffness was
higher for hollow models. This is because only one stiffness-
matching process was required for hollow models, and because
the hollow model was found to have a more linear response than
the solid model. Solid model predictions relied upon both rind
and pith tissue matching, and was therefore correlated less closely
with measured data.

We can draw several conclusions from these results. First, the
method presented above is at least somewhat reliable since model
predictions of both hollow and solid models are statistically signif-
icant. Second, the Young’s modulus values of the pith tend to be
more accurate and reliable than the Young’s modulus values of
the pith material. Third, because the method relied upon assump-
tions of linearly elasticity and transverse isotropy, these assump-
tions appear to be appropriate for these types of maize stem
specimens.

Since the process itself has been validated, averaging the results
of Young’s modulus values obtained through both horizontal-
orientation testing and vertical-orientation testing could likely
lead to Young’s modulus values that are even more accurate, but
this approach (a) cannot be independently validated, and (b) is
likely impractical for most situations.

4.3. Practical suggestions for future researchers

Various cutting methods were used to section the stems. Miter
saws, table saws with different blades, chop saws, hand sanding,
and grinding were all found to be unsatisfactory. This was because
specimens either had cuts that were not perpendicular to the test
contact surface, were not repeatable, exhibited high levels of vari-
ation, or took too much time to complete. The final method used
was to cut the specimens with an TechCut 5 precision high speed
saw Allied High Tech Products, Inc., Rancho Dominguez, CA). The
pith was then removed using a Dremel tool with an abrasive sand-
ing wheel and/or milling bit attachment. We found that it was
important to avoid removing any rind tissue, as this would
adversely affect results. The entire method achieved consistent
results, and allowed a single specimen to be machined, tested in
the solid configuration, milled, tested in the hollow configuration,
and analyzed within approximately 30 min.

Results were found to be highly sensitive to geometry. While
both visible-light photography and CT scanning were attempted,
only the CT scan approach provided reliable results.

A number of limitations are present in the method presented.
First, all experiments were performed on a set of mature, dried
maize plants. Second, the method is time consuming. The speci-
men preparation and testing required approximately 30 min for
each specimen, the CT scanning requires approximately an hour,
and the finite element model development and analysis requires
approximately 30 min. These time-consuming efforts can be par-
tially mitigated, as the CT scanning can be done on more than
one specimen at a time, and much of the finite element modeling
and analysis can be automated. Finally, because the Young’s mod-
ulus of the rind is calculated and then used to determine the
Young’s modulus of the pith, the error in the Young’s Modulus of
the pith is compounded by the error of the Young’s modulus of
the rind. As such, the estimated value for the Young’s modulus of
the rind are more accurate that the estimated value for the Young’s
modulus of the pith.



Fig. 7. X-direction normal stresses overlaid on specimen photographs at displacements from 0.0 mm to 1.1 mm. Splitting of the pith occurred at an applied deformation of
1.1 mm and occurred near the region of highest predicted stress.

Fig. 8. Rind Young’s modulus vs. pith Young’s modulus.
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5. Conclusions

A method was developed for determining the transverse
Young’s Modulus value of rind and pith tissues of maize. The
method involved the physical testing of short, disc-shaped speci-
mens from the internode region of the stem. Transverse loads were
applied to these specimens while measuring the structural
response of each specimen in both solid and hollowed configura-
tions. A two-material finite-element model was then used to rep-
resent the structural response of each internodal maize
specimen. Young’s modulus values were obtained by matching
the response of the model to the actual response of the specimens.
The method was validated by using these Young’s Modulus val-
ues to predict the structural response of each specimen in a differ-
ent physical orientation. Predicted values were correlated with the
values obtained experimentally. This method for obtaining Young’s
Modulus values was found to be reliable and insensitive to cross-
sectional geometry, rind thickness, stem size, and specimen testing
orientation. To the author’s knowledge, this paper represents the
first reported data on the transverse Young’s modulus of maize
stem tissues.

This method can used to assess the Young’s Modulus of rind and
pith tissues of maize stems, and may also have application to sim-
ilar tests for sorghum, sugar cane, and other plants with similar
structural features.
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