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Sorghum [Sorghum bicolor (L.)] is a tropical grass that often suffers from structural failure

(lodging) when subjected to wind, rain, and hail. During lodging, excessive lateral deflec-

tion occurs, which inherently correlates with the biomechanical properties of the stem. As

such, a fundamental understanding of sorghum's biomechanical behavior is required to

mitigate its propensity for lodging. Herein, we perform creep tests to characterize the

mechanical behavior of Della genotype sorghum stems and their constituents, i.e., their

rind and pith. This study also examines the influence of various testing geometries and

boundary conditions on mechanical property characterization. We determine that small

geometric irregularities typical of sorghum stems (e.g., from straight circular cylinders) do

not affect their mechanical response in an overall engineering strain sense. However, these

typical geometric irregularities do lead to nonuniform (localized) stresses and strains,

thereby influencing the quantification of certain properties during mechanical testing. We

also implement a viscoelastic constitutive model to describe the creep responses of the

individual constituents (rind and pith), as to predict the overall biomechanical response of

the stems. We find that even though the rind carries most of the load in the stem and itself

does not show a significant time-dependent response, an overall time-dependent response

of the stem still occurs, arising from viscoelastic effects in the pith.

© 2022 IAgrE. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cereal crops (e.g., sorghum, corn, rice, etc.) are susceptible to

lodgingwhen exposed to dynamic forces fromwind, rain, hail,

etc. Lodging is associated with excessive lateral displace-

ments (bending) of plant stems which disrupt their growth

and development, and can further lead to stem breaking (stem

lodging) and/or anchorage failure (root lodging). Dwarf
Muliana).
.02.009
r Ltd. All rights reserved
varieties were widely used during the Green Revolution era to

minimize lodging frommechanical forces, which significantly

improved cereal crop yields. However, with global climate

changes and an increase in crop yields, the dwarf varieties

have become less effective, and the frequency of lodging has

increased (Berry et al., 2004; Hirano et al., 2017; Niu et al.,

2016). In the past ten years, efforts in mitigating lodging in

rice, wheat, sorghum, and maize have shifted to the under-

standing of the biomechanics of stems with the intention to
.
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develop new lodging-resistant variants (Berry et al., 2004;

Hirano et al., 2017).

The biomechanical behavior of plants has been widely

investigated,mainly regarding their elastic properties, through

experimentation (Gomez, Carvalho, et al., 2018a; Gomez,

Muliana, & Rooney, 2018b; Robertson et al., 2017; Robertson

et al., 2015). However, testing of these plants presents chal-

lenges in terms of proper characterization relative to standard

engineering materials. As an example, in standard uniaxial

compression tests, a straight cylindrical specimen is often

used. However, plants grow with irregular shapes that deviate

from simple geometries (e.g., perfect straight cylindrical sec-

tions). To the best of our knowledge, no standardized tests

exist specifically for fresh (live) plant tissues, which are com-

plex composite systems and often of small size. A few stan-

dards have been reported for lumber and wood materials

(ASTM-D4761, Standard test methods for mechanical proper-

ties of lumber and wood-based structural material) but these

standards are not always applicable to soft plant tissues. The

lack of specific standards leads to difficulties in extracting

useful comparable information from different sources in

literature, particularly in tests on fresh plant stems, which

have large contents of water. In conducting tensile testing of

fresh stems, gripping presents challenges as slippage often

occurs in the grip area; these effects are less problematic in the

testing of dry hollow stems (Wright et al., 2005; Zeng et al.,

2015). During compression tests, misalignment between the

samples and fixtures (e.g., compression platens) will result in

nonuniform stress distributions and even buckling and/or

rotating of the samples due to geometric variation in both the

cross-sectional and longitudinal directions. Using self-aligning

compression platens can partially mitigate this issue (Al-Zube

et al., 2017), but challenges remain in properly determining the

material properties from the raw loadedisplacement test

outputs.

Most experimental studies have focused on determining

elastic properties and failure behaviors under bending, ten-

sion, and compression (Al-Zube et al., 2017; Gomez et al., 2017;

Kin & Shim, 2010; Lemloh et al., 2014; Robertson et al., 2015;

Wright et al., 2005). However, plant tissues (dry or wet) show

viscoelastic responses and exhibit microstructural reconfigu-

rations due to mechanical loadings. Thus, further experi-

mental investigation on creep/viscoelastic and permanent

deformation is of interest. To this end, researchers have used

a dead weight on living plants (in vivo) or plants submerged in

water (in vitro) to conduct creep tests, in which custom-built

extensometers equipped with linear displacement trans-

ducers can measure elastic, viscoelastic, and plastic de-

formations (Alm�eras et al., 2002; Edelmann & K€ohler, 1995;

Ulrich Kutschera& Briggs, 1987, 1988; U Kutschera& Schopfer,

1986; Robertson et al., 2017; Suslov&Verbelen, 2006). Recently,

Lee. et al. (Lee et al., 2020) have conducted uniaxial compres-

sion tests on fresh sorghum stems. They have found that

sweet sorghum stems exhibit significant time-dependent

mechanical responses, owing to both viscoelastic and poroe-

lastic behavior. These time-dependent responses have

important ramifications in stem lodging under dynamic forces

of various frequencies (e.g., due to wind).

As plant stems comprise hierarchical structures with

different microstructural morphologies and constituent
responses, geometric features, including cross-sectional

shapes and dimensions, can affect the stress distribution in

the stems and cause early failure in some regions (D. U. Shah,

T. P. Reynolds, & M. H. Ramage, 2017). Additionally, the me-

chanical properties of the individual pith and rind constitu-

ents together produce the overall mechanical responses of the

stem. Wirawan et al. (Wirawan et al., 2011) have shown that

the elastic and viscoelastic properties of sugarcane compos-

ites are correlated with the fiber content of pith and rind.

Robertson et al. (2017) and Stubbs et al. (Stubbs et al., 2018)

have shown that rind tissues are load-bearing components in

terms of longitudinal stresses produced by bending in thin-

walled plant stems. In another work, Al. Zube. et al. (Al-Zube

et al., 2017) have demonstrated that the contribution of the

pith tissue within maize stems affects the compressive

modulus of the stems; moreover, the presence of the pith

tissues prevents the stems from buckling and hence contrib-

utes to the overall strength of the stems (Zuber et al., 1980).

Likewise, understanding the influence of morpho-anatomical

and biomechanical properties of tissues and cell components

on the overall plant behaviors often relies on modeling and

simulation. Cisse et al. (Cisse et al., 2015) modeled the tensile

creep tests of hemp fibers using an anisotropic constitutive

model developed by (Boubakar et al., 2003) to capture the long-

term viscoelastic behavior. The model is based on rheological

models, e.g., generalized Kelvin-Voigt and Maxwell models.

They have revealed that single hemp fibers show significant

delayed and large permanent strain due to loading and

unloading, respectively, which originates from instantaneous

and time-dependent mechanisms. Recently, Song and Muli-

ana (Song & Muliana, 2019) proposed a constitutive material

model to capture the creep tensile behavior of plant stems,

considering microstructural changes in stems during loading.

They have incorporated the effects ofmicrostructural changes

of plant networks on overall macroscopic mechanical behav-

iors using amultiple natural configurationmethod, whichwas

formulated and successfully implemented to describe re-

sponses of soft materials (De Tommasi et al., 2006; Yuan et al.,

2020).

In this study, we investigate the biomechanical responses

of sorghum stems, particularly their viscoelastic responses.

There are currently no standardized testing methods for

characterizing the biomechanical properties of plant stems, as

pointed out by (Shah et al., 2017); instead, testing methods

commonly used for engineering materials have been adopted

for testing plant stems. Difficulties in testing plant stems arise

from variability and complexity of the geometrical shapes of

the stems, unlike in engineering materials where sample size

and shape can be readily controlled. To aid in addressing this

issue, herein we investigate the effects of geometrical char-

acteristics of plant stems, different material properties of the

constituents (pith and rind), and boundary conditions in the

experimental tests on the overall biomechanical behavior.

Specifically, we examine the sorghum [Sorghum bicolor (L.)]

Della genotype, as grown in a greenhouse. We conduct

experimental creep tests under uniaxial compression on sor-

ghum stems and pith, and tests under uniaxial tension on the

rind and pith.We then performfinite element (FE) simulations

of sorghum stems to better understand the influence of the

variabilities in geometries and boundary conditions on the
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stems’ mechanical response during experimental testing.

This “virtual testing” can aid in characterizing the properties

of plant stems and their constituents through mimicking real

experiments. As such, we first evaluate the influence of stem

cross-sectional and longitudinal nonuniformities on the

overall creep response. We then study the effects of different

creep responses of the individual constituents (rind and pith)

on the overall behavior of the stems.
2. Materials and methods

2.1. Plant material

One group of sorghum cultivar Della was selected for tensile

creep testing and another for compression creep testing. They

were planted in February and April 2019, respectively, in the

Borlaug Center greenhouse located at 30.6� N in College Sta-

tion, TX. Plants were grown in 19 L pots containing a fine

sandy loam soil amended with 14e14-14 slow-release fertil-

izer. The greenhouse temperature was 26e30 �C day/21e26 �C
night, and the photoperiod was 14 h day/10 h night, with

supplemental light provided by high-pressure sodium lamps.

Each group was harvested for mechanical testing at grain

maturity, approximately 13 weeks after planting.

2.2. Sample preparation

Plants were harvested for mechanical testing by cutting the

stems at the soil level. All sorghum samples were collected in

the morning before temperatures increased (8e10 AM), as to

minimize the amount of water lost through evapotranspira-

tion. All tests were performed within 6 h after cutting the

internode from the plant. Internode numbers were counted

based on the first elongated internode above the ground to the

last internode below the peduncle. For uniaxial tensile tests,

the pith and rind specimens were cut into thin plate samples;

while for the uniaxial compression tests the pith and the stem

were cut into cylindrical shapes. The information regarding

the type of testing, internode number, and sample sizes are

categorized in Table 1.

2.3. Creep testing on stems and their constituents

Uniaxial creep tests were conducted on the stems and their

constituents (pith and rind) using an Instron 5943 with a 1 kN

load cell for 1 h at ~50% of the strength as measured from

quasi-static ramp tests (at a loading rate of 1/min). All tests

were performed at room temperature, ~23 �C. A rigid test

platen was implemented for the compression tests (Lee et al.,
Table 1 e Testing type, internode number, and plant constitue

Type of Test Internode Number Plant C

Compression Creep (Lee et al., 2020) 9 & 10 P

S

Tensile Creep 3, 4, 5 & 6 P

R

2020). In this setup, some lateral deformations can also occur

at the top and bottom surfaces of the specimens, as they were

not fixed (i.e., glued) to the platen (See Fig. 1a-b). For the tensile

tests, blocks were used to hold the specimens, with di-

mensions based on the sample thickness, to provide fixed

boundary conditions and to avoid slippage issues at the grips

(See Fig. 1c-d). The samples were glued to the blocks using

Loctite Super Glue (Al-Zube et al., 2018). The axial stress was

calculated by dividing the measured force by the initial cross-

sectional area of the specimens. The compressive specimens

had a circular cross-section, while the tensile specimens had a

rectangular cross-section. Compressive tests were performed

on the entire stem and pith tissues, while tensile tests were

performed on its constituents (pith and rind tissues). The

strain was calculated by dividing the displacement of jaw

fixtures by the initial distance between the grips (blocks).

These quantities represent nominal “engineering” stress and

strain values of homogenized materials from ideal specimens

(perfectly straight and circular cross-section). As discussed

above, plant tissues are composites of complex geometries

that experience non-uniform stress and strain fields within

the specimens. Herein, we perform finite element simulations

to explore the influence of non-uniform stress and strain

fields, geometric and material variations, and testing bound-

ary conditions on the overall quantification of the creep re-

sponses during experiments.

2.4. 3D finite element (FE) modeling of the stems

To simulate creep responses of plant stems, a linear visco-

elastic material model for isotropic materials was considered

and implemented using a UMAT subroutine in ABAQUS FE

software. The isotropic material was adopted due to limited

available data since we only measured the uniaxial responses

in the experiments. If sufficient experimental data existed to

capture the anisotropic and nonlinear viscoelastic response of

the plant stems and their constituents (rind, pith), a nonlinear

viscoelastic model for anisotropic materials (e.g., Sawant and

Muliana (Sawant & Muliana, 2008), Song and Muliana (Song &

Muliana, 2019)) could be used. To examine the implications of

isotropic and anisotropic mechanical properties of stem tis-

sues on the overall uniaxial and bending responses of plant

stems, we performed simulations as discussed in Appendix A.

It is seen that the effect of transversely isotropic properties on

the uniaxial response relevant for the experimental test con-

ducted is negligible. It is also seen that the transversely

isotropic tissue properties have a negligible effect on the

bending responses. The results are expected since under

uniaxial loading and bending the deformations are mostly

governed by the material responses along the longitudinal
nt anatomical properties.

onstituent Dimensions (mm)

Diameter Length Thickness Width

ith 10.5e10.7 13.2e14.5 e e

tem 11.6e12.1 18.5e18.7 e e

ith e 73.4e107 1.37e2.77 2.81e6.36

ind e 70.5e81.5 0.19e0.66 2.84e4.49
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Fig. 1 e Experimental set-up for (a) creep compression loading of a section of a stem, (b) creep compression loading of a

section of pith, (c) tensile creep loading of a section of pith, and (d) tensile creep loading of a section of rind.

Table 2 e Instantaneous moduli and time-dependent
parameters of sorghum stem under creep compression
loading (E1to E5 are time-dependent parameters to be
used in a viscoelastic material model).

i ti(s) Ei (MPa)

0 e 54.0

1 5 582.8

2 50 317.8

3 500 569.3

4 5000 638.0

5 50,000 141.9
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(axial) axis of the specimens. The linear viscoelastic model is

expressed in terms of the deviatoric and volumetric strain

components:

εijðtÞ¼ 1
2

Z t

0�

Jðt� sÞ dSijðsÞ
ds

dsþ 1
3
dij

Z t

0�

Bðt� sÞdskkðsÞ
ds

ds (1)

where SijðtÞ ¼ sijðtÞ � 1
3dijskkðtÞ is the deviatoric stress compo-

nent, skkðtÞ is the volumetric stress component, and dij is the

Kronecker delta. The shear and bulk creep compliances are

given as JðtÞ ¼ 2ð1þnoÞDðtÞ and BðtÞ ¼ 3ð1 � 2noÞDðtÞ, respec-
tively, where no is a Poisson's ratio, which is assumed con-

stant, and DðtÞ is the extensional creep compliance, given as:

DðtÞ¼
 

1
E0

þ
XN
i¼1

1
Ei

�
1� e

�t
ti

�!
(2)

where Eo is the instantaneous elastic modulus, N is the

number of Prony terms, and Ei and tiare the time-dependent

parameters to be used in the viscoelastic material model

and the relaxation time, respectively, for each Prony term. The

reason for using the Prony series for thememory kernel is due

to its numerical advantage, in which the integral in Eq. (1) can

be solved recursively, thereby reducing the computational

cost. The disadvantage of using thememory kernel in Eq. (2) is

due to its large number of material parameters required to

capture the creep response. In addition, in the Prony series

there is no uniqueness in the material parameters, where it is

possible to have different combinations of characteristic

times and weighting factors to fit the creep data. In this study,

we started by picking the characteristic times in Table 2 and

then calibrated the parameters Ei by fitting the creep data. It is

possible to pick slightly different characteristic times, as long
as they are within the range of experimental data, and reca-

librate the parameters Ei.

The stems were first simulated as perfect cylinders to

extract the overall stressestrain responses, treating them as a

homogenized body. For compression loading, two types of

boundary conditions were chosen for the models while we

applied pressure to the top surface: (1) free lateral sliding at the

top and bottom surfaces and (2) fixed conditions at the top and

bottom surfaces. For tensile testing, we considered fixed con-

ditions at both ends. For the compression and tension simu-

lations, the model was meshed using three-dimensional 8-

node hexahedral linear brick (solid) elements. We also per-

formed four-point bending simulations inwhich themodelwas

meshed using three-dimensional 20-node hexahedral

quadratic brick (solid) elements. Generally speaking, the stem

specimens are not perfect cylinders, so simulations were per-

formed to investigate the influence of the actual stem geome-

tries, as measured from real plants through optical images, on

the mechanical response. Simulations were also conducted to

study how the properties of the individual rind and pith

https://doi.org/10.1016/j.biosystemseng.2022.02.009
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constituents contribute to the overallmechanical response, i.e.,

as compared to treating the stem as a homogeneous body.

2.5. Data analysis

Experimental data were extracted using the Instron software

(Bluehill® Universal 4.01) and processed in Microsoft Excel

thereafter. Material properties were calibrated using the curve

fitting tool in Matlab® software and then imported in ABA-

QUS/CAE 2018. To calculate the ‘elastic moduli’ of the speci-

mens, the initial slopes under tensile and compression tests

were calculated from 0 to 0.5% (linear range) after imple-

menting a toe correction method (Lee et al., 2020).
3. Results

In Sections 3.1e3.4, we explore the effect of geometric char-

acteristics and boundary conditions on the measured creep

responses of sorghum stems. For this purpose, we considered

creep responses from compression testing of stems. In Sec-

tions 3.5e3.7, we elucidate the influence of different re-

sponses of pith and rind on the overall creep responses of

stems under compression, tension, and bending.

3.1. Mesh size convergence study from creep
compression of a perfect cylinder

Amesh size studywas carried out for a simple perfect cylinder

(11.92mm in diameter and 18.67mm in height) to evaluate the

stability of the finite element method. We considered fixed

boundary conditions at the top and bottom surfaces for the

stem while applying a 1.9 MPa pressure load on the top sur-

face. Based on Fig. 2, it can be seen that the von Mises stress

converges (plateaus) above ~3000 elements. Specifically, using

3382 elementswith an average element edge length of 1mm is

an optimal mesh size.
Fig. 2 e Results from a mesh-size convergence study from

creep compression simulations of a perfect cylinder. The

von Mises stress reported is at the center of the bottom

surface of the stem. The stress converges (plateaus) above

~3000 elements.
3.2. Calibration of material parameters from creep
compression testing of stems

The experimental data we used for calibrating material pa-

rameters from the compression creep responses represent the

average response from three experimental creep tests of sor-

ghum stems from our previous study (Lee et al., 2020). The

elastic ‘instantaneous moduli’ of the specimens was calcu-

lated using the initial slopes under compression tests from

0 to 0.5% strain (linear range). Since we only extract the axial

response in the experiments, we do not measure Poisson's
ratio. As such, we use a typical value of 0.25 for the Poisson's
ratio in the simulations (Stubbs et al., 2018). The time-

dependent parameters for the stem were calibrated from

experimental data (see Table 2). An applied stress of 1.9 MPa,

which was used in the experiment, was prescribed to the

model. Figure 3 shows the creep response from the experi-

mental data and model from the material calibration. In

conducting the calibration from the uniaxial compression

data, the sorghum stem was treated as a homogenized body.

The stemwas first modeled as a perfect cylinder, 11.92mm

in diameter and 18.67 mm in height. In our finite element

analysis, we consider two boundary conditions that represent

the limits of investigating lateral deformation effects between

the compression platen and the sample. One boundary con-

dition represents free sliding in the lateral direction, and the

other boundary condition represents no sliding (full

constraint) in the lateral direction. For modeling the free

sliding condition, the top and bottom surfaces of the sample

are constrained to uniformly move in the axial direction and

are allowed to expand or contract in the lateral direction. In

this condition, the axial displacement field is uniform. The

overall “engineering strain” determined from the simulations

with the two boundary conditions are nearly identical, and

they are comparable to experimental results (Fig. 3). For the

fully constrained boundary conditions where we allow the

sample to undergo bulging, strain localization occurs in the

specimen, and hence the displacement field varies through

the sample (see Fig. 4). These variations in strain fields

through the specimen can influence material parameter cali-

brations, as the overall “engineering strain” measure does not

necessarily represent the local strain field in the experiment.

During our actual experiments, the boundary condition on the

top and bottom surfaces of the specimen is somewhere be-

tween the free sliding and fully constrained limits.

3.3. Effects of non-circular cross-sections on compressive
creep response of stems

In this section, we investigate the effects of typical cross-

sectional variations found among plants on extracting the

overall engineering stressestrain behavior from experiments.

Generally speaking, the stem dimensions and hence the dis-

tribution of the cross-section (shape) through the height of the

sample might affect the overall response. Since we obtained

an optical image from the top of the plant, for simplification,

we focus on the top surface of the sample and assume that the

cross-section maintains its shape through the height of the

sample. The total number of elements in the analysis was

3116. As before, we considered two different boundary

https://doi.org/10.1016/j.biosystemseng.2022.02.009
https://doi.org/10.1016/j.biosystemseng.2022.02.009


Fig. 3 e Modelling a perfect cylinder under creep compression loading of 1.9 MPa while considering free sliding and fixed

boundary conditions.

Fig. 4 e Axial strain contour plot for a simple cylinder model under creep compression at t ¼ 1000 s for (a) free sliding

boundary condition and (b) fixed boundary condition.
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conditions: one of free sliding at the sample/platen interfaces,

as to allow free lateral deformation, and the other of con-

straining the lateral displacement of the sample at the sam-

ple/platen interface. The result for free sliding at the platen

interface is shown in Fig. 5. Based on Fig. 5, we can see there is

no change in the overall engineering strain output compared

to the one from the simple cylinder model, which indicates

that the cross-sectional variation does not significantly affect

the overall axial deformation of the stem. For the fixed

boundary conditions at the top/bottom surfaces, a spatial

variation occurs in the displacement field; strain localization

changes the strain response by 17% at the bottom of the
sample and 49% at the top of the sample, as compared to the

simple straight cylinder (percent difference) (Fig. 6).

3.4. Effect of non-straight specimens on the creep
compression response

In this section, we use FE analysis to study the effect of sam-

ples that are not perfectly straight (along their long axis),

which is common in plant stems, on extracting the overall

engineering stressestrain behavior from mechanical testing.

In reconstructing a real specimen, around 3 degrees of

misalignment between the plant and the normal to the top/

https://doi.org/10.1016/j.biosystemseng.2022.02.009
https://doi.org/10.1016/j.biosystemseng.2022.02.009


Fig. 5 e Overall response during creep compression with free-sliding boundary conditions of a “real” cylinder with a non-

circular cross-section.

Fig. 6 e Axial strain contour plot of a “real” cylinder with non-circular cross-section under creep compression loading at

time t ¼ 1000 s for (a) free sliding boundary condition and (b) fixed boundary condition.
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bottom surfaces was found to be typical in real plants (Fig. 7).

The total number of elements in the analysis was 8175. Again,

we considered the two boundary conditions as previously

described. The strain field is seen in Fig. 7 for both the free

sliding boundary condition (Fig. 7a) and the fixed boundary

condition (Fig. 7b) for the realistic geometry. Strain localiza-

tion occurs within the sample where the axial strain varies

between 29% and 32% (relative percent difference) for the free

sliding boundary condition and varies between 35% and 51%

(relative percent difference) for the fixed boundary condition,

as compared to the simple straight cylinder. The strain

localization is due to the misalignment of the stem leading to

bending and thus localized regions of tension and compres-

sion, even though the overall “engineering strain” through the

dimension of the sample was found to be equivalent to the

experimental data we have collected. Figure 8a shows the

strain output at specific locations of the stem as indicated in
Fig. 7 for the free sliding boundary condition, which indicates

strain localization in certain regions. Likewise, Fig. 8b shows

strain localization at corresponding locations of the stem for

the fully constrained boundary condition. The strain measure

determined from the experiments is based on the overall

displacement (d/L, the “engineering strain”), while strains are

field variables that can vary throughout the specimens. A

large variation in strain response of Node A, B, and C can be

also seen between the free sliding and fixed boundary condi-

tions: 33%, 5.3%, and 6.3% (relative percent difference),

respectively.

3.5. Effects of different properties of the constituents
(rind and pith) on compression creep tests

We next studied the influence of different properties of the

individual constituents (rind and pith) on the overall creep

https://doi.org/10.1016/j.biosystemseng.2022.02.009
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Fig. 7 e Axial strain contour plot of a “real” stem with an axial misalignment through the height (non-straight) under creep

compression loading for a) free sliding and b) fixed boundary conditions at time t ¼ 1000 s.
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compression of stems. Experimental tests were conducted on

the pith tissue under creep compression. However, the rind is

relatively thin, which made it impossible to do compression

tests without inducing buckling. Comparing the pith and stem

compressive responses (Lee et al., 2020), it is seen that the

stems are much stiffer and stronger than the pith. We thus

conclude that the stiffness and strength of the stems are largely

due to the stiffer and stronger rind. Since the rind is quite stiff

and does not exhibit significant creep compared to the pith

(shown in the next section), we modeled the rind as linear

elastic. For the pith, we calibrated time-dependent properties

from creep compression tests (Table 3). The pith specimens

were obtained from the same internodes as the stem speci-

mens. Using FE simulations to match the instantaneous strain

for the overall displacement (d/L) and the experiment, the

elastic modulus of the rind was calibrated as approximately

325 MPa. Figure 9a shows the strain field within the stem with

an elastic rind and a viscoelastic pith with a fixed boundary

condition at the bottom surface. To mimic the compression

experiment, a pressure is applied at the top surface of the rigid

platen which is in contact with the sample (See Fig. 9b). The

contact between the platen and the sample was defined as a

surface to surface contact interaction with a finite-sliding

formulation and a hard penalty pressureeoverclosure rela-

tionship considering tangential friction with a coefficient of

friction of 0.2. The total number of elements for the stem in the

analysis was 6840. Figure 10 shows the variation of strain

locally within the stem. The creep response of the pith con-

stituent is also included for comparison. These results indicate

that the overall engineering strain obtained from the simula-

tion (d/L) can capture the experimental creep responses.

3.6. Simulating tension responses

We now analyze the influence of tension responses of the

individual constituents (rind and pith) on the overall tension

behavior of the stem. The pith and rind properties were cali-

brated and shown in Tables 4 and 5, respectively. The
internode length and diameter weremeasured as 102mm and

11.9 mm, respectively, and the thickness of the rind was

measured as 0.62 mm. As mentioned in previous studies dis-

tinguishing between the rind and pith is somewhat chal-

lenging, as the boundaries are not distinct (Stubbs et al., 2019).

Herein we identified the boundaries using optical images of

the stem cross-section simply by considering rind as dark

green tissue and pith as a light green region through the RGB

color analyzer (using a threshold for light green and dark

green), as to estimate the thickness of the rind. The elastic

moduli for the pith and rind were calibrated as 20 MPa and

580 MPa, respectively. The creep stress levels (defined as the

stress at 50% of the strength) for pith and rind were 0.8 MPa

and 18.5 MPa, respectively. The stem was assumed to be fixed

at both ends while we apply external tensile loading at the top

surface. In the simulations, we use external stress of 1.1 MPa

to ensure that the produced stress in the pith constituent is

smaller than the strength of the pith (1.6 MPa). Three different

geometries were modeled. Figure 11ae11c shows the strain

contours in a straight cylinder with a non-circular cross-sec-

tion (A), a non-circular cylinder with a single curvature

through the height (B), and a non-circular cylinder with two

curvatures through the height (C). The total number of ele-

ments for the non-circular straight cylinder, non-circular

cylinder with a single curvature, and non-circular cylinder

with two curvatures was 21,012, 13,940, and 11,135, respec-

tively. For the straight non-circular cross-section, the strain

contour is uniform; however, for the other two cases, the

strain varies through the height due to the non-uniform ge-

ometry. Figure 12 shows the overall response of the stems due

to external loading. As seen in Fig. 12, the “engineering strains

(d/L)” for all cases (corresponding to models (A)e(C) in Fig. 11)

are similar; however, there is a larger variation in the local

axial strain responses among the specimens, which as an

example is shown by the strains at the center location on the

free lateral surface of the stem. These slight variations in the

tensile responses from the geometries of the stems can in-

fluence the material parameter characterizations.
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Fig. 8 e Overall response during creep compression of a “real” stem with axial misalignment through the height (non-

straight) with a) free-sliding boundary conditions, b) fixed boundary conditions.
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3.7. Simulating bending responses

As previously mentioned, a prominent failure mode in plant

lodging is associatedwith bending of the stems (see Fig. 13).We

thus analyze the creep bending response of a sorghum stem
Table 3 e Instantaneous moduli and time-dependent
parameters of sorghum pith under creep compression
(E1to E5 are time-dependent parameters to be used in a
viscoelastic material model).

i ti(s) Ei (MPa)

0 e 20.0

1 5 95.4

2 50 53.2

3 500 141.4

4 5000 499.5

5 50,000 2.2
during a 4-point bending test by incorporating tension and

compression properties we calibrated from the previous sec-

tions. In other words, for the region under compression (top),

we assigned viscoelastic and elastic properties to the pith and

rind, respectively; however, for the region under tension (bot-

tom),we used viscoelastic properties for both pith and rind (See

Fig. 13b, d, f). As in the previous section we consider three

different geometries: a non-circular straight cylinder (Fig. 13a),

a non-circular cylinder with a slight curve through the height

(Fig. 13c), and a non-circular cylinder with two slight curves

through the height (Fig. 13e). These figures show the longitu-

dinal strain contour through the stem. The applied force is

calibrated through FE analysis in such a way that the corre-

sponding stress in the rind in the tension region correlates with

the same stress level as the rind in the uniaxial tensile testing

we have discussed before. Figure 14 also shows the longitudinal

strain response of the stem due to creep bending at two

different regions (Nodes A-F) for three different geometries

https://doi.org/10.1016/j.biosystemseng.2022.02.009
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Fig. 9 e (a) Loading condition for the stem during

compression creep (b) Axial strain contour plot of a stem

undergoing compression creep loading, assuming the pith

as viscoelastic material and the rind as a linear elastic

material with a modulus of 325 MPa and fixed boundary

conditions at time t ¼ 1000 s.

Fig. 10 e Overall response of a stem under creep compression lo

and rind as a linear elastic material with a modulus of 325 MPa

Table 4 e Instantaneous moduli and time-dependent
parameters of sorghum pith under creep tensile loading
(E1to E5 are time-dependent parameters to be used in a
viscoelastic material model).

i ti(s) Ei (MPa)

0 e 20.0

1 5 16.02

2 50 30.3

3 500 66.28

4 5000 29.73

5 50,000 4.602
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(non-circular straight cylinder, non-circular cylinder with a

slight curve, and non-circular cylinder with two slight curves).

We can see that at nodes C and E (compression locations), the

longitudinal strain variation is 38% for the stem with a slight

curve and 100% for the stem with two slight curves, as

compared to straight stem (node A) (percent difference). This

difference for nodes D and F (tension regions) is 39% for the

stemwith a slight curve and 9.4% a stemwith two slight curves,

as compared to the straight stem (node B).
4. Discussion

In this study, we investigated the effects of boundary condi-

tions and geometric variations on the overall creep behavior

of the sorghum stems to examine the influence of these var-

iables on the experimental data, which were used to calibrate

material parameters. In terms of geometric variations typi-

cally found in sorghum stems, we can conclude that cross-

sectional variations and curvatures along the longitudinal

axis (whether they are straight or not) do not change the

overall engineering compressive and tensile strain. However,

these geometric variations result in large local differences in

stresses and strains. For instance, in a sorghum stem mis-

aligned through the height (non-straight), bending will occur

when applying uniaxial compression loading. For compres-

sion loading, deviations in strains from straight cylinders are

higher while using a free sliding boundary condition which is
ading of 1.9 MPa, assuming the pith as viscoelastic material

with fixed boundary conditions.

https://doi.org/10.1016/j.biosystemseng.2022.02.009
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Table 5 e Instantaneous moduli and time-dependent
parameters of sorghum rind under creep tensile loading
(E1to E5 are time-dependent parameters to be used in a
viscoelastic material model).

i ti(s) Ei (MPa)

0 e 580

1 5 606

2 50 751

3 500 1118

4 5000 625

5 50,000 1062

b i o s y s t em s e n g i n e e r i n g 2 1 7 ( 2 0 2 2 ) 1e1 7 11
up to 23% and 21% (percent difference) in compression and

tension regions, as compared to the straight sample. In terms

of tensile responses, a slight curve (by 3� with respect to the

longitudinal axis) changes the strain response up to 21% in the

middle surface, and two slight curves through the height of

the sample can change the response up to 11% (percent dif-

ferences). Similarly, in bending, a slight curve through the

height changes the strain response in the middle cross-

section up to 39% in tension regions and 38% in compression

regions. Having two slight curves through the height changes

the strain response up to 9.4% in tension regions and 100% in

compression regions (percent differences). This localized

strain is important for predicting failure of the stem. From

these simulations, we can conclude that using the ‘engineer-

ing stressestrain’ measures under tension and compression
Fig. 11 e Axial strain contour plot of a stem undergoing tensile

materials with fixed boundary conditions at time t ¼ 1000 s for

with a curve through the height, and c) a non-circular cylinder
tests can only give us ‘average’ mechanical properties of the

stems. The localized stress/strain that occurs in the speci-

mens can potentially lead to localized failures at local

stresses/strains that are much larger than those detected (i.e.,

measured) from the average mechanical responses of the

stems. Under bending, the localized strain (and stress) re-

sponses are sensitive to the geometrical parameters of the

stems, which can significantly affect the calibrated material

parameters. Thus, we conclude that to properly extract the

material parameters from the standard mechanical testing

procedures, i.e., compression, tension, and bending, it is

necessary to model the geometry of the samples properly.

More precise representations of the geometry can be obtained

from optical image of the tested specimens, as implemented

in this study.

In terms of boundary conditions, we observed that for a

non-circular straight cross-section, the free sliding boundary

condition does not affect the strain response but the fixed

boundary condition does affect the local strain response, as

compared to a circular cross-section. For non-straight sam-

ples, both boundary conditions influence the local strain

response. In all cases, the “engineering strain” that we mea-

sure in the experimentmatches the overall longitudinal strain

in the simulations (d/L). However, strain is a field variable, and

hence there are local variations in the strain that vary

depending on the boundary conditions. For a non-straight

stem, the free sliding boundary condition could change the
creep loading, assuming the pith and rind as viscoelastic

a) perfect non-circular cylinder, b) a non-circular cylinder

with two curves through the height.
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Fig. 12 e Overall response of the stem under creep tensile loading of 1.1 MPa for cases a-c (from Fig. 9).
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compressive responses up to 0.2% at the top surface while this

difference is up to 33% for the fixed boundary condition

compared to straight stem. While in the actual experiments,

the boundary condition on the top and bottom surfaces of the

specimen is somewhere between the free sliding and fully

constrained limits, it is very challenging (if not impossible) to

determine the exact “correct” boundary condition in the
Fig. 13 e Longitudinal (axial) strain contour of the stem under c

straight cylinder, b) cross-section for non-circular straight cylin

height, d) cross-section for non-circular cylinder with a slight cu

height, and f) cross-section for non-circular cylinder with two c
experiment. This issue might have consequences in deter-

mining the overall mechanical properties of the stems.

We also studied the overall tensile, compressive, and

bending response of the stem, considering the pith and rind

properties individually.Basedonthecompressiveresponses,we

found that although the rind supports the majority of the load

and does not creep significantly itself, the pith does, and hence,
reep bending loading at t ¼ 1000 s: a) perfect non-circular

der, c) non-circular cylinder with a slight curve through the

rve, e) a non-circular cylinder with two curves through the

urves through the height.
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Fig. 14 e Overall response of the stem under creep bending loading at nodes A through F.
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weget overall creep in the stem. Even though the applied load is

constant, the resulting stress in thepithandrindevolves in time

due to the creep of the pith and to maintain the equilibrium

condition. Therefore, assuming the rind as an elastic compo-

nent seems to be a reasonable approximation (recall that

compression experiments on the rind are cumbersome or

impossible). The bending results indicate that by incorporating

tensile and compressive creep properties for the corresponding

rind and pith constituents, an overall creep response for the

stemcanbepredicted, inwhichthepredicted longitudinalstrain

as a function of position could be used to predict stem lodging.
5. Limitations

As we are testing fresh samples, there is a possibility of water

loss during the specimen preparation prior to testing. To

minimize water loss, we ensured that all samples were tested

within 6 h from cutting them from the plants. However, it is

possible that some water loss did occur in this 6-h window.

Future studies should include weighing the specimens

immediately after cutting them from the plants and imme-

diately prior to each mechanical test.

The creep testswere performed for 1 h, which is a relatively

short term. This short-term test was performed since we

tested fresh samples, and longer-term creep tests (e.g., days)

may cause water loss from evaporation. Future studies may

consider long-term creep tests of fresh stems, which is also

important in accounting for other physical process such as

water migration during testing.
6. Conclusions

In this study, we conducted experimental creep tests on sor-

ghum stems, piths, and rinds. We also investigated the

biomechanical response of sorghum stem through finite

element analysis to analyze the effects of geometric irregular-

ities in plants (deviations in cross-sectional and longitudinal

shape from perfect circular cylinders), as well as any potential

artifacts associated with boundary conditions during me-

chanical testing. Through finite element simulations, we show
that the typical differences found in cross-sectional shapes of

stems and curvatures through the stem height (e.g., a 3-degree

deviation fromstraight cylinders) have a negligible influence on

the average tension and compression responses of the stem

during mechanical testing. However, finite element analysis

indicated that these variations do alter the local strain at spe-

cific key locations relative to a perfect circular cylinder (up to

33% and 23% for fixed and free sliding boundary conditions,

respectively). Failuremay occur prematurely during testing due

to these effects, as stresses will develop that readily exceed the

strength of the plant locally prior to what is measured globally.

We also determined that although the rind supports the ma-

jority of the load and does not creep significantly itself, the pith

does, and hence we get overall creep in the stem. Overall, even

though geometrical irregularities in sorghum stems present

challenges, mechanical testing is still useful in extracting

overall (average) mechanical responses of the stems under

compression, tension, and bending. Finite elementmodelswith

realistic stem geometries can improve the fidelity in extracting

mechanical properties in these tests. In the future, full-field

measurement testing and/or localized testing, e.g., indenta-

tion, may prove useful in providing more accurate measure-

ments of the biomechanical properties of stems. The full-field

measurement and/or localized testing will require the corre-

sponding testing simulation (digital twin or virtual testing

approach) to properly extract material properties.
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Appendix A

This Appendix discusses simulation results for investigating

the influence of material anisotropy on uniaxial loading and

bending of plant stems, following typical experimental tests.

The stems are modeled as a composite material having rind

(outer layer) and pith (inner core) tissues. For each uniaxial

compression and bending case, three material behaviors were

considered. The first two cases (Case (a) and Case (b)) consider

both pith and rind as transversely isotropic materials. As we

pointed out that we were limited in obtaining multi-axial ma-

terial properties for the sorghum stems, we referred to (Bozorg

et al., 2014) and (Kaplan et al., 2019) in determining the trans-

versely isotropic properties of the tissues. Kaplan et al. (2019)

discussed that for the studied Arabidopsis cell walls, the trans-

versemodulus is stiffer than the axialmodulus (315± 46 kPa for

axial walls compared to 488 ± 104 kPa for transverse walls),

while Bozorg et al. (2014) in their simulation of plant cell wall

used the transverse modulus to be half of the axial modulus

(12 GPa for the axial modulus and 6 GPa for the transverse

modulus). In our simulations we considered the transverse

modulus to be twice of the axial modulus for Case (a), while for

Case (b) we considered the transverse modulus to be half of the

axial modulus. The material properties used for the pith and
Fig. A1 e Uniaxial force-displacement f

Table A.1 e Material properties of pith and rind for isotropic a

Property Component Elastic Modulus
(Axial) (MPa)

Elastic
(Transve

Isotropic Rind 325 e

Pith 20 e

Anisotropic (case a) Rind 325 6

Pith 20 4

Anisotropic (case b) Rind 325 1

Pith 20 1
rind for all cases are given in Table A.1. The third case (Case (c))

considers both pith and rind as linear elastic isotropic mate-

rials, with properties are given in Table A.1. In this simulation,

we only consider linear elastic behaviors due to a lack of studies

regarding multi-axial viscoelastic properties of the tissues.

We first simulated uniaxial compression loading to mimic

the compression experiment. Figure A.1 shows the axial force-

displacement from the three cases, which indicated that

considering an anisotropic material model for both rind and

pith does not significantly alter the overall force-displacement

responses of the stems. From the axial force-displacement

responses, the axial stress and strain are constructed to

determine the axial properties of the stem. The corresponding

contour plots for the axial displacement, axial stress, and axial

strain for the three cases are given in Figure A.2. From this

simulation, we can conclude that when the transverse

modulus is stiffer than the axial modulus, the responses are

similar to the ones of the isotropic material. In Case (b), the

soft lateral modulus leads to more pronounced bulging.

We then modeled 4-point bending. Figure A.3 shows the

lateral force-displacement from three cases, which indicated

that considering an anisotropic material model for pith and

rind does not significantly change the overall behavior of the

stem. Figure A.4 also shows the contour plot for the axial

displacement, axial stress, and axial strain. Based on this

simulation we can see that when the transverse modulus is

either softer or stiffer than the axial modulus, the overall re-

sponses are comparable to the isotropic material.
rom the compression simulations.

nd anisotropic cases

Modulus
rse) (MPa)

Shear Modulus
(Axial) (MPa)

Shear Modulus
(Axial) (MPa)

Poisson's
Ratio

e e 0.25

e e 0.25

50 130 260 0.25

0 8 16 0.25

62.5 130 65 0.25

0 8 16 0.25
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Fig. A.2 e Contour plots of axial displacement (in mm), axial stress (in MPa), and axial strain from the three cases.

Fig. A3 e Lateral force-displacement from 4-point bending simulations.
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Fig. A.4 e Contour plots of lateral displacement (in mm),

axial stress (in MPa), and axial strain from the three cases.
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