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Abstract: Stalk lodging contributes to significant crop yield losses. Therefore, understanding the
biomechanical strength and structural rigidity of grain stalks can contribute to improving stalk lodg-
ing resistance in crops. From the structural constituents of the stalk, the rind provides the principal
structure, supporting cells against tension and bending loads. In this work, the biomechanical and
viscoelastic behavior of the rind from the internodes of two sweet sorghum varieties (Della and
REDforGREEN (RG)), grown in two different growing seasons, were evaluated by three-point micro-
bending tests using a dynamic mechanical analyzer (DMA). In addition, the chemical composition
of rinds and the microfibril angle (MFA) of the cell wall were determined using XRD. The results
revealed that the biomechanical behavior of Della varieties was stiffer and more resistant to loads
than that of RG varieties. Two features of the rind biomechanical properties, flexural modulus (FM)
and flexural strength (FS), showed a significant reduction for RG. Particularly, a reduction in FS of
16–37% and in FM of 22–41% were detected for RG1. Changes in the stalks’ rind biomechanical
properties were attributed to cell wall components. Total lignin and glucan/cellulose contents were
positively correlated with the FM and FS of the rind. Subsequently, an increase in the two cell wall
components drove an increase in stiffness. Furthermore, the MFA of the rind was also found to
influence the rind strength.

Keywords: biomechanical properties; dynamic mechanical analysis; three-point bending; compositional
analysis; viscoelastic properties; microfibril angle

1. Introduction

Crops are widely grown across the globe, mainly for food, and crop yield can be
reduced significantly by lodging. Lodging is defined as an irreversible structural failure of
the stem both at the microstructure and at the macrostructure level before harvesting [1].
Lodging induces the dislocation of stalks from their vertical position, subsequently leading
to a breakage of the stalk on the ground [2]. Lodging limits grain yield in cereal crops
such as sorghum, maize, rice, and wheat [3]. Particularly in high-yielding cereal crops,
lodging may result in global annual yield reductions of 2–30% [4], depending on the
stage of growth. The biomechanical properties of stalks are important in determining
their strength, which in turn impacts resistance against lodging. Therefore, enhancing
the biomechanical strength of the stem is essential for lodging resistance and increasing
annual yield. Despite its enormous economic impact on commercial crops, the stem lodging
mechanism is not clearly understood. Previous studies used methods such as bending
tests, histochemical methods, rind penetrometers, and crushing strength measurements to
understand stem biomechanical behavior [5]. However, these approaches are inadequate to
fully understand the buckling of stem structures, as the chemical composition of the stalks
are not considered. Thus, approaches involving chemical analysis together with an analysis

Crops 2024, 4, 3–26. https://doi.org/10.3390/crops4010002 https://www.mdpi.com/journal/crops

https://doi.org/10.3390/crops4010002
https://doi.org/10.3390/crops4010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crops
https://www.mdpi.com
https://orcid.org/0000-0001-5877-4082
https://doi.org/10.3390/crops4010002
https://www.mdpi.com/journal/crops
https://www.mdpi.com/article/10.3390/crops4010002?type=check_update&version=1


Crops 2024, 4 4

of the biomechanical behavior of the crops will improve our understanding in order to
develop lodging-resistant varieties, enhancing agricultural productivity and narrowing the
knowledge gap in stalk lodging mechanisms.

The degree of lodging depends on many plant characteristics and other environmental
aspects. Plant characteristics regulate their height and architecture and thus contribute to
lodging resistance [4]. Plants have adapted unique stem anatomical, morphological, and
hierarchical architectures to maintain structural integrity when subjected to loads [6,7]. The
anatomical (e.g., vascular bundles, parenchyma and sclerenchyma cells), morphological
(e.g., plant height, internode length, stem diameter, rind thickness), biochemical (e.g.,
structural and nonstructural polymer composition), and genetic traits of the stalk contribute
to lodging susceptibility [8–10]. The anatomical features of stems such as sclerenchyma
tissue can impact lodging resistance. Cultivars with thicker sclerenchyma tissue with high
a content of cellulose and lignin scored lower lodging rates than cultivars with thin-layered
mechanical tissues [11]. The biochemical traits of stems, such as lignin, cellulose, and
hemicellulose, play a major role in biomechanical strength and rigidity. Lignin is a dominant
structural component of secondary cell walls and middle lamella that provides strength
to plants and to the rigidity of basal stems [12,13]. Higher lignin and cellulose contents in
crop stems result in the higher rigidity of the culm [14], enhanced lodging resistance, and
enhanced stem strength [15]. Cellulose contributes to the tensile strength of cells and stems,
while lignin provides stiffness. In addition, nutrients like silicon play a vital role for the
growth and development of cell walls and are associated with improving the biomechanics
of plants and resistance to lodging, drought, UV radiation, and pathogens [16].

Sorghum stalks fail structurally because of their weak biomechanical properties [17].
The biomechanical properties of sorghum internodes were found to exhibit significantly
lower flexural modulus (FM), flexural strength (FS), and flexural rigidity than the nodes.
Moreover, nodes of sorghum were two- to three-fold stronger, stiffer, and more rigid than
the internodes, and were less liable to the structural failure of the stalk [18]. Plant cell walls
are microfibril-based nanocomposites with a distinct polymer matrix arrangement and
structure. The higher-order organization of cellulose microfibrils into bundles and discrete
lamellae results in different rheological and biomechanical properties [19]. Therefore, an
investigation of stalk failure, beyond simply determining the elastic modulus and ultimate
strength [17], needs to be correlated with the structural compositions of the cell wall for a
better understanding of sorghum biomechanical and lodging behavior.

Stems provide physical support to the leaves and grain and aid the transport of
water and nutrients in crops [20]. Sorghum stems have sclerenchyma (epidermis and rind
with many sub-epidermal cell layers) as well as parenchyma tissue (pith, consisting of
vascular bundles and soft tissues) [17]. Because parenchyma cells can absorb the effects
of environmental forces such as light, wind, and rain without mechanical damage, stem
standability increases with parenchyma layer thickness [12]. Although pith parenchyma
cells play a vital role in stabilizing the stem and reducing the risk of local buckling and
collapse, up to 80% of the mechanical strength of a stalk comes from the rind [10,21].
Thus, the mechanical strength of stalks primarily depends on the rind of the internode.
The rind is a dense and fibrous tissue with higher mechanical strength, providing the
principal structure supporting cells against tension and bending loads [14]. Studies based
on the dissection of stalk strength into its constituent features showed that the structural
composition of the rind, not the pith or total girth, appears to be the most important stalk
strength determining component [22]. Cell wall chemical composition studies on corn stalk
showed that the rind had higher lignin and cellulose content than other components [22].
Therefore, it is necessary to evaluate the biomechanical and viscoelastic nature of sorghum
rinds to reveal the macromolecular and lodging variation of stems.

Plant cell wall layers are considered a nanofiber-reinforced composite material consist-
ing of helically wound crystalline cellulose microfibrils embedded in a matrix of amorphous
cellulose, hemicelluloses, and lignin [23]. Dynamic mechanical analysis (DMA) can be used
to examine composite properties and the response of individual cell wall components in
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situ and enlightens the individual cell wall polymers’ contributions as well as their interac-
tions [24]. DMA has been applied to investigate the viscoelastic and mechanical properties
of barley stems [25]. The present study aims to evaluate the rind biomechanical strength
from two sorghum stalk varieties using DMA and correlate it with the accumulation of the
main polymeric components of the cell wall (cellulose, hemicellulose, and lignin).

2. Results and Discussion
2.1. Micro-Biomechanical Bending Tests

A bending test is a common mechanical phenotyping method to evaluate stalk strength
and lodging, which can induce a similar failure pattern to that observed in naturally
lodged crops [26]. Stalk strength and stiffness are greatly influenced by its geometry
(e.g., diameter and rind thickness). The rind constitutes up to 80% of the material strength
of a stalk [21]. Thus, bending tests were performed on the rind to determine the FS and FM
of the internodes (Figure 1a) from their stress–strain curves (Figure 1b). The FS describes
the stress required to cause a rind to fail and can be taken as the ultimate resistance when
the rind is exposed to bending stress [27], whereas the rind’s stiffness is measured by the
FM. Both FM and FS are the main indicators of the lodging resistance of crop stalks [28].

The FM of the rinds was shown to decrease from the bottom IN1 towards the top
section (IN5) of the stem, which reveals the variation in physico-mechanical properties
along the internodes (Figure 1c). The same trend (a decrease in FM with IN height)
have been reported in maize [29] and rice stems [30]. The axial FM variation could be
associated with the morphological, anatomical, and compositional heterogeneity of the
internodes [31]. The bottom basal internodes (IN1-IN2) were stiffer than the upper intern-
odes (IN3-IN5), except for RG1 where IN2 and IN3 were similar (Figure 2c). The average
FM values (Figure 1d) along the internodes for D1, RG1, D2, and RG2 were 2.1, 1.4, 2.7, and
2.3 GPa, respectively. These FM results reveal that both RG1 and RG2 were significantly
lower than D1 and D2. The variations in FM for RG were likely from differences in their
composition compared to the Della variety (discussed later). Differences between the
two growing seasons were observed. This observation reflects the pronounced impact
of seasonal and environmental conditions on properties. Stem biomechanical property
variations among different sorghum genotypes in terms of stem strength, rigidity, and
stiffness have been reported [32]. Furthermore, Wright et al. [33] had shown for barley
that the biomechanical properties of wild-types were stiffer than their mutant varieties. In
addition, the FM for wheat was 1.1–2.2 GPa, and for barley it was 1.1–1.3 GPa. Similar to
fiber-reinforced composites, stem structures exhibit anisotropy (aligned fibers) in terms of
morphology, structure, stress distribution, growth, and development [14], which might lead
to heterogeneity in the axial FM. This indicates that FM predicted 81% of the variation in
maize stalk strength and the predominant parameter in predicting maize stalk lodging [34].
Thus, considering the FM variations, Della could be regarded as a mechanically strong
variant than the RG mutant within each growing season.

The FS of the D1, RG1, D2, and RG2 internode rinds ranged from 49.2–63.9, 30.9–58.1,
58.2–72.0 and 46.7–69.7 MPa, respectively (Figure 1e). Along the internodes, the results
demonstrate (Figure 1e) a decrease in FS from the basal internode upwards, and this trend
has been previously reported [18]. Moreover, Zhang et al. [35] demonstrated for maize
stalk rinds that the lower internodes had higher FS than the upper internodes. Researchers
have shown that stalk lodging occurred in the upper basal internodes [36]. Across the
varieties, the FS of Della was found to be significantly higher than its corresponding RG
(p < 0.001) at all internodes, indicating its biomechanical property variation. On an average
basis (Figure 1f), the FS of D2 and D1 rinds were about 8.2% and 27% higher, respectively,
than RG2 and RG1. These results suggest that the FS of RG1 was considerably reduced,
which could be a combined effect of mutation and the growing season. Moreover, it
can also be explained by a significant reduction in lignin and glucan/cellulose content
in RG1 (discussed later). Across the growing seasons, D1 and RG1 were 15–18% and
25–70% weaker, respectively, than D2 and RG2. Stalk lodging was found to be closely



Crops 2024, 4 6

associated with bending strength [37]; thus, according to the FS values of stalk rinds,
the RG variety could be structurally more lodging-susceptible. Sorghum rind thickness
and strength were found to be highly correlated with lodging [38], which supports the
lodging susceptibility of RG. Sclerenchyma cells around the vascular bundles of the stem
are responsible for mechanical strength; thus, a reduction in the flexural properties of RG
could be related to reductions in lignin and carbohydrate accumulations in sclerenchyma
cells, inducing stem lodging [10].

2.2. Viscoelastic Properties

The viscoelastic properties of both Della (control group) and RG IN1 rinds were
evaluated in terms of flexural storage modulus (E′), loss modulus (E′′), and dampening
factor (tan δ) as a function of relative humidity (RH). E′ represents part of the deformation
that can be recovered, thus characterizing the elastic component of a material, whereas E′′

reflects the proportion of the deformation that cannot be recovered which is dissipated as
heat due to viscous flow in a material [39]. The E′ and E′′ curves (Figure Figure 2a and
Figure 2b, respectively) represent typical characteristics of wood’s viscoelastic behavior [40].
The E′ values of Della were higher than those of the RG varieties, with D2 having the highest
value of 3.6 GPa at 0% RH. The decreasing order of E′ was D2 > RG2 > D1 > RG1. Generally,
E′ decreases with an increase in RH (Figure 2a) due to the plasticizing effect of water [40].
As RH increases, moisture diffusion gradients are developed at the surface towards the
center of the sample. Consequently, water can plasticize the cell wall matrix and decrease
the rind E′ [41]. A reduction in E′ of 11%, 9%, 14%, and 12% was observed going from 0
to 80% RH for D2, RG2, D1, and RG1 samples, respectively. The water diffusion rate into
the cell walls will depend on the stalk’s structure and composition [42]. The viscoelastic
behavior of the stalk rind will also be influenced by the hydroxyl groups (and other polar
groups) present in amorphous zones of cellulose, hemicellulose, and lignin that interact
with water [43]. Consequently, hydrogen bonds in the amorphous regions will be disrupted,
and new hydrogen bonds between water molecules and hydroxyl groups will be formed.
The hydration of the cell wall polymers leads to the expansion and swelling of the cell wall
microstructures, which in turn results in a variation and decrease in E′ [44]. The extent of
change of E′ was limited because of the low MC of the samples.

As RH/moisture continues to increase, more energy is dissipated, and E′′ increases
(Figure 2b). D2 showed the highest E′′ (177 MPa at 0%RH) compared to RG2; however,
D1 was slightly greater than RG1 (lowest at 85 MPa at 0% RH). An increase in E′′ was an
indicator of enhanced plasticization [45]. Tan δ represents the damping or inner friction
of a viscoelastic system. For the stalk rind, tan δ increased with RH, which demonstrated
that the absorbed water acted to increase energy dissipation (Figure 2c). Similar results
have been reported in wood [46]. Going from 0 to 80% RH, tan δ was shown to increase
by 114–120% for the stalk rind. The D2 samples have a higher tan δ compared to the other
samples, indicating high non-elastic deformation. On the other hand, D1 and RG2 had
relatively lower tan δ, showing more elastic behavior. The clear variation in E′′ and tan δ

among varieties is shown in separate plots in supplementary material Figure S1a,b.
In addition to moisture, viscoelastic properties of lignocellulosic materials are also

influenced by temperature and were measured [25]. E′ was shown to decrease with
increasing temperature up to ~70 ◦C and then started to increase to a peak maximum at
about 88 ◦C (Figure 3a). Unlike polymers, the dynamic behavior of wood materials with
temperature variation was not straightforward due to the coupling of thermal properties
of three cell wall constituent polymers [47]. This peak at about 88 ◦C could possibly be
due to the aggregation and reformation of a network structure of lignin cross-linking at
~85 ◦C [48] and/or lignin relaxation [49]. Similar trends have been reported in polymers
associated with cold crystallization [50]. The E′ values for the various stalk rinds were
significantly different and decreased in the order D2 > RG2 > D1 > RG1, which was related
to lignin content (discussed later). These results agree with previous findings in transgenic
aspen [51].
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Figure 1. (a) Schematics of stalks from internodes (IN1-IN5); (b) representative flexural stress–strain 
curves of Della1 (D1), Della2 (D2), RG1, and RG2 stalk rinds; (c) flexural modulus (FM) measured 
at various internodes (IN); (d) box plots of averaged FM values for sorghum stalk rinds over IN1-

Figure 1. (a) Schematics of stalks from internodes (IN1-IN5); (b) representative flexural stress–strain
curves of Della1 (D1), Della2 (D2), RG1, and RG2 stalk rinds; (c) flexural modulus (FM) measured at
various internodes (IN); (d) box plots of averaged FM values for sorghum stalk rinds over IN1-IN5;
(e) flexural strength (FS) along the internodes (IN1-IN5); and (f) box plots of averaged FS for D1, RG1,
D2, and RG2.
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rind at IN3 for D1, RG1, D2, and RG2 samples.

The in situ glass transition temperature (Tg) of lignin in the stalk was determined
from the peaks of E′′ and tan δ [51,52] (Figure 3b,c and Table 1). In situ Tg values were
consistent with the literature for wood [48]. Two distinct glass transitions (Tg1 and Tg2)
were observed in the rind samples (Figure 3b). For D2, Tg1 was at 82 ◦C and Tg2 at
92 ◦C, whereas for RG1, Tg1 was at 80 ◦C and Tg2 at 93 ◦C. For the D1 sample, only
one Tg peak at 98 ◦C was observed (Table 1). Two minor peaks/shoulders at 87 ◦C and
94 ◦C were detected for RG1. Two-phase thermal transitions have been observed in wheat
straw and spruce wood, in which α-transitions (α1) of 53 ◦C (straw) and 91 ◦C (spruce)
associated with lignin was reported [51]. The observations of two transition peaks could
be related to the less-rigid and more-rigid phases of lignin, which are interwoven with
amorphous and crystalline cellulose, respectively [53]. Furthermore, this can also reflect
the supramolecular heterogeneity in the rind and in situ thermo-rheological complexity of
lignocellulosic substrate [54]. The different thermo-rheological results revealed that lignin
content plays a role in structural variation within the varieties [51]. The Tg of lignin was
shown to be dependent on moisture content [55]. Values for Tg of 72–88 ◦C for transgenic
aspen lignin [51] and 80–95 ◦C for other woods [48,56] have been reported.
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Table 1. Glass transition temperatures (Tg) of stalk IN1 rind from D2, RG2, D1, and RG1 at IN3
determined by DMA.

Sample
E′′ tanδ tanδmaximum

Tg1 (◦C) Tg2 (◦C) Tg1 (◦C) Tg2 (◦C) tanδmax1 tanδmax2

D2 82 92 80 92 0.192 0.115

RG2 80 93 78 93 0.170 0.086

D1 88 - 83 91 0.186 0.188

RG1 87 94 79 97 0.218 0.280

The results also revealed that the first transition Tg1 from the tan δ peak slightly shifted
towards lower temperatures as compared to Tg1 from E′′ (Table 1). On the other hand,
Tg2 determined from E′′ and tan δ were only slightly different. The tan δ maximum at the
distinct peak (tanδmax), which roughly reflects the quantity of the relaxing polymer [46],
were different: (RG1 > D2 > D1 > RG2) at tan δmax1 and (RG1 >D1 > D2 > RG2) at tanδmax2
(Table 1). Given that there was a significant difference in lignin content and composition
(discussed later) between the samples, the variation in tan δmax between the varieties was
expected. However, the correlation of lignin content and syringyl/guaiacyl (S/G ratio) with
in situ Tg demonstrated that Tg was not significantly affected by either lignin content or
composition. Unlike extracted lignin, the in situ Tg might be highly impacted by molecular
architecture and lignin–carbohydrate complex in the cell wall [57].

2.3. Stress Relaxation in Stalk Rind

Plant cell wall structural components (cellulose, lignin, and hemicellulose) behave as
an anisotropic composite material [58]. As polymers, cell wall components exhibit time-
dependent mechanical behavior, indicating the viscoelastic nature of plant material [59].
The viscoelastic nature of plant cell walls can be described by mechanical models consisting
of both pure elastic springs and ideal viscous dashpots [60] and developed based on rheo-
logical principles [61]. The generalized Maxwell model (GMM) was applied to fit the stress
relaxation of sorghum rind according to Equation (1) for (n = 3). The experimental and fitted
modulus of relaxation for D1, D2, RG1, and RG2 is shown in Figure 4a, and the model pa-
rameters, equilibrium modulus of relaxation (E∞), and coefficients (E1–E3) are summarized
in Table 2. The findings revealed that when the rind was exposed to constant strain and
maintained over time, the internal stress developed decayed exponentially from their initial
maximum to an ultimate equilibrium state. Two distinct relaxation stages (region i and
ii, Figure 4a) were observed. Initially (t < 2 min, i), the modulus decreased exponentially
due to a high rate of relaxation just after the application of maximum load, after which
the curve flattened (t > 2 min, ii) and approached an equilibrium. Previous the studies on
viscoelastic properties of barley stems reported two-stages of relaxation [25]. The elastic
deformation was due to the distortion/breaking of bonds such as hydrogen bonds, van der
Waals interactions, and electrostatic forces, which provide adhesion between the cellulose
and hemicellulose–lignin matrix and are likely responsible for the rapid relaxation [62].
The cellulose and hemicellulose–lignin matrix will become more mobile, and the loading
stress will be released as these weak bonds break. On the other hand, the slow relaxation
stage may be attributed to conformational changes and strong covalent bonds. Significant
variations in stress relaxation between rinds were observed (Figure 4a). This variation in
stress relaxation behavior was consistent with the determined relaxation modulus from the
GMM, shown by their equilibrium modulus (E∞) in Table 2. The modulus of relaxation
(Table 2) of the Della varieties was significantly higher than their corresponding RG vari-
eties. D2 had the highest E∞ of 2231 MPa, followed by RG2 (1368 MPa), D1 (1180 MPa),
and RG1 (923 MPa). The model parameters (E1–E3) contribute to the initial modulus (E0), of
which the samples had the following order: D2 > RG2 > D1 > RG1 (Table 2 and Figure 4a).
On the other hand, the relaxation times (τ1–τ3) determine the rate of change of the E∞.
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The larger the relaxation time, the smaller the rate of change of E∞, and vice versa. In
this regard, D2 had significantly higher relaxation times (τ1–τ3) than the other samples.
The stress relaxation behavior of lignocellulosic material can significantly vary and was
influenced by factors such as genetics and cell wall composition, as seen in wheat straw
cultivars [60]. The extent of stress relaxation and the rate at which it occurs is a critical
factor in determining the effectiveness and performance of materials.
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Table 2. Stress relaxation generalized Maxwell model parameters for D1, RG1, D2, and RG2 sorghum
IN1 rinds.

Sample E∞ (MPa) E1 (MPa) τ1 (min) E2 (MPa) τ2 (min) E3 (MPa) τ3 (min) E0 (MPa) R2

D1 1180 ± 21 421 ± 57 0.054 ± 0.003 205.1 ± 2.1 0.52 ± 0.04 206.7 ± 4.7 5.6 ± 0.4 2013 ± 15 99.96
RG1 923 ± 19 225 ± 12 0.054 ± 0.004 91.8 ± 3.9 0.52 ± 0.04 96.5 ± 1.7 6.2 ± 0.4 1336 ± 16 99.96
D2 2231 ± 66 291 ± 16 0.103 ± 0.006 133.2 ± 4.2 0.76 ± 0.06 198.7 ± 2.4 7.9 ± 0.5 2854 ± 9 99.98

RG2 1368 ± 14 567 ± 25 0.033 ± 0.004 168.6 ± 7.7 0.46 ± 0.04 168.4 ± 3.6 5.7 ± 0.4 2271 ± 20 99.93

2.4. Creep Behavior of Rinds

Creep compliance measures continuous deformation under constant stress over
time [63]. The creep behavior of the rind was evaluated; experimental and fitted creep
compliance is shown in Figure 4b, and model parameters determined based on Equation (2)
are summarized in Table 3. The creep behavior of the IN1 rinds (Figure 4b) showed in-
stantaneous deformation, the elastic response, and viscous deformation, as verified by
the literature [64]. The results (Figure 4b) revealed that the Della variety had significantly
lower initial creep compliance (C0) than its corresponding RG, which indicates an increase
in deformation resistance. Initially upon loading, the material had C0 due to an instan-
taneous elastic deformation corresponding to bond distortion [65]. It is shown (Table 3)
that the C0 of samples were significantly different and ranked in the following order:
RG1 (372 µm2/N) > D1 (356 µm2/N) > RG2 (307 µm2/N) > D2 (295 µm2/N). The higher
C0 shows higher elastic deformation due to bond distortion, and therefore RG1 showed the
highest rate of deformation and was proven to have the lowest biomechanical strength (FM
and FS). A larger instantaneous deformation in RG1 implies that biopolymers respond to
the stress and orient along the stress direction in a short period, and the subsequent applied
stress makes the additional orientation and rearrangement of chains impossible [66], which
results in greater deformation. The results were consistent with bending strength and stress
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relaxation behavior, which both showed the higher deformation resistance of D2. Higher
creep is associated with poor performance by the polymeric building blocks of the plant
cell wall’s materials [14]. This suggests that the cell structure of Della was more resistant
than that of RG, consequently enhancing the micromechanics of the cell wall that ultimately
leads to improved macro-mechanical properties. Polymers with higher crystallinity, larger
side groups, and higher molecular weight exhibit reduced polymer chain mobility, and
consequently they have higher resistance to creep and stress relaxation [67]. The C0 of the
varieties was found to be inversely proportional to lignin content.

Table 3. Creep compliance model parameters for D1, RG1, D2, and RG2 sorghum rinds.

Sample C0 (µm2/N) C1 (µm2/N) τ1 (min) C2 (µm2/N) τ2 (min) R2

D1 356 ± 9 80.2 ± 2.3 8.9 ± 0.0 240 ± 1 0.7 ± 0.0 99.96
RG1 372 ± 10 170 ± 6 11.9 ± 0.0 353 ± 2 0.69 ± 0.0 99.97
D2 296 ± 8 74.7 ± 1.2 0.61 ± 0.4 19.3 ± 1.2 7.9 ± 0.02 99.97

RG2 307 ± 5 210 ± 5 0.7 ± 0.0 80.5 ± 0.4 9.6 ± 0.5 99.98

The other model parameters (C1 and C2) contribute to long-term compliance, corre-
sponding to the rubbery extension of the material [68], and the retardation times (τ1 and
τ2) showed the times required to change the compliance of each series in the model. Even
though creep and relaxation were both manifestations of the same molecular mechanisms
and were related, converting one into the other was not attempted. This was mainly be-
cause of different experimental conditions and the need for long times for the attainment of
equilibrium, without which the model could result in an overestimated parameter.

2.5. Compositional Analysis
2.5.1. FTIR Spectral Analysis

FTIR spectroscopy was performed to determine the chemical features of the IN1 rind
samples (Figure 5). Band assignments are given in Supplementary Table S1. Although
the average spectral trends were similar, distinct absorption bands for RG1 were detected
(Figure 5), which was likely related to cell wall compositional variability. A strong absorp-
tion band at 1030 cm−1 appeared from C–O–C glycosidic linkage [69]. Typical S and G
lignin bands were observed at 1320 and 1230 cm−1, respectively [70]. A lower spectral
absorption intensity of RG1 relative to D1, D2, and RG2 was found (Figure 5), most likely
associated with its reduced glucan and lignin contents (discussed later). A characteristic
absorption band at 1370 cm−1 due to C–H bending from cellulose and hemicelluloses was
also detected. A band intensity variation at 1605 cm−1, attributed to skeletal C=C vibrations
in S and G lignin coupled with C=O stretching, was also observed (Figure 5), revealing the
lignin content variation between samples [71].

2.5.2. Crystallinity and MFA Analysis

Cellulose crystallinity (CI) in the fibrovascular bundles for the sorghum IN1 rinds was
evaluated by XRD on powdered samples (Supplementary Figure S1 and Table 4). The XRD
diffractograms confirms the presence of cellulose I crystals with peaks at 2θ of 15.5◦ and
21.9◦, which are respectively assigned to [(1–10) and (110) overlapped] and (200) lattice
indices [72]. XRD peak indexing was determined based on the crystalline structure of
cellulose Iβ. The deconvolution of the diffractogram (Supplementary Figure S2) revealed a
broad amorphous structure centered at 2θ of 18.5◦ [73,74]. The CI of D2 was significantly
higher than all samples. However, there was no difference between RG1 and D1, while
RG2 was considerably more crystalline than D1 and RG1 (Table 4). The CI trend was
consistent with reported values [75] and varied among varieties [76]. Sorghum stems have
been reported to have CI of 39% [77]. The crystallinity of cellulose in D2 was 13.1% higher
than RG2. The relatively higher crystallinity of D2 might contribute to its biomechanical
stiffness. Regardless of season and variety, the grain size of cellulose I in all varieties
was not significantly different. The effect of crystallite size on the intensity of amorphous
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and crystallinity index was demonstrated by French and Santiago Cintrón [78]. The CI
calculation considers both (200) and (110) peaks with respect to total area including larger
amorphous regions.
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Table 4. Crystallinity index (CI) (with standard error mean) and grain size (L) of cellulose in sorghum
stalk rinds.

Sample CI (%) L (nm)

D2 43.2 ± 0.4 3.1 ± 0.2
RG2 38.2 ± 0.5 3.2 ± 0.1
D1 36.6 ± 0.4 3.3 ± 0.1

RG1 36.6 ± 0.2 3.1 ± 0.3

The ultrastructure of the cell walls of wood and grasses such as bamboo has been
found to be different [79], with some having thick-walled fibers with a polylamellate
structure. Cellulose microfibril angle (MFA) in the fibrovascular bundles, deviation in
their orientation from the fiber axis, highly affects the biomechanical properties of fibers
and stalks. Thus, an estimated MFA of the IN1 rinds, based on the protocols of de Souza
et al. [80], was investigated to evaluate their orientation, which plays the most important
role in their mechanical properties. The X-ray diffraction pattern of an intact rind sample
is shown in Figure 6a (and Supplementary Figure S2). It was found that the mean MFA
of rinds (Figure 6b) decreased in the order of RG1 (30.6◦ ± 0.9) > D1 (27.0◦ ± 2.0) > RG2
(23.3◦ ± 1.5) > D2 (21.0◦ ± 0.8). The results are comparable to the literature; 33–39◦ [81]
for corn stalk fibers and 20◦ for sisal fibers [82]. Furthermore, a broad MFA distribution
of 10–40◦ for sugarcane rinds has been reported [83]. The relation between an estimated
MFA with FS and FM is presented in Figure 6b. The results demonstrated that both rind
FS and FM properties decreased with MFA. It was reported that MFA affected both the
rheological and mechanical properties of wood [84]. A larger MFA resulted in lower
wood stiffness [85], which is consistent with our results. These results clearly show that
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MFA is an important supramolecular structure of cellulose, affecting the biomechanical
properties of lignocellulosic fibers. Despite the CI of RG2 being less than that of D1
(Table 4), the biomechanical property of RG2 was found to be significantly higher than
D1. The biomechanical strength highly depends on the supramolecular network formed
by complex carbohydrates and aromatic polymers [86]. Thus, the higher lignin content
of RG2 could lead to stronger lignin–carbohydrate interaction and consequently higher
biomechanical property (compared to D1). The stalk of RG2 was also different from D1
(Supplementary Figure S3). The morphological factors of maize have been reported to have
a significant influence on its strength [87]. Microstructure and density also play a role in
stalk strength [14,88].
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Figure 6. (a) Diffractogram of rind for determination of parameter T from (200); (b) relationship
between MFA with flexural modulus (FM) and flexural strength (FS) determined from three-point
micro-bending. Estimated MFA of each variety was determined from the average of five different
IN1 rind specimens and reported with standard deviation (shown as error bars).

2.5.3. Py-GCMS and DFRC Analysis

Py-GCMS, a thermal degradation technique that provides rapid in situ information
on the cell wall constituents [89], was performed on the stalk rinds, and the pyrograms
are presented in Supplementary Figure S4. The compositional variation in the IN1 rinds
is revealed by the relative abundances of pyrolysis products, given in Supplementary
Table S2. The whole cell walls released carbohydrate-derived compounds as well as lignin
and p-hydroxycinnamates-derived phenolic compounds [90]. The pyrolysis products were
consistent with the literature [91].

Lignin is a branched biopolymer composed mainly of coniferyl, sinapyl, and p-
coumaryl alcohol monolignols which are respectively polymerized to guaiacyl (G), syringyl
(S), and hydroxyphenyl (H) monomer units through dehydrogenative reactions [92]. The
H, G, and S monomers differ in their degree of methoxylation, and the syringyl/guaiacyl
(S/G) ratio determines extent of lignin cross-linking. The S/G ratio of the internode rind
was determined from Py-GCMS data (Figure 7a). The S/G ratios were 0.29, 0.36, 0.34, and
0.38, respectively for D1, RG1, D2, and RG2, which was consistent with previous work [93].
The S/G ratios of RG1 and RG2 were significantly increased, respectively, by 24.1% and
11.4%. This result was consistent with previous reports of transgenic plants having an
S/G ratio about 57% higher than wild-type maize plants [94]. The relative percentage of
monolignols (H/G/S ratio) determined from Py-GC/MS (Figure 7b) showed that H lignin
was the dominant monolignol (70–79%), consistent with the fact that p-coumaryl alcohol



Crops 2024, 4 14

(p-hydroxyphenyl)-derived lignin was more common in grasses [95]. The H/G/S ratios
were 71/22/7 for D1, 79/15/6 for RG1, 70/22/8 for D2, and 69/23/8 for RG2. The detection
of higher amounts of H lignin-derived compounds could be due to the degradation of
p-coumaric (pCA) and ferulic (FA) phenolic acids to 4-vinylphenol. Furthermore, aromatic
amino acid constituents of proteins in the rind may also contribute to the phenol peak.
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The relative abundance of monolignols, their inter-linkages, the degree of polymer-
ization, the number of free phenolic groups, and the degree of cross-linking with polysac-
charides vary among different plant species, developmental stages, cell types, and plant
tissue types [96]. The S/G ratio determines the extent of crosslinking in lignin. Technically,
the presence of an extra methoxy group in lignin monomers gives one less linkage site
(S < G < H), consequently leading to fewer coupling combinations during the polymeriza-
tion reaction [97]. As S lignin has no vacant 5-position, cross-linkages such as β-5, 5,5′, and
4-O-5 are not possible in S subunits. Thus, S-rich lignin was more easily depolymerized
than G-rich lignin [97,98] yielding a less crosslinked lignin and more linear β-O-4 link-
ages [99]. The correlation between the bending properties (FM, FS) and lignin composition
(Table 5) revealed that FS (r = 0.67) and FM (r = 0.73) were significantly and positively
correlated with G lignin. This finding demonstrates that G lignin plays a significant role in
enhancing the biomechanical properties and possible resistance against lodging. G lignin
was reported to have a positive impact on lodging resistance in buckwheat [100]. Moreover,
Wei et al. [101] and Li et al. [102] reported that G monolignol played an important role
in lodging resistance. This could likely be related to the fact that greater G content leads



Crops 2024, 4 15

to highly crosslinked lignin due to the presence of a larger number of biphenyl and C-C
linkages [99]. Contrarily, S lignin was not correlated with bending properties (Table 5). This
result contradicts the literature [103], where S monomers were suggested to be the predom-
inant structural lignin subunit for strength and rigidity in wheat plants. On the other hand,
the pairwise correlation analysis showed that H lignin was negatively correlated (Table 5)
with FS (r = −0.68) and FM (r = −0.72). It was reported that H-type lignin is deposited at
an earlier stage, followed by G- and then S-type lignin units during lignification [104]. The
higher H lignin in the RG variety suggests that the deposition of G-type and S-type lignin
at later stages of lignification might be impaired by the mutation. Higher H-lignin was
associated with reduced molecular weight and the biomass less recalcitrant [105]. However,
according to Luo et al. [100], a higher proportion of H monomers were not important to the
lodging resistance of wheat stems. On the other hand, a recent study [106] highlighted the
importance of H lignin subunits in strengthening the maize stalk. One possible explanation
is that H lignin detected in Py-GCMS could be both from canonical and non-canonical H
lignin (pCA and FA). Thus, the exact effect of canonical H lignin on biomechanical proper-
ties might be interfering with the presence of phenolic acids. It was also shown (Table 5)
that the S/G ratio was not correlated with either FM or FS. As the concentration of S lignin
was variable across the varieties and growing seasons, thus the S/G ratio will undoubtedly
have had no effect on stalk strength. A study in buckwheat demonstrated that the S/G
ratio was not relevant for lodging resistance in different cultivars [100]. However, Ookawa
et al. [30] reported that S/G was positively related to the flexural rigidity of rice stems. On
the other hand, Wei et al. [101] reported that the S/G ratio exhibited a significant negative
correlation with lodging resistance in oilseed crops. The limitation and inconsistency of
the literature on the impact of lignin composition and cross-linkages on the biomechanical
and lodging resistance properties of stalks has clearly indicated that further investigations
using more varieties are needed in future study.

Table 5. Pearson’s correlation coefficients between lignin composition (G, S and S/G) determined by
Py-GCMS and bending properties (FS and FM) of sorghum rinds 1.

FM H G S S/G

FS 0.96 *** −0.68 * 0.67 * 0.62 −0.17
FM −0.72 * 0.73 * 0.66 −0.20
H −0.99 ** −0.94 *** 0.16
G 0.89 ** −0.28
S 0.19

1 H: p-hydroxyphenyl; G: guaiacyl; S: syringyl; S/G: syringyl/guaiacyl ratio; FS: Flexural strength; FM: flexural
modulus. Symbols ***, ** and * respectively represents significant correlation at p < 0.001, p < 0.01, and p < 0.05.

A DFRC is a degradation method that selectively cleaves α- and β-ether linkages in
lignin, releasing the lignin monomers involved in those linkages [107]. A characteristic and
distinctive feature of the DFRC method in comparison with other degradative methods is
that it leaves γ-esters intact, thus allowing the release of γ-acylated monolignols [89]. DFRC
was performed on sorghum rinds and chromatograms of the degradation products are
shown in Supplementary Figure S5. The results show that the lignin released both cis- and
trans-isomers of p-hydroxyphenyl (cH and tH), guaiacyl (cG and tG), and syringyl (cS and
tS) lignin monomers. The levels of monomers arising from the uncondensed arylglycerol–
β-aryl (β-O-4) ether linkage is given in Table 6. The results revealed that sorghum rind
had HGS type lignin with a dominant G monolignol (Table 6). Significant variations in the
β-ether linkage contents between the samples were found. Given that D2 had the highest
lignin content, D2 also had the highest total uncondensed monomer released (4.25 mmol/g
of lignin), followed by RG2 (3.44 mmol/g of lignin). D1 and RG1 had, respectively, 2.00
and 1.87 mmol/g of uncondensed monomer released. The total content of β-O-4-ethers for
palm kernel lignin was reported at 2.29 mmol/g [108]. β-O-4 lignin linkages were the main
linkages detected by 2D-NMR in sorghum stalks [93]. The data (Table 6) also indicated that
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63–71% of β-O-4 were released as G monomer. Comparable S/G ratio for wheat straw has
been reported [107].

Table 6. Relative molar abundance (mmol/g of lignin) of the DFRC degradation monomers of the
MWL isolated from D2, RG2, D1, and RG1 sorghum stalks.

Rind Sample H
(mmol/g Lignin)

G
(mmol/g Lignin)

S
(mmol/g Lignin) S/G H/G/S Total Yield

(mmol/g Lignin)

D2 0.39 ± 0.04 2.68 ± 0.06 1.18 ± 0.04 0.44 9/63/28 4.25
RG2 0.37 ± 0.02 2.25 ± 0.02 0.81 ± 0.05 0.36 11/65/24 3.44
D1 0.23 ± 0.04 1.44 ± 0.01 0.34 ± 0.04 0.24 12/71/17 2.00

RG1 0.24 ± 0.02 1.26 ± 0.02 0.36 ± 0.04 0.29 13/68/19 1.87

2.5.4. Lignin and Carbohydrate Analysis

Lignin and carbohydrate analyses were performed on IN1 rinds, and the results are
given in Figure Figure 7c and Figure 7d, respectively. The Klason lignin (KL) content of
the rinds (Figure 7c) was found to be 17.6%, 13.8%, 21.2%, and 19.1%, respectively, for
D1, RG1, D2, and RG2. Meanwhile, the ASL contents were 2.40% for D1, 3.54% for RG1,
2.42% for D2, and 2.18% for RG2. The results were in close agreement with the whole
cell wall of sorghum stalks previously reported [93]. A comparison of the results revealed
that KL lignin was found to be significantly reduced by about 22.0 and 9.9% in RG1 and
RG2 relative to D1 and D2, respectively. On the other hand, the acid soluble lignin (ASL)
was 47.7% higher in RG1 relative to D1 but decreased by 10.0% in RG2 relative to D2. In
comparison to Della, the total lignin content (KL + ASL) was significantly reduced by 13.6%.
and 9.9%, respectively, for RG1 and RG2. Considering the significant reduction in the
mechanical properties of RG1, this result suggests that lignin content may have a profound
impact on mechanical properties. Across the growing season, the total lignin content of D2
and RG2 was about 17.9% and 22.9% higher than D1 and RG1, respectively. RG2 contained
6% higher total lignin than D1.

Carbohydrate analysis (Figure 7d) showed that glucan and xylan were the predomi-
nant components of the IN1 rind. The glucan/cellulose was 41.0%, 37.2%, 41.5%, and 42.8%,
respectively, for D1, RG1, D2, and RG2. Similarly, the xylan/hemicellulose content was
19.5% for D1, 21.8% for RG1, 23.6% for D2, and 20.5% for RG2. Significant variations were
particularly detected between D1 and RG1, with a 9.0% glucan reduction and a 11.8% in-
crease in xylan. On the other hand, the glucan content of D2 and RG2 was similar, although
a 13.1% reduction in xylan was detected in RG2. It was reported that cellulose and lignin
concentration in sorghum was highly affected by growing seasons and environmental fac-
tors [109], which corroborates our finding that changes in lignin and carbohydrate content
were likely related to seasonal variations. Other minor components like mannan, arabinan,
and galactan were also detected as shown in Figure 7d. Previous studies [110,111] have
shown that the biomechanical properties of the biomass tissues are highly correlated with
composition. A significant reduction in lignin and glucan in RG could be due to reduced
lignin and cellulose deposition in the sclerenchyma and vascular bundle cells [112]. This
may consequently lead to weak tissue and low stem strength, causing a higher degree of
lodging incidence.

2.6. Correlations of Chemical Compositions with Flexural Properties

The cell wall composition of lignocellulosic material has a significant effect on its
macro-scale mechanical behavior [27], which can be attributed to the cell wall micro-
structure and chemical differences. The effect of chemical composition on the bending
properties of the stalks has been evaluated, and their Pearson’s correlation coefficients
are shown in Table 7. It was found that FS and FM were significantly correlated with KL,
ASL, and glucan/cellulose content. The results revealed that FS had a strong positive
correlation with KL (r = 0.88), TL (r = 0.86), and cellulose content (r = 0.70) but were
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negatively correlated with ASL (r = −0.70). Similarly, for FM significant correlations with
KL (r = 0.82), TL (r = 0. 81), and cellulose (r = 0.68) were observed. These findings have
been well supported in the literature, where lignin content played a key role in a significant
improvement in mechanical properties, eventually enhancing the lodging resistance of
crops [113–115]. Compared to lodging-resistant varieties, low lignin content was detected
in lodging-type wheat, rice, corn, and miscanthus [100,116–119]. Reductions in lignin
content were also associated with reductions in FS and FM in poplar wood [120]. Cellulose
constitutes the main backbone of the cell wall, and its content and structure contribute
to the stiffness and strength of the cell wall. Stalk breaking resistance has been found to
be positively correlated with the cellulose and lignin content of maize internodes [121].
Kobubo et al. [12] found a positive correlation between FS and cellulose content. Moreover,
a significant correlation of FM with cellulose content (r = 0.79) and lignin content (r = 0.47)
has been reported in young bamboo [111]. On the other hand, bending properties were not
significantly correlated with hemicellulose content, similar to the reports on bamboo [111].
The hemicelluloses content was not significantly correlated with breaking force in rice,
which is an important indicator of stem lodging [122]. Contrarily, bending strength was
found to decrease with ASL content (r = −0.70) (Table 7). Nevertheless, no published
data were found about the correlation of bending behavior with ASL content. The results
clearly demonstrated that rind biomechanical properties were strongly correlated with
their chemical composition and that a low content of lignin and cellulose results in weak
stem strength and could easily cause stem lodging [37].

Table 7. Pearson’s correlation coefficients between chemical composition and bending properties 1.

FM KL ASL TL Glucan/Cellulose Hemicellulose

FS 0.96 *** 0.88 *** −0.78 *** 0.86 *** 0.70 *** −0.35
FM 0.82 *** −0.70 *** 0.81 ** 0.68 *** −0.25
KL −0.76 ** 0.99 *** 0.67 *** −0.30

ASL −0.69 *** −0.48 ** 0.57
TL 0.68 *** −0.22

Cellulose −0.62
1 Klason lignin (KL), acid soluble lignin (ASL), total lignin (TL) and cellulose; with flexural strength (FS) and
flexural modulus (FM) at internodes in sorghum; ***, and ** represent significant correlation respectively at
p < 0.001 and p < 0.01.

3. Materials and Methods
3.1. Plant Material

Sweet sorghum stalks were collected from the University of Kentucky Horticulture
Research Farm (Emmitt Road, Lexington, KY, USA) during the 2018 (Della1, RG1) and
2019 (Della 2, RG2) growing seasons [123], shown in Supplementary Figure S4. RG is an
acronym for REDforGREEN mutant variety. Samples of four matured stalks were pooled
for each variety in both years. The rind from the internodes was sectioned out using a razor
blade, and residual pith on the inner surface was removed and smoothed (Figure 8a). The
thickness and width of the rinds at internodes were measured using a micrometer and a
caliper, respectively.

3.2. Mechanical and Viscoelastic Properties

The viscoelastic and biomechanical properties of sectioned internode rind speci-
mens were investigated using a Q800 DMA (TA Instruments) in three-point bending
(10 mm span) (Figure 8b,c).

3.2.1. Micro-Biomechanical Bending Tests

All micro-biomechanical bending tests were performed on rind tissues of stalk sam-
ples (at ambient conditions and ~4% moisture content). Two individual stalks from either
genotype across both years were selected, and rind tissues were sectioned from IN1-IN5
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(Figure 1a). At each internode, at least eight technical replicates of rind tissue (approxi-
mately 14 × 3.6 × 1.1 mm3) were collected and tested at a strain rate of 0.5%·min−1 to a
final strain of 6%, until failure was detected. Data were analyzed by TA analysis software,
and the stress–strain curves and flexural properties (FM and FS) were determined.
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3.2.2. Viscoelastic Properties Response to Relative Humidity

The viscoelastic parameters (storage modulus (E′′, loss modulus (E′), and tan δ)) of
IN1 stalk rinds (approximately 10 × 4 × 1.5 mm3), in triplicate, were also investigated
using the DMA in three-point bending mode (1% strain). All samples were subjected to a
relative humidity (RH) ramp (0 to 80%) at ambient temperature with a rate of 2%·min−1.
The viscoelastic properties of the sorghum rinds were evaluated as a function of RH.

3.2.3. Stress Relaxation

The stress relaxation behavior of the IN1 rind specimen (approximately 12 × 4 ×
1.5 mm3 rind) was determined using the DMA in three-point bending mode by applying a
constant strain of 5% throughout the experiment and measuring the corresponding stress
required to maintain the deformation as a function of time for 15 min. At least 10 replicates
were tested for each sample. The relaxation modulus E(t) was described according to the
generalized Maxwell model (GMM) [124] as:

E(t) = E∞ +
n

∑
i=1

Ei exp
(
−Eit
ηi

)
= E∞ +

n

∑
i=1

Ei exp
(
−t
τi

)
(1)

where E(t) is relaxation modulus at time t. At long times the cell wall polymer molecules
start to gradually accommodate the strain by conformational extension rather than bond
distortion, and the E(t) falls exponentially to a lower equilibrium modulus lim

t→∞
E(t) = E∞.

Ei is the relaxation modulus parameter, ηi is the viscosity of the dashpot for the ith series, n
is the number of springs–dashpot, and τi = ηi/Ei is relaxation time.

3.2.4. Creep Behavior

Creep is the slow continuous deformation of a material under constant stress. The
creep behavior of the IN1 stalk rind (approximately 12 × 3.6 × 1.1 mm3) was determined
by DMA in three-point bending mode with a constant stress of 40 MPa exerted for 15 min at
ambient temperature, and creep dynamical change was recorded. A preload force of 0.001 N
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was applied. At least 10 replicates were tested for each sample. The creep compliance C(t)
was modelled according to the generalized Kelvin model (GKM) [125] as:

C(t) = C0 + C1

(
1 − exp

(
−t
τ1

))
+ C2

(
1 − exp

(
−t
τ2

))
(2)

where C0 is initial compliance, C1, and C2 are model coefficients, and τ1 and τ2 are retarda-
tion times.

3.2.5. Viscoelastic Properties Response to Temperature

The viscoelastic properties of the IN1 stalk rind (approximately 12 × 4.0 × 1.6 mm3),
in triplicate, were determined using a temperature sweep (25 ◦C to 120 ◦C at 3 ◦C·min−1)
in three-point bending mode with a constant strain of 1% and frequency of 1 Hz. Prior
to the experiment, the rind specimen was equilibrated at 80% RH for 4 h. The softening
temperature was measured from the peak of the loss modulus (E′′) and tan δ.

3.3. Compositional Analysis

After testing the biomechanical and viscoelastic properties, the rinds were collected
for further compositional analysis using different analytical techniques.

3.3.1. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra were obtained on previously three-point bend-tested IN1 specimens
in triplicate using an iS5 spectrometer (Thermo-Nicolet, Madison, WI, USA) equipped
with a ZnSe attenuated total reflection (iD5 ATR) accessory. The spectra were averaged,
baseline corrected and normalized to the highest band (1032 cm−1, cellulose) using the
Omnic v9 software.

3.3.2. Lignin and Carbohydrate Analysis

Extractive-free IN1 rind samples (200 mg) were hydrolyzed using sulfuric acid (2 mL,
72%) for 60 min at 30 ◦C in water bath followed by secondary hydrolysis (4% sulfuric
acid, 30 min, 20 psi) in an autoclave according to a modified ASTM D 1106-96. The Klason
lignin (KL) content was determined gravimetrically after filtration, whereas acid soluble
lignin (ASL) was determined by UV/Vis spectroscopy (Genesys 50, ThermoScientific,
Madison, WI, USA) at 205 nm using an absorption coefficient of 110 L g−1 cm−1 [126].
Structural carbohydrate analysis was performed on the hydrolyzed filtrate (5 mL), with the
addition of mannitol as an internal standard, according to ASTM E 1758-01. The sugars
were separated and quantified using high-performance liquid chromatography (HPLC,
two Rezex RPM columns, 7.8 mm × 30 mm, Phenomenex, Torrance, CA, USA) at 85 ◦C
on elution with water (0.5 mL·min−1) using differential refractive index detection (Waters
model 2414). Cellulose was estimated as the equivalent of glucose concentration, whereas
hemicellulose was estimated from the summation of xylose, galactose, arabinose, and
mannose monomers.

3.3.3. Microfibril Angle by XRD

X-ray diffraction (XRD) analysis for crystallinity index (CI) was performed on milled
three-point bend-tested specimens of IN1-IN5 (5 samples, one sample from each internode)
using a Siemens D5000 diffractometer using Cu Kα radiation (λ = 0.154 nm) from 2θ = 2 to
80◦ at 0.05◦ steps. After the deconvolution of the amorphous and crystalline regions using
Gaussian curve-fitting, the CI based on area and the grain size of cellulose at (200) were
determined [73,93].

The MFA of cellulose in the fibrovascular bundles on the exterior side of a three-point
bend-tested IN1 rind specimen was estimated using a Bruker D8 Discover XRD equipped
with an array detector (GADDS). The data were collected using Cu-Kα radiation operating
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at 40 kV and 20 mA, and the area was integrated using the DIFFRAC.EVA software. MFA
was determined according to the works of Yamamoto et al. [127] as:

MFA = 1.575 × 10−3 T3 − 1.431 × 10−1 T2 + 4.693T − 36.19 (3)

The diffractograms were corrected to obtain the parameter T value of (200) [128]. The
baseline of the diffractograms was subtracted. Then, the reflection profiles were separated,
and the T value was determined from second derivatives of (200) profiles (Figure 6a). The
description of the method is given by de Souza et al. [80] and Rekha [129].

3.3.4. Analytical Py-GCMS Analysis

The p-hydroxyphenyl (H)/G/S ratio was determined on IN1 specimens by pyrolysis–
GCMS (Py-GCMS) using a Pyrojector II unit (SGE Analytical Science, Melbourne, Australia)
at 500 ◦C coupled to a GC-MS (ISQ-Trace1300, ThermoScientific). The compounds were
separated using ZB-5 capillary column (30 m × 0.25 mm Ø, 0.25 µm coating, Phenomenex)
from 50 ◦C (1 min) to 250 ◦C (10 min) at 5 ◦C·min−1. Compounds were identified by
comparison with standards, the literature [130], and the NIST-2017 mass spectral library.
The H/G/S ratio was determined from peak areas of lignin monomers by a selective ion
monitoring chromatogram for H for 7–15 min (m/z = 94, 107, 108, 120, 121, 134, 148), G for
18–23 min (m/z = 124, 135, 137, 138, 151, 164, 178), and S for 24–28 min (m/z = 154, 165, 167,
168, 181, 194, 208) [131].

3.3.5. Derivatization Followed by Reductive Cleavage (DFRC)

The frequency of lignin β-ether bonds in the IN1 stalk rind was determined using the
DFRC method according to the protocol of Lu and Ralph [132] with slight modification.
Sorghum rind samples (20 mg) were derivatized and solubilized with an acetic acid/acetyl
bromide solution (4:1 v/v, 5 mL) upon stirring at 50 ◦C for 1 h; then, acetyl bromide was
removed under vacuum. The solid residue was dispersed in dioxane/acetic acid/water
(5:4:1 v/v, 5 mL), zinc powder (50 mg) was added, and the mixture was stirred for 30 min
at room temperature. The zinc powder was removed by filtration, and tetracosane (10 mg
in dichloromethane (CH2Cl2, 10 mL)) was added as internal standard to the filtrate. The
organic layer was washed with saturated NH4Cl, and recovered, then the aqueous layer
was further extracted using CH2Cl2 (10 mL). The combined extracts were dried over
anhydrous NaSO4 and concentrated to dryness. Finally, the sample was acetylated with
acetic acid/pyridine (1:1 v/v, 2 mL) at room temperature for 40 min, reaction quenched
with ethanol and excess reagents were removed under vacuum. The solid residue was
dissolved in CH2Cl2 (1.5 mL) and analyzed by electron impact GC-MS (ISQ7000-Trace1300,
ThermoScientific, Madison, WI, USA). Separation was achieved using a ZB-1ms capillary
column (30 m × 0.25 mm i.d, Phenomenex) and temperature program of 100 ◦C (1 min) to
300 ◦C (1 min) at 5 ◦C·min−1. The quantification and characterization of DFRC products
was performed according to the literature and using response factors of 1.76, 1.85, and 2.06,
respectively, for H, G, and S [133].

3.3.6. Statistical Analysis

The stalk rinds were not geometrically flawless due to their irregular shape. Thus,
geometrically smoothed samples were taken at each internode (at least eight replicates)
and tested. The standard deviation was used to measure reproducibility for each specimen.
One-way analysis of variance (ANOVA) was used to find differences in properties between
the varieties at the internodes, where a 95% (p = 0.05) confidence level was used to assess
statistical significance.

4. Conclusions

The rind mechanical and viscoelastic properties of Della and RG sorghum stalk va-
rieties grown in two different seasons have been evaluated using DMA. The three-point
bending test results have provided two useful quantities: flexural modulus (FM) and
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flexural strength (FS). The results have shown that a significant reduction in FM and FS
is associated with lignin and cellulose content reduction. Particularly, the FS and FM
values of the RG2 variety have been found to be significantly reduced and attributed to
low lignin and cellulose contents. Acid soluble lignin has been found to be negatively
correlated, whereas Klason lignin is positively correlated with biomechanical properties.
However, hemicellulose was not shown to significantly influence mechanical properties.
The combined influence of lignin and cellulose content shows the most significant effect
on both the FM and FS. Furthermore, MFA was an important superstructural parameter,
highly influencing biomechanical property. This study further suggests that varieties with
lower MFA and higher lignin and cellulose accumulation can further be used for breeding
to develop lodging resistance cultivars. DMA using a three-point micro-bending fixture
has been shown to be a convenient and efficient tool for measuring mechanical properties
of crop stalk rind sections at a small scale.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/crops4010002/s1, Figure S1: XRD diffractograms of powdered sorghum
rinds from D2, RG2, D1 and RG1. The diffraction was performed on the powder samples of rinds. The
diffractogram shown is obtained after subtracting the baseline and deconvolution of the amorphous
and crystalline regions using Gaussian curve-fitting. The peaks (110) and (1–10) were not detected as
separate peaks; Figure S2: X-ray diffraction patterns of intact D2, RG2, D1 and RG1 rinds; Figure S3:
Representative samples for RG1, D1, RG2 and D2 stalks at Internode 2; Figure S4: Py-GCMS pyro-
grams of rinds from (a) D2, (b) RG2, (c) D1 and (d) RG1; Figure S5: Chromatograms (GC-TIC) of the
DFRC degradation products from the MWL isolated from sorghum stalks of: (a) D2, (b) RG2, (c) D1
and (d) RG1. The monomers cH, tH, cG, tG, cS, represents cis- and trans- p-hydroxyphenyl, guaiacyl
and syringyl; Table S1: FTIR Assignments for functional groups in sorghum rinds of WT1, RG1, WT2
and RG2 assigned based on [71,93]; Table S2: Pyrolysis products identified in the rinds of D2, RG2,
D1 and RG1 sorghum variety.
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