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Abstract

Background The PA method combines optical absorption with acoustic detection of laser-generated ultrasound signals to
enable high-resolution and high-speed imaging and determination of the mechanical properties of materials. A measurement
of a single point takes only a few seconds; thus, the PA method is high throughput and allows for extracting spatially varying
mechanical properties of materials, which is critical in characterizing heterogeneous materials such as biological tissues. As
the PA method is non-contact, it precludes damaging the sample surfaces during the measurements.

Objective This study explores the ability of a non-contact and high throughput photoacoustic (PA) method to extract the
elastic moduli of bioenergy sorghum tissues, i.e., rind, pith, and vascular bundle, in the axial direction.

Methods A pulsed laser generated a collimated circular beam, which was expanded from 3 mm to 15 mm by a pair of convex
lenses. To increase the light absorption, red ink was applied to the sample surface. A focused laser beam from a vibrometer
was also delivered at the same location to measure the local surface displacement in the vertical direction. The built-in camera
of the vibrometer was used as a monitor.

Results The elastic modulus of the bioenergy sorghum rind was significantly larger than the moduli of the pith and fiber
bundles, thus indicating that rind tissues were much stiffer. The statistical results show statistically significant differences
among the elastic moduli of the different tissues.

Conclusions These measurements agree well with studies that have implemented other characterization techniques, thus
attesting to the utility of the PA technique in characterizing sorghum and other plants going forward.

Keywords Photoacoustic (PA) - Bioenergy Sorghum - Sorghum Tissues - Elastic Moduli

Introduction should target the mechano-biological properties of crop

stems. One approach to address the stem lodging issue is

It is estimated that agricultural food production will need to
increase 70% by 2050 to feed the planet’s increasing popula-
tion, even while facing challenges from climate change and
other negative environmental impacts [1]. Stem failure, or
stem lodging, is still a major limiting factor in grain produc-
tion worldwide [2], and its occurrence has increased with
more severe and frequent adverse weather events. As stem
lodging is a biomechanical problem, mitigation strategies
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to breed lodging resistant varieties, which requires a sys-
tematic understanding of the interplay between genetics,
biomechanical traits of stems, and environments. However,
phenotyping of stem biomechanical traits presents a bot-
tleneck. Further complications also arise due to the fact that
crop stems are hierarchical structures with different tissue
components and direction-dependent mechanical properties
(anisotropic behaviors in nature).

Several studies have determined the longitudinal elastic
moduli (the moduli along the axial direction) of stems using
standard destructive mechanical testing methods, e.g., bend-
ing, compression, and tensile tests, that are typically used for
engineering materials. Compared to engineering materials,
plant stems have irregular shapes and sizes, influencing their
responses under standard mechanical testing. To the best
of our knowledge, no standardized tests exist specifically
for fresh (live) plant tissues, which are complex composite
systems often of small size. Moreover, the lack of specific
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standards leads to difficulties in extracting useful compa-
rable information from different sources in the literature,
particularly for tests on fresh plant stems, which have a high
water content [3]. While existing mechanical testing meth-
ods are useful for gaining some knowledge of the biome-
chanical properties of plant stems, improving and standard-
izing testing and analysis would provide obvious benefits.

Compared to compression and tensile testing, bending
tests require minimal sample preparation and can be con-
ducted quickly [4]. The three-point bending test is the most
common method used to characterize the mechanical prop-
erties of the stem for two reasons: no clamping is required
and the test set-up is simple since the sample rests on only
two supports while the pointed load is applied to it [S]. A
four-point bending test is also recommended as the shear
deformation is eliminated at the location of maximum bend-
ing moment. Both bending tests cause a stress concentration
at the loading region resulting in cross-sectional changes and
local crushing. Bending tests have been used to measure the
elastic moduli of wood [6, 7], sorghum stems [8—10], wheat
stems [11], and maize stems [12]. Tensile tests have also
been used to extract the elastic moduli of wood [13], rind
strips of maize stems [14, 15], and Arabidopsis stems [16].
Gripping is challenging in this test as clamping a specimen
directly to the grip may cause breakage at the grips or slip-
page issues. Compression tests are also common for woody
materials [17], although they cannot be used for thin-walled
plant stems as they induce buckling. Moreover, the sample
must be short (low length to diameter ratio) and straight
enough to avoid sample rotation. Lee et al. [10] utilized uni-
axial ramp compression tests with different strain rates on
sorghum piths and stems and measured the elastic modu-
lus of the samples. Niklas [18] used bending and twisting
experiments to collect the elastic moduli of six herbaceous
species with hollow internodes. Al-Zube et al. [4] conducted
3-point bending and compression tests on maize stems and
tensile testing on rind strips to measure the elastic moduli of
stem internode and constituents. Robertson et al. [12] used
3-point and 4-point bending tests on maize, giant reed, and
bamboo to determine the bending modulus and strength of
the stems. Gomez et al. [19] used a 3-point bending test on
fresh sorghum bioenergy stems to determine the internodes'
elastic moduli and flexural stiffness. Recently, Zargar et al.
[8] used 4-point bending tests to measure the elastic modulus
of sorghum internodes that were mechanically stimulated
during growth and development. It was found that periodic
bending stimulation during growth of sorghum stems pro-
duced internodes with lower elastic moduli.

Several studies have used nanoindentation and atomic
force microscopy (AFM) methods to investigate the elas-
tic moduli of tissue components of plant stems, e.g., wood
cell walls and plant fibers [20-26]. The nanoindentation
method can estimate the surface hardness, - a measure of the

resistance to plastic deformation under the applied indenta-
tion load- and measure the elastic modulus [5]. AFM has
also been used to measure mechanical properties at small
scales, e.g., at the level of a single primary cell wall [27, 28].
This method can provide significant information regarding
cell wall architecture, e.g., microfibril size and orientation
[29-31]. However, both AFM and nanoindentation methods
have several disadvantages. The AFM tip radius is around
ten nanometers or even smaller, so one of the drawbacks of
AFM is that the determination of shape and AFM tip dimen-
sions is difficult [32]. Moreover, the indentation depth com-
pared to the thickness must be small and the sample must be
homogeneous and isotropic [33]. To use the nanoindentation
method, the sample surface must be extremely flat, which
typically requires embedding the sample in resin followed
by surface polishing. This sample preparation is challenging
and can obscure the properties of the soft tissues. Further-
more, the nanoindentation test is conducted on a small area
of plant cell walls and often cannot be used to determine the
properties of tissues, comprised of multiple cells. Finally,
it is difficult to keep the sample moist after the embedding
process. The microindenation method, on the other hand, is
suitable for studying the mechanical properties, such as stiff-
ness and turgor pressure, of single cell or multiple cells (tis-
sues) depending on the indenter sizes [33-35]. As with the
nanoindentation tests, microindentation testing also requires
surface preparation of the samples. Thus, it is desirable to
develop a non-contact and higher-throughput method to
characterize the mechanical properties of plant tissues.
Recently, high-throughput methods including non-
destructive flexural tests, vibrational methods, ultrasound
or acoustic methods, and computed tomography (CT) scan-
ning, have also been used to investigate the elastic moduli of
plants [36-39]. High-throughput measurements have several
advantages that have recently generated considerable inter-
est: reduced costs, high speed of data collection, ease of
measurement, capability to test small specimens, and the
potential for repeated testing [40]. Nondestructive flexural
stiffness experiments can extract information regarding tis-
sue mechanical properties without damaging the specimen
and provide good repeatability values [36]. Free vibration
and forced vibration methods are the two main dynamic
tests for characterizing plant mechanical properties. Free
vibration of the plants can be induced by a gust of wind
where the plants oscillate at their own natural frequencies.
Forced vibration can be induced by striking the plant with
a hard object and then measuring the sound waves to calcu-
late the mechanical properties. The free vibration method
has been employed to study the biomechanical properties
of winter wheat, giant reed, and trees [41, 42]. De Langre
et al. [37] have reviewed plant vibration experiments and
models applied at different scales. Compared to free vibra-
tion, the forced vibration method can determine more than
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one frequency simultaneously, increasing the accuracy of
the results. Moreover, forced vibration can be conducted on
the top flexible part of the plant, where bending tests are
usually challenging. Niklas and Moon [43] applied multiple
resonant frequency methods to collect the flexural stiffness
and modulus of elasticity of Allium sativum flower stalks.
Zhdanov et al. [39] conducted a dynamic forced vibration
method to characterize the elastic moduli of Arabidopsis
stems and to assess the effect of turgor pressure on the bio-
mechanical properties of the plant. In addition, several stud-
ies have used rapid and non-destructive acoustic/ultrasound
testing (stress-wave testing) to measure the flexural modu-
lus of elasticity of wood by calculating the speed of sound
through the wood [44-47]. However, this method is chal-
lenging for several reasons: the set-up length must be large
due to the number of probes required, the structure of wood
is complex considering both anisotropic (directional) and
inhomogeneous (spatial) variation, and the signal-to-noise
ratio (SNR) is low due to the significant wave attenuation
on wood. CT scanning can provide beneficial information to
evaluate knots in the wood [48-50], detect pith [51], deter-
mine fiber orientation [52], evaluate spiral grains [53], and
detect wood decay caused by fungi [54, 55]. The field use
of CT scanning is challenging, so the samples usually are
brought to the CT scanner rather than taking the CT scanner
to the field [56]. Recently, Stubbs et al. [38] used CT scan

data of maize cross-sections (described in detail in [57]) to
model transverse compression loading and extract the elastic
moduli of the sample. The method enabled determining the
spatial distribution of elastic modulus within the maize cross
section from CT scan data intensity.

Table 1 summarizes the elastic moduli of plant stems and
tissue components of several crops obtained using standard
mechanical testing, including bending, compression, and
tensile methods. Most of the data report moduli along the
longitudinal axis of the stem, except for a few measurements
of the transverse moduli. These limited studies conclude that
rind tissues (moduli of 1-50 GPa) are much stiffer than the
pith tissues and fiber bundles (moduli of 0.005-3.5 GPa).
Table 2 shows the elastic moduli and the stiffness of plant
cells (tissues), from microindentation measurements, rang-
ing from 0.1-3 GPa and 2-20 N/m, respectively. Table 3 pro-
vides the elastic moduli of plant cell walls of different crops
using AFM and nanoindendation methods. Data show that
the moduli for the cell walls are above 1 GPa.

The photoacoustic (PA) effect refers to the process of
sound or elastic wave formation in light-absorptive materi-
als. When a material is illuminated by light, the thermal
expansion caused by the light absorption can form dis-
placements of the target surface and generate bulk acoustic
waves, which contain information regarding the optical and
mechanical properties of the material. The most significant

Table 1 Standard mechanical testing estimations of the elastic moduli of stem and tissues of different plants

Plant Elastic Moduli (GPa) Stem Pith Rind Bundle Ref
Maize Compressive Elastic Moduli 10.15 + 1.47 [4, 57]
Bending Elastic Moduli 10.06 + 1.51 [4]
Tensile Elastic Moduli 0.02-0.19 (Aver- [58]
age of 0.14)
11.38-35.01 [4, 14]
(Average of
19.32)
Transverse Elastic Moduli 0.026 + 0.01 0.85 +0.39 [59]
Sorghum Compressive Elastic Moduli 0.130 + 0.030 0.036 + 0.007 [10]
Bending Elastic Moduli 0.002 -13.5 [8, 19, 60]
Tensile Elastic Moduli 0.013-0.114 1.4-21.1 [61, 62]
Wheat Compressive Elastic Moduli 0.6+0.11-09+0.47 [63]
Bending Elastic Moduli 1.1 £0.076 -2.2 +£0.23
Tensile Elastic Moduli 49+0.74-13.1+1.5 [63-65]
Barley Compressive Elastic Moduli 0.42 +0.08-0.97 +£0.38 [63]
Bending Elastic Moduli 1.1 £0.063 - 1.4 +£0.058
Tensile Elastic Moduli 49+0.74-73+£0.92
Corn Compressive Elastic Moduli 34 +0.57-35+0.37
Bamboo Tensile Elastic Moduli 212+ 11.5 2 [66-69]
Coir 173 +42 [66]
Jute 213 +£122-244+ 120
Plant tissues Longitudinal Elastic Moduli 0.005-0.01 24.5-45 0.03-0.84 [70, 71712

 These are the ranges of elastic moduli of plant tissues
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Table 2 Microindentation estimations of the elastic moduli of plant
cells

Plant Elastic Moduli Cells Ref
(GPa) / Stiffness
(N/m)
Tomato Microindentation test 2.3 + 0.2 (GPa) [72]
Onion 28+02-16+1(N/m) [73]
Tobacco 0.153 + 0.043 (GPa) [35]
Transverse Elastic 0.591 + 0.166 (GPa)
Moduli (Microin-
dentation test)
A. thaliana Microindentation test 12.3-16 (N/m) [33]

advantages of the PA method are that it is a high throughput
and non-contact approach to measure the elasticity of the
biomaterial, and it requires minimal sample preparation.
The non-contact measurement can eliminate tissue dam-
age, e.g., breaking cell walls, causing water migration, etc.,
during measurements. Each measurement of a single point
takes a few seconds, making the PA method high throughput
for measuring spatial properties of tissues. The PA method
eliminates the need for extensive surface preparation, such
as polishing the tissue specimen, measuring each sample
dimension, and placing each sample in the testing fixture;
such an extensive sample preparation prior to mechanical
testing can disrupt the water content. The PA apparatus is
equipped with a laser vibrometer for measuring the axial
displacement of the material surface and has an all-optical
configuration that does not need physical contact, in contrast
to a mechanical method that usually employs an indenter or
the ultrasound method that needs a layer of coupling mate-
rial (water or oil). Because both the probe laser beam of
the vibrometer and the excitation laser beam can be highly
focused, the test can achieve a lateral resolution of tens or

hundreds of microns. Due to these features, the PA effect is
widely used for microscopy and material property testing
[81-86]. Recently Wang et al. [87] developed a PA phase-
resolved method to characterize the biomechanical proper-
ties (modulus and viscosity) of tissues using noninvasive vis-
coelasticity imaging to detect tumor and esophageal disease
[88, 89]. To the best of our knowledge, the PA method has
not been used previously to characterize the biomechanical
properties of plant tissues.

In this study, the PA method was utilized to collect the
linear elastic moduli of rind, pith, and fiber bundle tissues
of sorghum stems. The optical set-up applied a focused laser
beam to illuminate the sample surface and utilized a laser
vibrometer to measure the axial displacement of the stem
surface. The elastic modulus of the sample can be deter-
mined from the waveform of the PA signals. It was hypoth-
esized that the PA method would prove suitable for measur-
ing the elastic moduli of different tissues of sorghum stems
and that the results would concur with those obtained using
low throughput techniques.

Materials and Methods
Plant Material

Bioenergy sorghum stems were harvested from the
field in the summer of 2021 in College Station, Texas
(30°33'05.6"N 96°26'14.8"W). Plants were a biomass-type
photoperiod sensitive hybrid planted on April 8, 2021. Fol-
lowing emergence the stand was thinned to 65,000 plants
ha~!. The plants were grown using standard agronomic
practices for local sorghum production, including fertiliz-
ers and herbicides. Irrigation was applied as necessary to
support robust growth.

Table3 AFM and

3 h . . Plant Elastic Moduli (GPa) Cell Wall Ref
nanoindentation estimations of
the elastic moduli of plant cell Corn Reduced?® Elastic Moduli (Nanoindentation test) Average of 8.86 [74]
walls Bamboo 149+ 2.1 [23, 66]
Coir 6.0+1.6 [66]
Jute 13.1+1.6-145+25 [66]
Flax fibre 169 +1.74-228 +1.7  [66,75,76]
Transverse Elastic Moduli (Nanoindentation test) 8 [77]
AFM test 45+02-21.0+29 [75,77]
Rice Reduced Elastic Moduli (Nanoindentation test) 19.4 [78]
Cassava 19.0
Soybean 16.3
Cotton 16.3
Wood 8-23 [79]
Transverse Elastic Moduli (Nanoindentation test) 12.7-17.9 [80]

# The reduced moduli accounts for moduli of both samples and indenters
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Sample Preparation

Plants were harvested for mechanical testing at soil level in
the morning before the temperature increased to minimize
the loss of tissue water. Stem internode samples were cut into
1 cm sections using a precision saw (Buehler Isomet 1000
Precision saw) to ensure that the top and bottom surfaces of
the samples were parallel. To avoid water loss, samples were
kept in ziploc bags in a refrigerator before testing. Figure 1
shows the sample cross-section with rind, pith, and vascular
bundle tissues. To determine the density of each tissue in the
internode, the pith was separated from the rind using steel
coring tools, employing a suitable coring diameter based on
the overall internode diameter. Vascular bundles were then
removed from the pith using small coring tools, followed
by forcep-assisted manual extraction of individual bundles.
The specimen volume was measured by submerging into a
graduated cylinder and measuring the water displacement.
The mass of the specimens was measured using a digital
balance (model 95364 CEN-TECH ®).

Photoacoustic PA Method

The PA method has been applied to quantify the elasticity
of animal tissues [83]. However, most PA elasticity test-
ing approaches use surface waves or bulk waves to extract
the elastic properties, which are not feasible for plant tis-
sue testing. Due to the complex inner structure and surface
condition of the plant tissue, surface and bulk waves do not
readily propagate on the surface or inside the plant tissue.
Thus, the vertical displacement of the sample surface during
the initial thermal expansion is utilized for the elasticity test-
ing. A pulsed excitation laser beam illuminates a local area
to induce thermal expansion, which can be measured by an
optical vibrometer. The rise time ¢, of the vertical displace-
ment is related to elasticity only, which can be estimated
by the time difference between the waveform peak and the
uprise of the trigger signal. The main frequency of the PA

Fig. 1 Cross-section of a stem internode with an average diameter
of 19.14 + 4.47 mm with different tissue components (left) and the
close-up images of rind and pith tissues with vascular bundles (right)

signal is characterized before the test of rising time, and the
frequency of the trigger signal is set to be the same as the
main frequency. The same trigger signal is applied for both
the pulsed laser and the oscilloscope. The elastic modulus
can be calculated by [83, 90, 91].

3KR?p
E= p (D

max

where E is the elastic modulus, R is the radius of the excita-
tion laser spot, p is the density of the material, and K is a
dimensionless system parameter to be calibrated. The K is
ratio of the focal size to the diffraction length and is also
used to calibrate the radius of the excitation laser beam [90,
93]. Therefore, the calibration of K should be conducted
with the same set-up and conditions as the formal measure-
ment of target materials. The derivation of equation (1) is
presented in Appendix A.

Experimental Set-Up

A 532 nm Nd: YAG pulsed laser (Elforlight FQS Series)
generated a collimated circular beam, which was expanded
from 3 mm to 15 mm by a pair of convex lenses (Lens 1 and
Lens 2) and filtered by a pinhole (see Fig. 2). After being
reflected by a mirror, the beam was focused by a third lens
(Lens 3) on the sample surface. To increase the light absorp-
tion, red ink was applied to the sample surface. The diameter
of the laser focal spot was approximately 100 pm, the laser
pulse energy was 40 pJ, the pulse duration is 4ns, and the
pulse repetition rate was set to 40 kHz. A focused laser beam
from a vibrometer (Polytec OFV-5000) was also delivered
at the same location to measure the local surface displace-
ment in the vertical direction. The built-in camera of the
vibrometer was used as a monitor. The diameter of the probe
laser beam of the vibrometer was approximately 20 pm. The
resolution of the system was determined by the larger laser
spot from the excitation laser (=100 pm). Figure 3 shows an

Bunetion Oscilloscope Vib
generater p ibrometer
Lens1 Lens2
532nm Mirror

Laser | N -
Objective

Pin hole lens

Lens 3

Sample surface

Fig.2 PA set-up for elasticity test. Lens 1-Lens 3 (Focal length f; =5
cm, f, =25 cm, f; =5 cm)
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example of an illuminated sorghum sample during testing.
The cross-section of the sorghum showed that the thickness
of the rind was about 1 mm, and it also showed the distri-
bution of the pith and vascular bundles relative to the rind
(Fig. 1). To obtain the elasticity of the rind, pith, and vascu-
lar bundles, 3 random points were measured for each tissue
(e.g., the rind) at a distance of 0.5 mm or more away from
the boundary between different areas (e.g., the boundary
between the rind and pith). The acquisition time for each
point was between 2 to 5 seconds. The oscilloscope recorded
the waveforms of the signals and the rise time ¢,,,, was meas-
ured. Figure 4(a), (b) and (c) show the waveform from the
rind, pith, and vascular bundle. The 7, values are 2.86 ps,
5.38 ps, and 15.96 ps for the rind, pith, and vascular bundle,
respectively. The blue curves show the original signals, and
the orange curves show the triger signals from the function
generater. It should be noted that the cell structure of the rind
is relatively uniform, so the waveforms are similar to each
other, while the waveforms from the pith and vascular bun-
dle may be less homogeneous due to the less uniform cell
structure. To estimate the parameter K. Two widely known
polymers PET and polycarbonate have been tested, respec-
tively. The densities of the PET and polycarbonate are 1350
kg/m® and 1200 kg/m>. The Young’s moduli are 3550 MPa
and 2000 MPa. The rise times ¢, are acquired as 2.53 ps
and 3.23 ps for PET and polycarbonate, respectively. Based
on equation (1), the K value from the PET and polycarbon-
ate are 249+11 and 259+7, respectively. Based on the data
from the PA signals of PET and polycarbonate, the K value
used in this paper is 254.

Data Analysis

Data was acquired through the oscilloscope and processed
in MATLAB® R2021b version 9.11. Statistical analysis
was performed using R (version 4.1.1) and RStudio (ver-
sion 1.4.1717). Two-way analysis of variance (ANOVA)

Fig.3 The target tissue is illu-
minated by a short laser pulse

was used to identify differences in densities and elastic
moduli of tissues, with the significance level at og; < 0.05.

Results

The density and elastic moduli of the tissues, e.g., rind,
pith, and bundles, are summarized in Figs. 5 and 6, respec-
tively. The data were collected from different internodes
(internodes 3-9) in the stems and obtained from different
stems (8-10 stems). Tables 1A, 2A, 3A, 4A in Appendix
B show the statistical results from the ANOVA for den-
sity and elastic modulus. The main effect of tissue was
significant without interaction for both density and elastic
modulus, which means the density and elastic modulus
varied depending on tissue types. Multiple comparisons
were also conducted to further investigate differences
among the three tissues. The statistical results show that
the density difference between pith and bundles was not
significant; however, the density of pith and bundles was
significantly different from the density of the rind. The
statistical results also show statistically significant dif-
ferences among the elastic moduli of the different tissues.
The elastic moduli of both pith and bundle tissues were
smaller (in the range of 0.15-1.6 GPa) than the modulus
of the rind tissue (in the range of 3.9-10 GPa).

Discussion

A PA method was used to determine the elastic moduli
of different tissues, i.e., rind, pith, and vascular bundles
of mature bioenergy sorghum internodes. The PA method
is a non-contact high throughput technique to determine
local mechanical properties of tissues based on optical
wave propagation, i.e., a coupling of light absorption and
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Fig.4 PA signals from the rind,
pith, and vascular bundle
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Fig.5 Density comparison between the stem constituents (rind, pith,
and bundle) of internodes 3 to 9. The data are means + Standard
Error (SE). Different letters indicate statistically significant differ-
ences (P < 0.05; F-test, please refer to Table 2B)

displacement. In this study, the PA method was used to
determine the elastic moduli of the tissues along the lon-
gitudinal (axial) direction of the stems.

The density of different tissues was first characterized.
The statistical results show that the density difference
between the pith and vascular bundles was not signifi-
cant; however, the density difference between these tissues
and the rind was statistically significant (0.9412 g/cm? for
rind, 0.7086 g/cm? for pith, and 0.6685 gr/cm?® for bundle
in average). Among all the tested tissues, the rind had the
highest density. This larger density might be because the
rind tissue has smaller, more tightly packed cells than the

IS
T

Elastic Modulus [GPa]
w

2 =
b
1 =
a
. N
Rind Pith Bundle

Fig.6 Elastic moduli comparison between the stem constituents
(rind, pith and bundle) of internodes 3 to 9. The data are means + SE.
Different letters indicate statistically significant differences (P < 0.05;
F-test, please refer to Table 4B)

pith tissue, while the vascular bundle has a variation in the
size of its cells (see Fig. 1).

The elastic modulus of the rind determined from the PA
method was in the range of 3.9-10 GPa (6.7 GPa on aver-
age), which is quite consistent with the values determined
by conventional mechanical testing methods (uniaxial tests)
shown in Table 1, and in particular with the values from
tensile testing data for Della sorghum in the range of 3-9
GPa [62]. In general, the elastic modulus of sorghum rind
from tensile tests has been reported in the range of 1.4-21.1
GPa and for maize, tensile tests have provided estimates
in the range of 11-35 GPa. The pith and vascular bundle
moduli from the PA method were in the range of 0.15-1.6
GPa (0.85 GPa and 0.59 GPa on average, respectively). By
comparison, the elastic modulus of sorghum pith based on
Table 1 is 0.013-0.114 GPa with uniaxial tests. The dis-
crepancy between our data with Table 1 most likely arises
from the genotype difference, as Table 1 refers to Della
sorghum while herein we use bioenergy sorghum hybrids.
Furthermore, Table 1 sorghum pith data was derived from
greenhouse grown plants, while the data presented here is
based on field grown plants. Field grown plants have higher
elastic moduli compared to greenhouse plants due to envi-
ronmental effects. Reference [91] shows that the tissue stiff-
ness of the parenchyma for Arundo donax is in the range of
0.4-1 GPa although it has not been reported for sorghum.

The PA method also indicated that the rind tissues were
much stiffer than the pith and vascular bundle, consistent
with reports from the literature. The elastic modulus of the
bundle was lower than that of the pith (0.59 GPa vs. 0.85
GPa). To the best of our knowledge no prior data compar-
ing the mechanical properties of pith vs. vascular bundles
exists for sorghum. However, data does exist in similar
plants (e.g., maize, rice), which indicated the vascular bun-
dles were stiffer than pith tissues. In one study [38] for dry
maize stems the authors showed that the softest tissue was
pith and the stiffest tissue was rind, while the stiffness of
vascular bundles was somewhere between the pith and the
rind. Another study for wet rice stems [92] showed that the
vascular bundle elastic modulus was much larger than pith
tissues (7.17 GPa vs. 0.44 GPa). The variations in the elastic
moduli of the different tissues may be attributed to their dif-
fering cell wall thicknesses, composition, and organization.

The PA method is a non-contact and high-throughput
method. Compared with other mechanical testing meth-
ods such as microindentation, nanoindentation, and AFM,
the PA stands out as it avoids damaging the tissue such as
breaking cell walls and causing water migration during the
measurements. The PA approach is fast, allowing the meas-
urement of every single location (tissue) to be completed
with a single pulse (pulse duration 4 ns).

Future studies can consider the measurement of aniso-
tropic moduli of the different tissues of plant stems, which
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requires cutting specimens in different directions. The PA
method is also suitable for determining the viscosity of the
tissues, which will be considered for future studies. Addi-
tionally, in principle, the PA approach can facilitate 2D
mapping of the spatial distribution of the elastic modulus.
However, this ability requires the surface to be nearly flat for
uniform laser illumination of different locations. Hence, 2D
mapping using PA method can be included in future studies.

Conclusions

To examine the elastic moduli of different tissues, i.e., rind,
pith, and vascular bundle of bioenergy sorghum internodes,
a non-contact and high throughput PA method was imple-
mented. The rind tissue had the highest modulus, while the
vascular bundle had the lowest modulus, indicating that the
rind tissues were much stiffer than the pith and vascular
bundle. The measured elastic moduli of these tissues along
the axial direction of the stems appeared to be consistent
with the moduli of sorghum determined using conventional
mechanical testing methods. This consistency suggests that
the PA method is reliable for obtaining the elastic moduli
of the different tissues within the stem internodes. Com-
pared with other local mechanical measurement methods,
such as microindentation, nanoindentation, and AFM, the
PA method has the advantage of being high-throughput
and requires less sample preparation, which minimizes the
chance of modifying the tissue properties during sample
preparation and measurement.

Appendix A

This Appendix presents the derivation of equation (1) [90, 93],
which was used to determine the elastic modulus of the tissues
from PA signals. The PA method i 1s based on solvmg a wave
propagation equation of motion d— +F,= pT in a linear
viscoelastic material under shear deformatlons w1th the fol-
lowing linear viscoelastic model 7, = Gy, + ,u— where 7, is
the shear stress and the shear strain is given as y, = d— and G
and p are the shear elastic modulus and viscosity, respectlvely

. The wave propa ation equatlon of motion is then written by
dzuj d d-u. 3

+F,= p— and with an algebraic manip-

dr? ar \ dr
ulation we have:
u, 0
2 —

where u, is the displacement, z is the incident direction of
the laser, C; is the shear wave velocity, A is the 2D Lapla-

cian operator, # = f is the kinematic viscosity which

depends on the viscosity p and the density p, and F is the

equivalent excitation laser force. In the laser-illuminated
area with a radius near 50pum, the plant tissue is assumed to
be elastically isotropic [83]. The relation between the wave
velocity and the shear modulus G is written as:

¢ =/

A2
P (A2)

The Young’s modulus and shear modulus are related by
Poisson’s ratio v:

_E
T 2(1 +0)

(A3)

The plant tissue is generally assumed to be incompressible
with a Point ratio v near 0.5. The shear modulus can be further
estimated as:

(A4)

Substituting equation (A.4) into equation (A.2); the shear
velocity C- can be estimated as:

Cr =~ E

3 (A5)

For a pulsed Gaussian laser beam, the equivalent excitation
force can be given by:

= (A.6)

F, = al'l f (t) exp <—az — r_2>
where « is the light absorption coefficient, I" is the Gru-
neisen parameter, I is the initial laser intensity, f(#) is the
delta function which is used to represent the laser pulse, r is
the radial coordinate, and R is the waist radius of the Gauss-
ian laser beam. Because the laser pulse duration can usually
be short with a magnitude order of ns, the heat conduction
has been neglected. The Substituting equations (A.5), (A.6)
into equation (A.1), the PA-generated shear wave equation
can be rewritten as:

u, , 0 2
- (CT + ;75)Aluz = aTlof () exp ( —az - T

(A7)

To analytically solve the vertical displacement at the center

of the laser beam, a Hankel transform is conducted on both

sides of equation (A.7) which was discussed in in [90, 93].

By considering a Gaussian laser and delta function pulse, the
displacement at the center of the laser beam is given by:

VE/3
alI)RS Ly
u, = A.8)
C 2 (
PrT 1+4—"t+<—VE/3”t>
pR? R

SEM
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where ¢ is the laser pulse width. By differentiating u, on ¢,

the displacement u, reaches its peak atz .

R
VE/3p

The estimation of Young’s modulus from the PA method
can be affected by the size of the laser beam [90, 93]. To
account for the size effect, a parameter K, which is ratio
of the focal size to the diffraction length, needs to be first
calibrated:

max

(A.9)

Table 1B Two-way ANOVA table of tissue densities. The tissue fac-
tor contains three levels: rind, pith, and bundle, while the internode
factor contains 7 levels: IN3-9

Two-way ANOVA-Density

3KR?p
E=— (A.10)
Appendix B

This Appendix presents the statistical results for density and
elastic moduli comparison of the tissues.

df Sum of squares F value p value

Internode 6 3.1131 3.2235 0.0051

Tissue 2 3.3004 10.2522 < 0.0001

Internode:Tissue 12 1.3977 0.7236 0.7270

Residuals 165 26.5584

Tab!e 28 Mu%ti.ple comparisons Tissue emmean® SE df lower.CL upper.CL Group

of tissue densities
Bundle 0.6981 0.0524 165 0.5946 0.8016 a
Pith 0.7596 0.0524 165 0.6561 0.8631 a
Rind 1.0325 0.0524 165 0.9290 1.1360 b
destimated marginal mean

Table 3B Two-way ANOVA table of tissue elastic moduli. The tissue

factor contains three levels: rind, pith, and bundle, while the inter-

node factor contains 7 levels: IN3-9. Square root transformation was

applied to the modulus

Two-way ANOVA-Modulus

df Sum of squares F value p value

Internode 6 2.052 1.5602  0.1621

Tissue 2 90.008 205296 < 0.0001

Internode:Tissue 12 1.086 0.4128  0.957

Residuals 160 35.075

Tab!e 48 Mul.tiple corpparisons Tissue emmean SE df lower.CL upper.CL Group

of tissue elastic moduli
Bundle 0.4997 0.0639 160 0.3734 0.6259 a
Pith 1.0069 0.0611 160 0.8861 1.1277 b
Rind 2.1989 0.0611 160 2.0781 2.3197 c
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