
RIGHT:

URL:

CITATION:

AUTHOR(S):

ISSUE DATE:

TITLE:

Non-destructive high-throughput
measurement of elastic-viscous
properties of maize using a novel
ultra-micro sensor array and
numerical validation

Nakashima, Taiken; Tomobe, Haruka; Morigaki, Takumi;
Yang, Mengfan; Yamaguchi, Hiroto; Kato, Yoichiro; Guo, Wei;
Sharma, Vikas; Kimura, Harusato; Morikawa, Hitoshi

Nakashima, Taiken ...[et al]. Non-destructive high-throughput measurement of elastic-
viscous properties of maize using a novel ultra-micro sensor array and numerical
validation. Scientific Reports 2023, 13: 4914.

2023

http://hdl.handle.net/2433/281879

© The Author(s) 2023; This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder.



1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4914  | https://doi.org/10.1038/s41598-023-32130-5

www.nature.com/scientificreports

Non‑destructive high‑throughput 
measurement of elastic‑viscous 
properties of maize using 
a novel ultra‑micro sensor array 
and numerical validation
Taiken Nakashima 1, Haruka Tomobe 2*, Takumi Morigaki 1, Mengfan Yang 1, 
Hiroto Yamaguchi 1, Yoichiro Kato 3, Wei Guo 3, Vikas Sharma 4, Harusato Kimura 2 & 
Hitoshi Morikawa 2

Maize is the world’s most produced cereal crop, and the selection of maize cultivars with a high stem 
elastic modulus is an effective method to prevent cereal crop lodging. We developed an ultra-compact 
sensor array inspired by earthquake engineering and proposed a method for the high-throughput 
evaluation of the elastic modulus of maize cultivars. A natural vibration analysis based on the 
obtained Young’s modulus using finite element analysis (FEA) was performed and compared with 
the experimental results, which showed that the estimated Young’s modulus is representative of the 
individual Young’s modulus. FEA also showed the hotspot where the stalk was most deformed when 
the corn was vibrated by wind. The six tested cultivars were divided into two phenotypic groups based 
on the position and number of hotspots. In this study, we proposed a non-destructive high-throughput 
phenotyping technique for estimating the modulus of elasticity of maize stalks and successfully 
visualized which parts of the stalks should be improved for specific cultivars to prevent lodging.

The Green Revolution has increased the yield of cereals by optimizing varieties, soil nutrients, weed and pest 
management, and irrigation system1–3. However, the lodging of plants due to the wind and rain has been a critical 
factor in limiting the yield of cereals over the past half-century. In the Green Revolution, semi-dwarf varieties 
with higher harvest index were opted to avoid the lodging, instead of those with larger and stronger plants that 
could withstand lodging. Now we are back at this fork in the road. As harvest indices in many cereal crops have 
reached at theoretical maxima, our next step is to systematically produce lines with higher biomass production 
and enhanced lodging resistance to meet increasing food demand.

Lodging is a mechanically complex problem; if the wind force is balanced with the bearing force, the stem 
structure will not collapse. However, if the wind force is greater, the stem collapses1,4. The relationship between 
the wind velocity and the aerodynamic forces exerted on the crop is complex, but is believed to be roughly 
proportional5,6. The power spectrum observed in previous studies shows that most of the power is concentrated 
in the long-period region of wind frequency above 1 Hz, with little power in the short-period region below 1 Hz7. 
Furthermore, the stress–strain constitutive relationship between the stress and displacement fields of the crop, in 
general, is a nonlinear and depends on shape and material of crop. However, several studies have demonstrated 
that, in situations where the deformation is small and the geometry is simple, the constitutive relationship in 
plant stem is purely linear1,3,8–12. Plants are complex in shape and vary in strength from tissue to tissue, and thus 
exhibit complex opportunistic properties even under low deformation13,14.

Ookawa et al.1 modeled the stress–strain relationship of rice plants based on quasi-static mechanics and 
found that the Young’s modulus and cross-sectional secondary moment independently govern the resistance of 
stem to collapse. The authors spent over ten years cloning genes and conducting stem breakage tests on many 
recombinant inbred lines (RILs) to estimate Young’s modulus and cross-sectional secondary moment. Eventu-
ally, they developed numerous varieties with a high Young’s modulus and secondary moment of the section, 
achieving both high biomass production and lodging resistance in rice.
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Nevertheless, applying this approach to maize is difficult for the following reasons. (i), as the height of a maize 
plant is 2–3 m, a considerable amount of labor is required to sample the stalks and measure Young’s modulus 
using bending tests8 even for a few maize plants. (ii) Previous studies have shown that maize, as well as rice, can 
have hundreds of RILs15–17, which inevitably results in a high cost for phenotyping. (iii) Unlike rice, the Young’s 
modulus and cross-sectional shape of maize vary greatly among nodes in a stem; therefore, the Young’s modulus 
at one location may not represent the Young’s modulus of another location within the same individual18. Keeping 
the above challenges in view, an accurate and high-throughput method to measure the Young’s modulus of maize 
is required to breed maize lines with both high biomass productivity and high resistance to lodging.

As mentioned above, the maize body and the ground can be considered linear elastic bodies when the 
deformation is small15–17,19–21. Therefore, it seems possible to instantaneously estimate the elastic properties of 
the maize plant by placing a group of sensors on the surface of the maize body and measuring the microtremor 
simultaneously.

This technique has been successfully employed in earthquake engineering19–26. However, in earthquake engi-
neering, the spacing between sensors ranges from a few meters to several kilometers. This is mainly because 
the objective is to measure the elastic modulus of an area with a radius of several tens of meters to several 
kilometers19–21,23–25,27. For this reason, a single sensor generally weighs from several 100 g to five kilograms and 
has a sampling frequency of less than 100 Hz19–21. Recently, Taylor and coworkers used an apparatus to measure 
the elastic modulus of soil samples from P- and S-wave velocities, which necessitated a 1 kHz sampling ratio to 
capture the phase22 using heavy piezometers.

Young’s modulus of plants ranges from 0.1 to 100 MPa, which requires high-frequency sampling 500 Hz to 
1 kHz, to estimate the elastic modulus of maize using a sensor with a mass of 2–3 g or less. In addition, the sensor 
should be ultra-compact and lightweight so that it does not deform the plant and influence its vibration charac-
teristics. Needless to state, the sensors employed in earthquake engineering cannot be directly used to identify 
the elastic modulus of living maize plants due to their excessive weight, large size, and low sampling frequency.

In this study, we developed a method for the simultaneous multi-point measurement of maize surface waves 
using a group of ultra-compact sensors and a high-throughput Young’s modulus measurement method. The 
sensors employed in this study are based on micro-electro-mechanical systems (MEMS)28–30, which weigh less 
than a few grams and are thus unlikely to affect the vibrational characteristics of the maize body. In the proposed 
method, three MEMS sensors are placed on the corn stalk for spatial–temporal measurements of acceleration 
waveforms while applying an external impact to the plant. The time required for a single measurement is only 
approximately 2 s, and the small size and portability of the device enable extremely high-throughput measure-
ments. Subsequently, this paper provides the details of the data interpretation technique for a high-throughput 
simultaneous estimate of Young’s modulus, the plant’s natural frequency.

In addition, to verify the validity of the measured Young’s modulus and natural frequencies, elastodynamics 
simulations of maize plants were performed using finite element analysis (FEA)31–35. In these simulations, based 
on the estimated Young’s modulus and the morphological information of corn, the natural frequencies of the 
above-ground part of maize are predicted. By comparing the simulation results with the field measurement, we 
verified that the measured Young’s modulus is consistent with the measured natural frequencies.

Results
Estimating hot‑spots of elastic stress under wind‑induced vibration in maize using FEA.  Pre-
liminary FEA was performed to determine the most critical parts of the stem. In this preliminary analysis, the 
stem diameter and length were assumed to be 20 mm and 1.8 m, respectively, using 2021 data for the cultivar 
KD580 as a reference. Figure 1 shows a spatial distribution of the mean stress in the first and second eigenmode. 
In the first eigenmode, the stem vibrates in the direction parallel to the rows (Fig. 1A) whereas in the second 
eigenmode the stem vibrates perpendicular to the rows (Fig. 1B). This analysis revealed the existence of two 
hot-spots, which are located below (refer to inset (a) in Fig. 1) and above (refer to inset (b) in Fig. 1) the ear on 
the maize stem. In addition, in the case of the second eigenmode, a slight hot-spot appears in inset (c). It is well 
known that a stem has a single hot-spot when it behaves like an elastic cantilever beam11. However, the maize 
stem has two or three hotspots, which indicates that the maize plant body is not similar to a cantilever, and leaves 
and ears play essential roles under free vibration. The sensors were arranged in such a manner that they strad-
dled parts (a) and (b).

Measurement of Young’s modulus from the S‑wave velocity.  Based on the FEA results, three 
MEMS accelerometers were arranged at locations S1, S2 and S3, as depicted in Fig. 2A. Seismic waves were 
excited by striking the impact point at the ground edge with a hammer, as shown in Fig. 2A. Elastic transverse 
waves (read as S-wave) were generated by impacting the bottom part of the stem with a hammer. Figure 2B plots 
the travel time curves of acceleration waves in the horizontal direction, where the horizontal axis denotes the 
time, and the vertical axis denotes the location of the sensors. It is evident from this figure that the elastic wave 
passes through the sensors S1, S2, and S3 in that order. Subsequently, the tests were conducted on six cultivars 
(viz., KD580, LG2533, NS115, Taranis, Flec and P9027) with various grass types, all of which showed two differ-
ent elastic wave velocities in the S1-S2 and S2-S3 sections, as illustrated in Fig. 2B.

For S-wave, the Young’s modulus E(kPa) can be estimated from the S-wave velocity, Vs (m/s) by

where ν and ρ denote the Poisson’s ratio and the density of the elastic medium (t/m3), respectively. It is noteworthy 
that the above relationship is exact when the S-wave is a body wave and approximately holds when the S wave 
is a surface wave. The waveform raises an important question as to whether this wave can be regarded as a body 

E = 2(1+ ν)ρ(Vs)
2
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wave. The results for all cultivars indicate that the wave period was approximately 8 ms, which is an average of 
ones on all cultivars/plants, and the S-wave velocity was approximately 80 m/s.

From period T and wave speed c , the wavelength � can be obtained as follows:

Thus, the wavelengths were determined to be approximately 64 cm, which is approximately 50 times larger 
than the radius of the stem (1.2–1.4 cm). Waves traveling through thin plates are called Lamb waves36. Lamb 
waves propagate while reflecting off a thin elastic plate and exhibit dispersion phenomenon wherein wave speed 
depends on the frequency. Owing to this dispersion, the wave speed of the Lamb wave was slightly slower than 
that of the body wave.

Here, Young’s modulus is obtained by assuming that the observed wave velocity is approximately the same as 
the S-wave velocity, as shown in Fig. 2B. The wave reversion in Fig. 2B indicates the presence of the Lamb wave 
because the Lamb wave has a dispersion curve, as shown in previous investigations36,37. A typical Lamb wave has 
a small shear wave velocity at low frequencies, as shown in Fig. 2B. Considering that the body S-wave and Lamb 
wave have different wave velocities, the following subsection examines whether this estimated Young’s modulus 
is consistent with the overall natural frequency. Figure 2C shows the Young’s modulus estimates for the S1–S2 
and S2–S3 sections for each cultivar.

Significant differences were observed between the Young’s modulus and the wave velocities of below-ear 
(E1) and above-ear sections (E2) (Fig. 2D,E). Measurements ranged from 10.6 to 20.4 MPa for E1 and from 6.3 
to 11.6 MPa for E2. In all cultivars, E1 was higher than E2, suggesting that the stalk section below the ear was 
stiffer than that above the ear, although no significant difference was observed between E1 and E2 in the KD580 
and NS115.

The highest E1 was observed in the high-yielding and lodging-tolerant LG2533 cultivar, while the lowest 
value was observed in the high-yielding but more lodging-susceptible Taranis cultivar. LG2533 also showed a 
lower E2/E1 ratio than the other cultivars examined, except for Flec, which is another cultivar with high lodging 
tolerance. Therefore, a E2/E1 ratio below 0.5 in these two cultivars is an indicator of stiffer basal and flexible 
upper stalk sections, which mechanically resemble a fishing rod. Such physical properties of stalks are potentially 
favorable traits for withstanding heavy wind loads on the upper canopy with increased stalk plasticity.

Regarding the two theoretical determinants of Young’s modulus, the observed varietal differences in E2/E1 
ratio were largely attributed to the variation in wave velocities rather than to the volumetric density of the stalk 
(Fig. 2C,E). The lodging-tolerant cultivars LG2533 and Flec also showed the lowest Vs1/Vs2 ratios, suggesting 
that non-destructive measurements of Vs on below- and upper-ear stalk provide a rough estimation of the E2/E1 
ratio in a high-throughput manner without destructive sampling of stalk density.

Measurement of eigenfrequency and damping ratio of maize stem.  The natural frequencies of 
individual maize plants were measured to verify the correctness of the Young’s modulus obtained in the previous 
subsection and to investigate the possibility of inverse estimation of Young’s modulus from natural frequencies. 
As discussed in the previous subsection, the Young’s modulus estimated based on the wave velocity may contain 

� = cT

Figure 1.   Preliminary finite element analysis (FEA) of a maize plant: (A) contour map of the mean stress at the 
first eigenmode, and (B) the second eigenmode. The results indicate that that the below-ear (inset a) and above-
ear sections (inset b) deform significantly under free vibration. Thus, the Young’s modulus of these two regions 
may contribute essentially to the plant’s mechanical properties.
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errors owing to differences in the velocities of the Lamb and body S-waves. Therefore, the natural frequencies at 
the individual scale were estimated and numerical calculations were performed to verify the validity of the esti-
mated Young’s modulus. It is noteworthy that Nakata et al.9 developed a method to estimate the Young’s modulus 
of stems from the natural frequencies of Arabidopsis. Further, it is opined that if such technique, if applicable to 
the maize in the field, would be more efficient than the present MEMS sensors-based procedure.

The bending vibration tests were performed on the maize plant in the field (Fig. 3A), wherein, at first, the Tas-
sel was pulled and opened in the direction perpendicular to the row, and then released to set the plant in motion. 
The response of the maize was measured by the MEMS sensor which is placed at S3 position (Fig. 3B). The 
response of the plant stands for the response of an elastic body to a step loading. A step response waveform can be 
obtained, as illustrated in Fig. 3B. Subsequently, the measured response was processed by applying a 0.1–10.0 Hz 
bandpass filter, and data fitting by stochastic gradient descent method. Furthermore, the natural frequency and 
damping ratio of the plant are obtained by fitting the step response function of the damped vibration system.

The estimated natural frequencies and damping ratios are presented in Fig. 3C. The natural frequencies 
estimated using the bending vibration test differed significantly among cultivars. Taranis, a lodging-sensitive 
cultivar, showed a significantly lower natural frequency than KD580 and LG2533 that exhibited the highest 
Young’s modulus of the below-ear stalk section. In contrast to the natural frequency, no significant varietal 
difference was observed in the damping ratio (Fig. 3D). However, KD580 and LG2533 showed slightly lower 

Figure 2.   Record section and Young’s modulus of the vibration data associated with the impact test: (A) 
Position of the micro-electro-mechanical systems (MEMS) sensor array attached to the matured maize plant 
(cv. LG2533). An impulsive load wave was applied at the bottom of the stem to generate the surface shear waves. 
(B) Travel time curve for the shear wave (left) across the maize surface (cv. LG2533) and the dispersion curve 
(right). The travel time curve (solid line) clearly exhibits the different wave velocity in the stem, V1 between 
S1 to S2 and V2 between S2 and S3. Dispersion curve indicates the presence of a Lamb wave in section S1 to 
S2, while very small dispersion is present in section S2–S3. (C) Young’s modulus estimated by V1 and V2 based 
on the linear elasticity. (D) Wave velocities and (E) stalk densities below (S1–S2) and above (S2–S3) the ear for 
different cultivars. Values in C–E are means ± se (n = 4). Tukey’s HSD test was used to examine the statistical 
significances at p < 0.05 and different alphabets indicate significant differences. *, **, and *** in (C) indicate 
significant differences between below- and above-ear stalk sections at p < 0.05, p < 0.01, p < 0.001, respectively, 
by two-tailed paired Student’s t-test. Values in parentheses above the bars are the ratio of above to below ear 
sections.
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values than those of the other cultivars. Additionally, NS115 exhibited the highest damping ratio, which could 
be due to a mechanism involved in the high lodging tolerance of this cultivar.

The relationship between the Young’s modulus and natural frequency is shown in Fig. 3E. Although the 
Young’s modulus in the S1–S2 interval and that in the S2–S3 interval showed a correlation with the natural 

Figure 3.   Experimentally determined natural frequency and damping ratio. (A) Bending vibration test for 
measuring the step response associated with the bending mode. (B) The vibration data were bandpass filtered 
at 0.1–10.0 Hz to remove noise. Subsequently, the response was fit by the analytical solution of the damped 
free vibration problem. (C, D) The natural frequency and the damping ratio obtained from the fitting of the 
observation. (E) The relationship between natural frequency and Young’s modulus. Values in C and D are 
means ± s.e. (standard error; n = 4). Tukey’s HSD test was used to examine the statistical significances at p < 0.05 
and different alphabets indicate significant differences. † and * indicate statistical significance in correlation 
coefficient at p < 0.1 and p < 0.05, respectively.
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frequencies, it was not possible to estimate the Young’s modulus from the natural frequencies. Therefore, it is 
difficult to accurately estimate the Young’s modulus of maize from its natural frequency, unlike with Arabidopsis. 
The damping ratio was successfully evaluated as a byproduct. High viscous damping allows wind energy to be 
dissipated more efficiently, making high-damping traits a potential breeding target.

Numerical simulation of free vibration of maize.  To verify the validity of the Young’s modulus esti-
mated by the MEMS sensor, the natural frequencies of maize plants were predicted numerically and compared 
with the experimental results. Simulations were performed using a combination of the finite element and domain 
composition methods38. The results showed that the predicted Young’s modulus agreed well with the measured 
natural frequencies for all the cultivars (Fig. 4). Close inspection revealed that for all cultivars, except LG2533, 
the simulated values were approximately 3–5% lower than the measured values. Thus, although the wave velocity 
measured by the MEMS sensor suggests that the waves are slower than the S-waves, the error is not significant. 
Figure 5 shows the natural vibration modes and hot-spot locations for each cultivar. The contour map describes 
the mean stress corresponding to the first eigenmode for each cultivar, and the stress was higher at the posi-
tions where large deformations occurred. Figure 5A–F corresponds to the cultivars KD580, LG2533, NS115, 
Taranis, Flec, and P9027. Although hot-spots are visible in Fig. 1A,B, the stress levels are distinctly different for 
each mechanical/morphological phenotype. Two different modes, the L- and W-modes, appear in the figure, 
where the L-mode bends at the top, as seen in (B) and (C), while the W-mode is visible in (A) and (D–F). These 
observations show that if the L-mode appears in a maize plant, either the Young’s modulus at the top of the plant 
should be increased for that cultivar or both the top and bottom parts should be reinforced to increase lodging 
resistance. Thus, a combination of the MEMS sensor array and FEA can be used to develop an optimal strategy 
for breeding lodging-resistant cultivars.

Discussion
The novel ultra-lightweight sensor array successfully measured the Young’s modulus of corn stalks non-
destructively, accurately, and at high throughput. The actual weight of each sensor head was approximately 3.5 g 
including fixture devices. As the averaged fresh weights of leaves, stem and apical ear of examined individuals 
(n = 48) at milk stage were 195 g, 539 g and 341 g, respectively, and the total weight of three sensors was equivalent 
to only 2–5% of each organs and less than 1% of total fresh weight of a single plant; therefore, the effects of 
installing these sensors on maize stalk was able to assume negligible. This device would also be transferable to 
other crops and plant species with a large above-ground structure, including Sorghum spp., Miscanthus spp., and 
some tree species. However, further miniaturization of the sensors would be required for application in cereal 
crops with shorter and thinner stem architecture such as wheat, oats and barley.

The newly developed method used an MEMS accelerometer to measure the wave velocity of surface waves 
in the corn stalk to estimate the Young’s modulus for that section. The validation results, focusing on the natural 
frequencies, suggest that the wave velocity is lower than the S-wave velocity of the entity wave. Therefore, these 
waves are presumed to be surface waves, similar to Lamb waves.

The results of vibration tests, focusing on the step response, indicate that the theoretical damping ratio of 
maize is approximately 5–25%. This is significantly greater than the attenuation rates of metals and concrete; 
thus, entity waves may decay instantaneously. However, Lamb waves propagate through repeated reflection and 
refraction, and are thus transmitted farther, which would have enabled the measurement of wave velocity, as 
proposed in this study.

Because it is difficult to estimate the Young’s modulus of a stem from its natural frequency, the proposed 
MEMS sensor array is the highest-throughput measurement method for measuring the Young’s modulus of 
maize. The Young’s modulus was measured using MEMS sensors at two locations, the bottom and top of the ear, 
neither of which alone explained the natural frequency. This suggests that, similar to the shape, there is a factor 
that determines the natural frequency more than the Young’s modulus of the stem section, such as morphology 
or density. Furthermore, present study assumes that the stalks are isotropic material, however, experiments and 
simulations shown by the previous studies suggests that the anisotropy of the stalks characterizes the quasi-static 
and the dynamic behavior39,40. Future studies will apply the proposed methodology to the anisotropy of the stalk 
to identify the anisotropic material parameters.

One suggestive result is drawn from the hotspot analysis shown in Fig. 5. Figure 5 shows that the natural 
vibration modes differ for each cultivar, and that the stress concentration points differ even for similar 
morphologies. The vibration characteristics of maize can be classified into two groups based on the location of 
the hot spots: one group to which NS115 and LG2533 belong (single-spot) and another group to which the rest 
belong (double-spot). If a single-spot cultivar lodges, it should be bred to be stiffer above the ear, whereas if a 
double-spot cultivar falls over, it should be stiffer below the ear. Prior to this discovery, researchers found genes 
that made stems hard3; however, they did not know the locations on the stem that should be hardened. Our 
method shows where and how hard the stem should be.

Furthermore, this research allows for trial and error in the shape and material of corn, which is resistant to 
overturning. In civil and mechanical engineering, FEA has been used to design optimal shapes and materials. 
However, no similar approaches have been used to actively design crop morphology and physical properties 
to search for a grass type that is resistant to overthrow. This study proposes a high-throughput measurement 
technique for Young’s modulus and FEA, which provides tools to search for phenotypic traits that are less 
susceptible to wind forces and lodging.
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Methods
Plant materials.  Six maize cultivars with varying lodging resistance: KD580, LG2533, NS115 super, Tara-
nis, Flec, and P9027, were obtained from a local seed supplier and grown in the experimental field of Hokkaido 
University (43.07° N, 141.34° E) in 2022. Each plot consisting of 4 rows with 0.75 m of row spacing and 0.18 m of 
intra-row spacing were arranged into randomized complete block design with four replications. After land prep-
aration by two passes of rotary tillage, followed by opening of the seed furrow at a depth of approximately 5 cm, 
synthetic fertilizer was applied along each row at a rate of 130 kg N ha−1, 180 kg P2O5 ha−1 and 100 kg K2O ha−1 
as basal. No additional fertilizer was supplied during the growth period. Two seeds per hill were sown manually 
on May 10th, 2022. Atrazine-based herbicides were sprayed at 2nd leaf stage (V2) and thinned at V3 to ensure 
uniform stand establishment at a planting density of 74,100 plants ha−1. The dates of silking were recorded for 
each cultivar, and all measurements were performed at the milk stage (R3).

Figure 4.   Natural frequency estimated by finite element analysis. The predicted natural frequencies of the six 
cultivars are mostly identical to one of the experiments.
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Mechanical configuration of MEMS sensor array.  Three tri-axis ultra-micro analog accelerometers 
(AK-KXSC9-2050, Kionix, US) modularized on 12 mm × 12 mm electric boards were connected to a PC-based 
data logger (Picolog 1216, Pico Technology, UK) with a 12-bit resolution and a maximum sampling frequency 
of 1 kHz. The detection rage and sensitivity of the accelerometers were ± 19.6 ms−2 and 14.9 ms−2/V, respectively. 
Only the x- and y-axis outputs were connected to the data logger with a fine copper wire having a diameter and 
length of 0.2 mm and 3 m, respectively. The data logger was enclosed in a plastic container and mounted on a 
tripod together with a laptop PC to increase field portability under the maize canopy. An application voltage of 
3.3 V was applied to each accelerometer through a universal serial bus on a laptop PC coupled with a stepping-
down converter module. Three accelerometers were fixed on a plastic fixture device with a heat-shrinkable tube 
and firmly attached to three positions along a maize stem using a plastic cable tie. Each sensor was placed on 
the 1st stalk node (S1), immediately below the ear node (S2), or below the uppermost leaf node (S3). All sensors 
were aligned horizontally to the row. The total weight of each sensor head was less than 2 g.

Measurements of wave velocities between sensors in impact tests.  Young’s moduli for E1 and 
E2 were estimated by impact tests using the sensor array (Fig. 6). In this method, the traveling velocities of the 
impact wave between the S1–S2 (Vs1) and the S2–S3 intervals (Vs2) were measured, followed by destructive 
sampling of the corresponding stalk sections for volumetric mass density determination. The recording frequen-
cies of the data logger were set at 1 kHz, and gentle impacts were applied several times to the 1st stalk node (i.e., 
immediately below S1) using a rubber mallet. Measurements were conducted on two plants from the two central 
rows of each plot. A bending vibration test was conducted on the same plant to measure the step response. The 
directions of the impact and bending tests were fixed horizontally to the y-axis for all measurements. The height 
of each sensor was recorded at the end of the measurement.

The obtained waveform was processed and analyzed using PicoLog software Ver. 6.2.5 (Pico Technology). 
For the impact test, because the reproducibility of waveforms in each measurement was adequately high, a 
representative waveform was selected, and the arrival time for the first S-wave at each sensor was noted to 
calculate the traveling time between two sensors, from which Young’s modulus was derived as follows:

Estimation of Young’s modulus based on the travel time curve.  The maize plant can be considered 
as a linear elastic body when the deformation is small. The equation of motion can be written as:

where ρ is the density, u is the horizontal displacement field, t  is the time, G is the shear modulus, x is the traveling 
distance from the bottom of the plant, and fs is the external shear force. The density of maize plants is generally 
non-zero; therefore, we can divide both terms by density to obtain the equation:

ρ
∂2u

∂t2
+ G

∂2u

∂x2
= fs ,

Figure 5.   Eigenmodes simulated by finite element analysis. Fundamental modes and contour map of the 
regularized mean stress estimated for (A) KD580, (B) LG2533, (C) NS115 (D) Taranis, (E) Flec, and (F) P9027, 
respectively. The deformation vector is regularized so that the norm is equal to 1.0, and mean stress is associated 
with the displacement. Although the hot-spots are visible in Fig. 1A,B, the stress levels are distinctly different for 
each mechanical/morphological phenotype.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4914  | https://doi.org/10.1038/s41598-023-32130-5

www.nature.com/scientificreports/

where

which is the shear velocity observed in the travel-time curve (Fig. 2). The shear modulus and Young’s modulus 
E are related via Poisson’s ratio ν as follows:

Finally, Young’s modulus is calculated using the following equation:

FEA.  We used modal analysis based on the domain composition method38,41–43. The geometry of maize was 
approximated using functional structural plant models44–47 and each node was converted into finite element 
meshes. The finite element meshes were partially overlapped and used for modal analysis. The governing equa-
tions of the system are as follows:

where σij is a Cauchy stress tensor, xj is the coordinate, and bi is a body force. The equation is discretized based 
on the FEM, which results in:

where MIJ is the mass matrix, uJ is the discretized displacement field, KIJ is the stiffness matrix, and FI is the 
external force vector. Under free vibration, the solution is expressed as

∂2u

∂t2
+ (Vs)

2 ∂
2u

∂t2
=

fs

ρ
,

Vs =

√

G

ρ
,

G =
E

2(1+ ν)
.

E = 2(1+ ν)ρ(Vs)
2
.

ρ
∂2ui

∂t2
+

∂σij

∂xj
= bi ,

MIJ
∂2uJ

∂t2
+ KIJuJ = FI ,

uJ = UJ (ω)exp(−iωt)

Figure 6.   Mechanical configuration of micro-electro-mechanical systems (MEMS) sensor array. (a) Three 
accelerometers were attached to the above and lower sections of maize stalk and the output voltage was recorded 
using a PC-based data logger with high frequency. Traveling velocity of impact waves between S1 and S2, as well 
as S2 and S3 on stalk were measured. (b) Simplified schematic diagram of sensor array. (c) Field measurement of 
wave velocity using the developed system. (d) Pulling tassel base for bending vibration test. (e) Impact test using 
rubber mallet.
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Substituting this equation into the discretized equation, the following generalized eigen value problem is 
obtained

The maize morphology was captured by a 3D scanner and generated by fitting a FEM mesh to a 3D point 
cloud. For maize stalks and maize leaves, all individuals were measured for length, thickness, thickness, and angle 
for each cultivar, and the average values were used to generate the FE mesh. 8-node 3D solid elements are used 
for the FE-model. The boundary condition is a fixed boundary at the ground edge and free boundaries in other 
areas. The Poisson’s ratio 0.3 was employed for the plant body, considering that the Poisson’s ratio of dry plant 
organs is around 0.15–0.248,49, and flesh ones are around 0.27–0.38 (2008). Furthermore, it is worth noting that 
FEA uses Young’s modulus and density in the S1–S2 and S2–S3 sections according to the experimental values.

Experimental estimation of natural frequency.  A maize plant was approximated as a single degree of 
freedom system as proposed by Baker et al.50,

where m is the concentrated mass, u is the horizontal displacement, c is the damping coefficient, k is the spring 
coefficient, and f  is the external force. The analytical solution of the equation under free vibration is given by:

where A is an amplitude, and

We conducted an impact test and measured the step response of the maize plant in the horizontal direction. 
Parameters h and ω were identified by fitting the analytical solution to the output wave using the stochastic 
gradient descent method51.

Statistical analysis.  Data for the impact and bending vibration tests were analyzed using the open-access 
statistical tool for agricultural research (STAR ver. 2.0.1; International Rice Research Institute, 2014) in R pack-
age (ver.3.3.1). One-way analysis of variance was performed for comparisons among cultivars, followed by Tuk-
ey’s honestly significant difference test for pairwise mean comparisons at p < 0.05. Student’s t-test was performed 
to compare the Young’s modulus, wave velocity, and volumetric mass density of the below- and above-ear stalk 
sections.

Legality statement.  The plant materials examined in the present study are commercially available hybrids 
purchased or provided from local seed suppliers with permissions for experimental use. This study complied 
with institutional, national, and international legislation and guidelines for the use of all the materials and exper-
imental methods.

Received: 11 January 2023; Accepted: 22 March 2023

References
	 1.	 Berry, P. M. et al. Understanding and reducing lodging in cereals. Adv. Agron. 84, 217–271 (2004).
	 2.	 Tirado, S. B., Hirsch, C. N. & Springer, N. M. Utilizing temporal measurements from UAVs to assess root lodging in maize and its 

impact on productivity. F. Crop. Res. 262, 108014 (2021).
	 3.	 Ookawa, T. et al. New approach for rice improvement using a pleiotropic QTL gene for lodging resistance and yield. Nat. Commun. 

1, 132 (2010).
	 4.	 Berry, P. M. et al. Development and application of a model for calculating the risk of stem and root lodging in maize. F. Crop. Res. 

262, 108037 (2021).
	 5.	 Farquhar, T., Meyer, H. & Van Beem, J. Effect of aeroelasticity on the aerodynamics of wheat. Mater. Sci. Eng. C 7, 111–117 (1999).
	 6.	 Gardiner, B., Berry, P. & Moulia, B. Review: Wind impacts on plant growth, mechanics and damage. Plant Sci. 245, 94–118 (2016).
	 7.	 Joseph, G. M. D. et al. Determination of crop dynamic and aerodynamic parameters for lodging prediction. J. Wind Eng. Ind. 

Aerodyn. 202, 104169 (2020).
	 8.	 Al-Zube, L., Sun, W., Robertson, D. & Cook, D. The elastic modulus for maize stems. Plant Methods 14, 1–12 (2018).
	 9.	 Nakata, M. T., Takahara, M., Sakamoto, S., Yoshida, K. & Mitsuda, N. High-throughput analysis of arabidopsis stem vibrations to 

identify mutants with altered mechanical properties. Front. Plant Sci. 9, 1–15 (2018).
	10.	 Zajączkowska, U., Kucharski, S., Nowak, Z. & Grabowska, K. Morphometric and mechanical characteristics of Equisetum hyemale 

stem enhance its vibration. Planta 245, 835–848 (2017).
	11.	 Żebrowski, J. Dynamic behaviour of inflorescence-bearing Triticale and Triticum stems. Planta 207, 410–417 (1999).
	12.	 Baker, C. J. The development of a theoretical model for the windthrow of plants. J. Theor. Biol. 175, 355–372 (1995).
	13.	 Baker, C. J. et al. A method for the assessment of the risk of wheat lodging. J. Theor. Biol. 194, 587–603 (1998).
	14.	 Baker, C. J., Sterling, M. & Berry, P. A generalised model of crop lodging. J. Theor. Biol. 363, 1–12 (2014).
	15.	 Burr, B. & Burr, F. A. Recombinant inbreds for molecular mapping in Maize. Trends Genet. 7, 55–60 (1991).
	16.	 Coque, M., Bertin, P., Hirel, B. & Gallais, A. Genetic variation and QTLs for 15N natural abundance in a set of maize recombinant 

inbred lines. F. Crop. Res. 97, 310–321 (2006).

ω2MIJUJ − KIJUJ = 0

m
∂2u

∂t2
+ c

∂u

∂t
+ ku = f

u(t) = Aexp(−hωt)cos
(

ω
√

1− h2t − ψ

)

,

ω =

√

k

m
.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4914  | https://doi.org/10.1038/s41598-023-32130-5

www.nature.com/scientificreports/

	17.	 Pineda-Hidalgo, K. V. et al. Characterization of free amino acid QTLs in maize opaque2 recombinant inbred lines. J. Cereal Sci. 
53, 250–258 (2011).

	18.	 Huang, J., Liu, W., Zhou, F., Peng, Y. & Wang, N. Mechanical properties of maize fibre bundles and their contribution to lodging 
resistance. Biosyst. Eng. 151, 298–307 (2016).

	19.	 Adamo, F., Attivissimo, F., Fabbiano, L., Giaquinto, N. & Spadavecchia, M. Soil moisture assessment by means of compressional 
and shear wave velocities: Theoretical analysis and experimental setup. Meas. J. Int. Meas. Confed. 43, 344–352 (2010).

	20.	 Koper, K. D., Wallace, T. C. & Aster, R. C. Seismic recordings of the Carlsbad, New Mexico, pipeline explosion of 19 August 2000. 
Bull. Seismol. Soc. Am. 93, 1427–1432 (2003).

	21.	 Fortin, J., Guéguen, Y. & Schubnel, A. Effects of pore collapse and grain crushing on ultrasonic velocities and Vp/Vs. J. Geophys. 
Res. Solid Earth 112, 1–16 (2007).

	22.	 Taylor, O.-D.S., Abdollahi, M. & Vahedifard, F. Statistical distributions of wave velocities and elastic moduli in near-surface 
unsaturated soils. Soil Dyn. Earthq. Eng. 157, 107247 (2022).

	23.	 Arai, H. & Tokimatsu, K. S-wave velocity profiling by inversion of microtremor H/V spectrum. Bull. Seismol. Soc. Am. 94, 53–63 
(2004).

	24.	 Brincker, R. & Zhang, L. Frequency domain decomposition revisited. IOMAC 2009—3rd Int. Oper. Modal Anal. Conf. 615–626 
(2009).

	25.	 Uebayashi, H., Cho, I., Ohori, M., Yoshida, K. & Arai, H. The effect of body waves on phase-velocity determined by the spatial 
autocorrelation (SPAC) method, evaluated using full-wave modelling. Explor. Geophys. 51, 483–493 (2020).

	26.	 Dreossi, I. & Parolai, S. Robust estimation of 1D shear-wave quality factor profiles for site response analysis using seismic noise. 
Soil Dyn. Earthq. Eng. 161, 107387 (2022).

	27.	 Acar, C. & Shkel, A. MEMS vibratory gyroscopes: structural approaches to improve robustness (Springer, 2008).
	28.	 Bhattacharya, S., Murali Krishna, A., Lombardi, D., Crewe, A. & Alexander, N. Economic MEMS based 3-axis water proof accel-

erometer for dynamic geo-engineering applications. Soil Dyn. Earthq. Eng. 36, 111–118 (2012).
	29.	 Hou, Y., Jiao, R. & Yu, H. MEMS based geophones and seismometers. Sensors Actuators A Phys. 318, 112498 (2021).
	30.	 Cui, J. et al. Design and optimization of MEMS heart sound sensor based on bionic structure. Sensors Actuators A Phys. 333, 113188 

(2022).
	31.	 Gockenbach, M. S. Understanding and implementing the finite element method (SIAM, 2006).
	32.	 Taylor, R. L. & Papadopoulos, P. On a finite element method for dynamic contact/impact problems. Int. J. Numer. Methods Eng. 

36, 2123–2140 (1993).
	33.	 Rahardjo, H. et al. Tree stability in an improved soil to withstand wind loading. Urban For. Urban Green. 8, 237–247 (2009).
	34.	 Sellier, D., Fourcaud, T. & Lac, P. A finite element model for investigating effects of aerial architecture on tree oscillations. Tree 

Physiol. 26, 799–806 (2006).
	35.	 Dupuy, L. X., Fourcaud, T., Lac, P. & Stokes, A. A generic 3D finite element model of tree anchorage integrating soil mechanics 

and real root system architecture. Am. J. Bot. 94, 1506–1514 (2007).
	36.	 Lamb, H. On waves in an elastic plate. Proc. R. Soc. Lond. Ser. A Contain Pap. A Math. Phys. Charact. 93, 114–128 (1917).
	37.	 Wang, L. & Yuan, F. G. Group velocity and characteristic wave curves of Lamb waves in composites: Modeling and experiments. 

Compos. Sci. Technol. 67, 1370–1384 (2007).
	38.	 Houzeaux, G. et al. Domain decomposition methods for domain composition purpose: Chimera, overset, gluing and sliding mesh 

methods. Arch. Comput. Methods Eng. 24, 1033–1070 (2017).
	39.	 Von Forell, G., Robertson, D., Lee, S. Y. & Cook, D. D. Preventing lodging in bioenergy crops: A biomechanical analysis of maize 

stalks suggests a new approach. J. Exp. Bot. 66, 4367–4371 (2015).
	40.	 Gangwar, T. et al. Multi-scale modelling predicts plant stem bending behaviour in response to wind to inform lodging resistance. 

R. Soc. Open Sci. 10, 221410 (2023).
	41.	 Chesshire, G. & Henshaw, W. D. Composite overlapping meshes for the solution of partial differential equations. J. Comput. Phys. 

90, 1–64 (1990).
	42.	 Bathe, K. J. & Zhang, L. The finite element method with overlapping elements—a new paradigm for CAD driven simulations. 

Comput. Struct. 182, 526–539 (2017).
	43.	 Huang, J. & Bathe, K. J. Overlapping finite element meshes in AMORE. Adv. Eng. Softw. 144, 102791 (2020).
	44.	 Sievänen, R., Perttunen, J., Nikinmaa, E. & Posada, J. M. Functional structural plant models—Case LIGNUM. Plant growth model. 

Simulation, Vis. Appl. Proc.—PMA09 3–9 (2009)
	45.	 Hudek, C., Sturrock, C. J., Atkinson, B. S., Stanchi, S. & Freppaz, M. Root morphology and biomechanical characteristics of high 

altitude alpine plant species and their potential application in soil stabilization. Ecol. Eng. 109, 228–239 (2017).
	46.	 Ndour, A., Vadez, V., Pradal, C. & Lucas, M. Virtual plants need water too: Functional-structural root system models in the context 

of drought tolerance breeding. Front. Plant Sci. 8, 1577 (2017).
	47.	 Munz, E. et al. A functional imaging study of germinating oilseed rape seed. New Phytol. 216, 1181–1190 (2017).
	48.	 Mascia, N. T. & Nicolas, E. A. Determination of Poisson’s ratios in relation to fiber angle of a tropical wood species. Constr. Build. 

Mater. 41, 691–696 (2013).
	49.	 Kim, G.-W. et al. Determination of the viscoelastic properties of apple flesh under quasi-static compression based on finite element 

method optimization. Food Sci. Technol. Res. 14, 221–231 (2008).
	50.	 Baker, C.J., Sterling, M. & Berry, P. A generalised model of crop lodging. J. Theor. Biol. 363, 1–12 (2014).
	51.	 Robbins, H. & Monro, S. A stochastic approximation method. Ann. Math. Stat. 22, 400–407 (1951).

Acknowledgements
Funding was provided by the Japan Society for the Promotion of Science Grant Numbers 17J02383, 20K22599, 
21K05537 and 22K14964.

Author contributions
T.N., Y.K., T.M., M.Y., H.Y., and H.T. designed the study. T.N., T.M., and M. Y. H.Y. collected experimental data. 
H.T., V.S., H.K., and H.M. proposed the numerical analysis scheme and implemented the software. T.N. and H.T. 
developed and standardized the protocols. T.N., H.K., H.M., W.G. and H.T. analyzed the data, and all authors 
wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.T.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4914  | https://doi.org/10.1038/s41598-023-32130-5

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-destructive high-throughput measurement of elastic-viscous properties of maize using a novel ultra-micro sensor array and numerical validation
	Results
	Estimating hot-spots of elastic stress under wind-induced vibration in maize using FEA. 
	Measurement of Young’s modulus from the S-wave velocity. 
	Measurement of eigenfrequency and damping ratio of maize stem. 
	Numerical simulation of free vibration of maize. 

	Discussion
	Methods
	Plant materials. 
	Mechanical configuration of MEMS sensor array. 
	Measurements of wave velocities between sensors in impact tests. 
	Estimation of Young’s modulus based on the travel time curve. 
	FEA. 
	Experimental estimation of natural frequency. 
	Statistical analysis. 
	Legality statement. 

	References
	Acknowledgements




