www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Experimental error analysis

of biomechanical phenotyping
for stalk lodging resistance

In maize

Joseph DeKold & Daniel Robertson™

Stalk lodging destroys between 5 and 25% of grain crops annually. Developing crop varieties with
improved lodging resistance will reduce the yield gap. Field-phenotyping equipment is critical to
develop lodging resistant crop varieties, but current equipment is hindered by measurement error.
Relatively little research has been done to identify and rectify sources of measurement error in
biomechanical phenotyping platforms. This study specifically investigated sources of error in bending
stiffness and bending strength measurements of maize stalks acquired using an in-field phenotyping
platform known as the DARLING. Three specific sources of error in bending stiffness and bending
strength measurements were evaluated: horizontal device placement, vertical device placement and
incorrect recordings of load cell height. Incorrect load cell heights introduced errors as large as 130%
in bending stiffness and 50% in bending strength. Results indicated that errors on the order of 15-25%
in bending stiffness and 1-10% in bending strength are common in field-based measurements.
Improving the design of phenotyping devices and associated operating procedures can mitigate

this error. Reducing measurement error in field-phenotyping equipment is crucial for advancing the
development of improved, lodging-resistant crop varieties. Findings have important implications for
reducing the yield gap.

It is estimated that grain crops account for over 50% of the average person’s caloric consumption®?. The global
demand for grain continues to grow each year as the global population increases. For example, the global corn
export market grew by 7.2% annually between 2012 and 2021°. In the United States, maize (Zea mays) exports
totaled $9.2 billion in 2021, which was a 20% increase ($1.6 billion) from 2020*. Meeting the global demand
for grain is becoming increasingly difficult due to numerous factors including: climate variability, urbanization,
increasingly frequent extreme weather events and drought>®. Reducing the yield gap and improving agronomic
efficiencies will be necessary to continue meeting the global food, fuel and fiber demand of the future’.

The problem of stalk lodging (breakage of the plant stem prior to harvest) significantly reduces the annual
yield of vital grain crops like maize, rice (Oryza sativa) and wheat (Triticum). For example, lodging is estimated
to reduce cereal crop yields by up to 20%, resulting in billions of dollars of lost grain annually>*~'°. Reducing the
overall yield losses in maize by just 1% would provide an additional 6.9 million metric tons of corn commodity
in the United States alone®. Lodging is a highly plastic and complex phenotype that is ultimately dependent upon
numerous external and internal factors that can vary both spatially and temporally. External factors include crop
management practices, weather, disease, and insect pressure!!'%. Internal factors include numerous mechani-
cal properties of the plant (e.g., bending strength, stalk geometry) that have genetic underpinnings'*'°. The
increasingly variable and extreme global climate is expected to further aggravate lodging incidence and related
economic losses in the future®. The complex multi factor nature of stalk lodging makes it challenging to evaluate
and assess in genetic and breeding studies.

Selective breeding has reduced lodging rates and increased yield/hectare?'~%. However, despite such advances,
stalk lodging is still a major unsolved agronomic problem. For over a century, groups have been developing
devices and techniques to quantify the lodging resistance of crops to aid in selective breeding efforts (e.g.,
Refs.!#161724737) "These devices have been used in numerous studies to investigate the biomechanical response of
plant stems!>1#38-4 However, best practices and clear methodological details for many of these devices are lack-
ing in scientific literature. The purpose of this study is to conduct an experimental error analysis of a commonly
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used electromechanical field-deploying device which acquires measurements of stalk bending strength and stalk
bending stiffness known as the DARLING**.

Field deploying devices which measure bending strength and bending stiffness often utilize similar form fac-
tors and methods to acquire these measurements. These devices typically approximate the stalk as a cantilever
beam and apply a force at a specified height. To ensure the force is applied at the intended height most devices
consist of a rigid, rotating, vertical bar supporting a load cell. The load cell can typically be adjusted vertically
to accommodate plants of varying heights. In most cases, the vertical bar pivots about a foot plate or a fixed
point on the ground. One such field-based device is the Device for Accessing Resistance to Lodging In Grains
(aka DARLING) (Fig. 1 panel 1)*”*. During operation, the vertical bar of the DARLING rotates at the stalk’s
base while the force sensor applies a measured load to the specimen (Fig. 1 panel 2). An electronic sensor suite
continuously records applied force and angle during the test and allows the user to record the height at which the
load was applied. An example plot of data collected by the DARLING is shown in Fig. 1 panel 3. This type of plot
is common to many devices, and the data is used to calculate bending strength and bending stiffness. Bending
strength and bending stiffness are two of the most commonly measured quantities as they have been shown to
strongly correlate with lodging resistance. Bending stiffness (aka, flexural rigidity) and bending strength are
defined in Egs. (1) and (2) respectively, where F is applied force, @ is the slope of the linear portion of the force/
deflection curve (Fig. 1 panel 3) and A is load cell height (moment arm)?. The deflection is calculated using
Eq. (3) where 6 is the angular displacement measured by the DARLING.
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Figure 1. (Panel 1) Like many field-based devices, the DARLING uses force sensors (A) and angular rotation
sensors (B) to measure applied force and angular displacement. A user interface (C) enables editing of recorded
data and appending of metadata to each test sample. The sensors and user interface are mounted to a supportive
skeleton (D). (Panel 2) Schematic illustrating load cell height, applied force and angular displacement. (Panel

3) A typical force vs displacement curve generated while deforming a maize stalk. Bending stiffness is calculate
based on the slope of the initial, linear portion of the data curve (®), and bending strength is calculated based
on the maximum value of force supported (F_max). Panel 1.1. was generated in using SolidWorks® 2022 (www.
solidworks.com). Panel 1.2 was generated in Microsoft PowerPoint Version 2304 (https://www.microsoft.com/
en-us/microsoft-365/powerpoint). Panel 1.3 was generated in MATLAB® R2022a (https://www.mathworks.com/
products/matlab.html).
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Several sources of experimental error can reduce the accuracy of data used to calculate bending strength and
bending stiffness. The simplest source of error is that in the recorded load cell height (h). Perhaps less obvious
is the error due to placement of the device relative to the base of the stalk. Irregularities in the surface of a field,
the presence of brace roots, and user fatigue can often lead to the device pivoting either in front of the stalk or
behind the stalk. In addition, when stalks undergo large deflection before breaking several other sources of error
are introduced. These are explained in more detail below.

Plant stalks behave comparably to classical cantilever beams and engineering beam theory is frequently used
to calculate mechanical properties of stalks during in-field phenotyping tests. For example, Eq. (1) comes directly
from Euler Bernoulli beam theory. When a cantilever beam subjected to a follower load undergoes large deflec-
tions (>10°) the deflected path of the end of the beam is approximately circular. However, the center of curvature
of this path is centered at some point along the length of the beam and not at its base*. This phenomena is well
known and the center of the curvature (often referred to as the characteristic pivot) generally resides at 15% of
the length of the beam, measured from the fixed end**° (Fig. 2). However, field-based phenotyping devices often
pivot at ground level (i.e., base of the stalk). Discrepancies between the location of the device’s pivot point and
the plant’s characteristic pivot cause the load cell to slide along the length of the stalk as the plant is deflected
(see Fig. 3). When this occurs, the load cell axis will not remain perpendicular to the stalk. This is problematic
as the type of load cells used in these devices are designed to measure normal loads only. When the load cell is
no longer perpendicular to the stalk non normal loads are introduced, creating error in force measurements.
Discrepancies between the location of the device’s pivot point and the plant’s characteristic pivot also introduce
error into angular deflection measurements. The effect of these errors on calculations of bending stiffness and
bending strength have yet to be quantified.

To quantify the amount of error introduced by (1) inaccurate placement of the device pivot relative to the
base of the stalk, (2) the characteristic pivot phenomena and (3) inaccurate load cell heights, an artificial maize
stalk was created and submitted to a barrage of experimental tests using a DARLING device. The systematic
error and random error present in each test were calculated.

Methods
When subjected to external loading, plant stems often exhibit viscoelastic behaviors that can change with mois-
ture content and time of day®'. Therefore, in this study we created an artificial stalk specimen that could be
repeatedly tested and reliably provide the same mechanical response over time. To create this artificial stalk, we
analyzed a data set of 200 inbred maize stalks. The internode lengths, and the moment of inertia of the stalks
were used to inform the construction of a protruded carbon fiber rod. In particular, the relative reduction in
moment of inertia along the length of the rod was proportional to the reduction in moment of inertia along the
length of an average inbred maize stalk. This ensured the rod would deflect in a similar manner to an average
inbred maize stalk from our dataset. The exact dimensions of the rod are shown in Fig. 4.

An aluminum test fixture, shown in Fig. 5: Left panel, enabled the DARLING to be positioned relative to the
base of the protruded rod in both the vertical and horizontal directions. Tests were performed at five horizontal
positions (+6.4%, + 12.8%, 0% of load cell height) and three vertical positions (0%, 7.5%, 15% of load cell height)
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Figure 2. The deflected path of a plant stem is approximately circular (shown in orange), but the center of the
curvature of the path is centered at some point along the stem’s length. The location of the center of curvature of
the deflected path is often denoted using (y) where y ~0.15. The path of the DARLING is also circular (shown
in blue) but the center of curvature of the DARLING's path is centered at the pivot point of the darling. This
difference in path center points results in path divergence as angular deflection increases. Figure was generated
in Microsoft PowerPoint Version 2304 (https://www.microsoft.com/en-us/microsoft-365/powerpoint).
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Figure 3. Illustration of load cell sliding along the length of a stalk during testing. Panel (A) shows the
undeflected stalk. Panel (B) shows a deflected stalk in which the DARLING was properly aligned at the base of
the stalk. Note that even when properly aligned with the base of the stalk the load cell will still slide along the
length of the stalk and will not remain perpendicular to the deflected stalk. Panel (C) illustrates a deflected stalk
in which the DARLING was not properly aligned with the base of the stalk. In this case the load cell starts non-
normal to the stalk. As the stalk deflects the load cell will slide up the stalk to point 2 or point 3 as illustrated

in panels (B) and (C). If the device is positioned behind the stalk (+ A), the load cell will slide less but it will be
oriented at a more obtuse angle (). Figure was generated in Microsoft PowerPoint Version 2304 (https://www.
microsoft.com/en-us/microsoft-365/powerpoint).
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Figure 4. An artificial inbred maize stalk was constructed from a protruded carbon fiber rod. The dimensions
of the beam shown above were determined based on the average stalk geometric ratios of 200 stalks from an
inbred data set. Units are in mm and the drawing is not shown to scale to increase definition and clarity.

as shown in the right-hand panel of Fig. 5. At each position, 10 tests were performed. This resulted in a total
of 150 tests (five horizontal positions x three vertical positions x 10 tests at each position =150 tests). During
each test a proximity sensor alerted the user when the stalk was deflected to 10 degrees. At this point, the user
returned the DARLING to the upright position and then deflected the stalk again to 25° at which point another
sensor alerted the user. The DARLING was then returned to the upright position and the test was stopped. Note
that the test fixture sensors were used to detect stalk deflection (and not DARLING deflection). In other words,
even though the horizontal and vertical positions of the DARLING were changed throughout the study, the stalk
was deflected to the same two points in every test. The portion of the test in which the stalk was deflected to 10°
was used to determine the bending stiffness of the rod. This is standard practice as the load deflection curve was
linear below 10 degrees of deflection. The load at 25° of stalk deflection was used as a surrogate bending strength
measurement. A custom MATLAB program?®” was used to determine flexural stiffness and bending strength of
the protruded rod in each test as described in Ref.?” using Egs. (1, 2, 3).

After computing bending strength and flexural stiffness measurements the systematic error in each measure-
ment was calculated. The systematic error was defined as:

Smeasured — Sactual

% error S = 100 (4)

Sactual
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Figure 5. (Left) Carbon fiber stalk (A) fixtured into test frame. The frame consists of an aluminum skeleton
(B), toggle clamps used to secure the foot of the DARLING in place and (C) a deflection sensor system (D).
(Right) Position of the DARLING pivot relative to the carbon fiber rod for each of 15 locations. Ten tests were
performed at each testing location, resulting in 150 total tests. Note that visual spacing between axis tick lines is
exaggerated to increase definition. Right hand panel generated in Microsoft PowerPoint Version 2304 (https://
www.microsoft.com/en-us/microsoft-365/powerpoint).

E@Lneasured — El actual .
El actual

% error EI = 100 (5)

where S,y and EL ., were the average measured values of S and EI from ten tests performed at zero horizontal
offset and 15% vertical offset. At this position the DARLING pivot is closely aligned with the characteristic pivot
of the protruded carbon fiber rod and the load cell does not slide along the length of the stalk during the test.
The relative standard deviation at each testing position was calculated to determine the presence of random
error, where:

o

p 100 (6)

With o representing standard deviation and 7 representing the mean of the ten tests performed at each test
location.

To determine the effects of erroneous load cell height on calculations of bending stiffness and bending
strength these quantities were recalculated for the data set described above using incorrect load cell heights.
More specifically, all 150 tests were performed at a load cell height of 47 cm. However, to determine the effects
of erroneous load cell heights the load displacement-data from the 150 tests were analyzed to compute bend-
ing strength and flexural stiffness (see Egs. 1, 2, 3) while assuming erroneous load cell heights of 32 cm, 46 cm,
48 cm and 62 cm (e.g., the value of h in Eq. (1) was set to 32 cm, 46 cm, 48 cm, and 62 cm instead of 47 cm). The
% error in EI and the % error in S due to erroneous load cell heights were then calculated.

In summary, systematic and random error was calculated at 15 different test positions as shown in Fig. 5.
These test positions were selected based on the authors” prior experience utilizing phenotyping devices. We
estimate that it is common for users to horizontally misalign the pivot of a phenotyping device by + 3 cm which
corresponds to a 6.4% offset if the load cell height is 47 cm. A 47 cm load cell height is typical when testing inbred
maize stalks. We estimate that horizontally misaligning the device pivot by+6 cm (i.e., 12.8% of a 47 cm load
cell height) is quite noticeable to most users. However, this is also somewhat common due to user fatigue and
variations present in the field environment (e.g., uneven ground and other plants obstructing the phenotyping
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device). Horizontal placement errors greater than + 6 cm are uncommon as beyond this range the ergonomics
of the device become uncomfortable and unwieldy. We choose to select three positions for vertical offsets. A 0%
vertical offset is the norm for most phenotyping devices. A 15% vertical offset was chosen as it is the approxi-
mate location of the characteristic pivot of a prismatic cantilever beam. A 7.5% vertical offset was chosen simply
because it evenly separated the 0% and 15% offsets. The exact position of the characteristic pivot has not been
precisely determined for stepped cantilevered beams though it is assumed to be slightly greater than 15%. Further
research into the exact position of the characteristic pivot position of stepped cantilevered beams is required to
calculate systematic error more accurately. The magnitudes of systematic error presented in this study should
therefore be viewed as the minimum possible value. The values of load cell height utilized were also chosen
based on the author’s experience. The DARLING device has a ruler engraved on it that is separated into 15 cm
increments. We have observed that users typically align the load cell precisely with these markings. However,
an exceptionally careless user may place the load cell 1 cm above or below a mark. A far more common type of
error is for a diligent but tired user to move the load cell up or down by a 15 cm increment and forget to input
the new load cell height into the DARLING. These observations led us to choose four erroneous load cell height
measurements: 46 cm and 48 cm (error of =1 cm), as well as 37 cm and 62 cm (error of £ 15 cm).

A limited number of field tests were also conducted as part of this this study to demonstrate that the carbon
fiber rod was a reasonable proxy for a maize stalk. In particular, ten corn stalks were subjected to repeated, non-
destructive flexural test using a DARLING device that was placed in several different positions relative to the base
of the stalk. The load cell height during these tests was 75 cm (as opposed to 45 cm). Tests were performed at six
different horizontal positions (0%, 3.4% 6.8%, 10.2%, 13.6% 16.9% of load cell height). There was a 0% vertical
offset for each test. Each stalk was tested at each position and the raw force displacement data was analyzed to
calculate flexural stiffness as described above. The % error in flexural stiffness between the 0% horizontal offset
test position and each of the other test positions was then calculated and compared to the results from the lab-
based experiments performed using the carbon fiber rod.

Results

Of the 150 lab-based tests performed on the carbon fiber rod, two were excluded due to excessive noise. Results
from the remaining 148 tests demonstrated that horizontal placement of the DARLING affected both bending
strength and bending stiffness measurements. Vertical placement of the DARLING affected bending stiffness
measurements but had a minimal effect on bending strength measurements. The systematic error in stiffness
measurements was highest at + 12.8% horizontal offset and 0% vertical offset. Relative standard deviation was
used to determine the amount of random error present at each testing position. The random error in bending
strength measurements was typically below 1%. For both bending stiffness and bending strength, pivoting at
positions less than 15% of the load cell height tended to increase random error. Figure 6 displays the mean
bending strength and bending stiffness obtained at each testing position. Table 1 displays the percentage error
(systematic error) and relative standard deviation (random error) of bending strength and bending stiffness
measurements at each testing position.
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Figure 6. The average bending stiffness and bending strength obtained at each testing position. Error bars are 1
standard deviation in length in both the EI and S axes. Marker color indicates horizontal position, while marker
shape indicates vertical position.
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Relative standard Relative standard

Horizontal position (% | Vertical position (% Error in bending Error in flexural deviation in bending deviation in flexural

load cell height) load cell height) strength (%) stiffness (%) strength (%) stiffness (%)

-12.8 0 - 111 5.0 0.3 11

- 64 0 -56 9.0 0.3 11

0 0 -11 15.8 0.5 2.0

6.4 0 27 252 0.7 14

12.8 0 9.2 317 0.9 24

-128 7.5 -9.2 -47 0.4 1.2

-64 7.5 -45 11 0.3 11

Testing position 0 7.5 0.5 11.9 0.3 2.1

6.4 7.5 5.1 17.6 0.4 1.1

12.8 7.5 12.3 26.6 0.8 3.7

-128 15 -10.8 -158 0.4 04

-64 15 -48 -10.1 04 1.0

0 15 0.0 0.0 03 2.6

6.4 15 7.0 6.1 12 1.9

12.8 15 13.9 18.0 0.6 23
Table 1. Percentage (systematic) error and relative standard deviation (random error) in bending strength
(S) and bending stiffness (EI) measurements at 15 testing positions for a 47 cm load cell height. The first two
columns define the testing position of the device relative to the base of stalk (see Fig. 5 for visual description
of all testing positions). The other four columns express the systematic and random error for each testing
position.

Error due to incorrect load cell height was investigated by recalculating bending stiftness and bending strength
for all 148 tests using incorrect load cell heights of 32 cm, 46 cm, 48 cm and 62 cm. The actual load cell height
during the experiments was 47 cm. The systematic error in bending strength measurements was directly pro-
portional to error in load cell height when the horizontal offset was 0%. This was expected considering the linear
dependency of bending strength on load cell height (see Eq. (2)). However, at other horizontal and vertical offsets
the resultant error was less predictable. In general, erroneous load cell height values had a more drastic impact
on bending stiffness measurements than on bending strength measurements (see Table 2 and Fig. 7). This was
expected as bending strength is proportional to load cell height whereas bending stiffness is proportional to
load cell height raised to the third power (see Egs. (1) and (2)). For example, when an incorrect load cell height
of 32 cm was utilized bending strength errors ranged from — 23 to — 40% while flexural stiffness errors ranged

Horizontal | Vertical S error (%) EI error (%)
position (% | position
of (% of
47 cmload | 47 cm load
cell height) | cell height) | 32 cm LCH | 46 cm LCH | 47 cm LCH | 48 cm LCH | 62cm LCH | 32 cm LCH | 46 cm LCH | 47 cm LCH | 48 cm LCH | 62 cm LCH
-12.8 0 -39.9 -13.6 -111 -938 16.5 -51.2 0.8 5.1 9.4 83.0
-64 0 -36.1 -82 -55 -41 23.8 -49.2 47 9.0 142 90.3
0 0 -33.1 -338 -10 0.4 29.7 -458 124 16.0 22.0 104.1
6.4 0 -305 -0.1 2.8 44 347 -414 21.9 25.4 323 120.8
12.8 0 -26.1 62 9.3 10.9 432 -37.7 28.9 32,0 39.9 133.8
-12.8 7.5 -386 -117 -92 -7.9 19.0 -55.6 -82 -45 -05 66.4
-64 7.5 -353 -7.0 -43 -3.0 253 -53.1 -3.1 1.1 5.6 76.3
gf)sstl't‘l‘ogn 0 7.5 -322 -25 0.5 17 316 -476 8.4 12.1 18.1 96.6
6.4 7.5 -29.0 21 5.1 6.5 37.5 -452 133 17.7 234 105.7
12.8 7.5 -241 9.1 12.3 13.9 47.1 -40.4 24.2 26.7 35.4 126.1
-12.8 15 -39.7 -133 -10.8 -95 16.9 -60.9 -19.2 -15.7 -121 46.5
-64 15 -35.6 -74 -47 -33 248 -58.3 -13.6 -10.1 -6.3 56.9
0 15 -324 -2.8 0.0 14 31.0 -533 -39 0.0 53 76.0
6.4 15 -27.7 4.0 7.0 8.5 40.2 ~50.4 3.1 6.4 11.8 87.3
12.8 15 -229 10.8 14.0 15.6 493 -446 15.2 182 26.0 109.1

Table 2. Percentage error for bending strength (S) and bending stiffness (EI) at 15 testing positions for
erroneous load cell heights (LCH) of 32 cm, 46 cm, 48 cm, and 62 cm.
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Figure 7. Spread of bending stiffness and bending strength measurements obtained while using erroneous load
cell heights. Each colored data set consists of average bending stiffness and bending strength values at each of
the 15 testing positions mentioned previously.

from — 40 to — 60% (Table 2). When an incorrect load cell height of 62 cm was utilized bending strength errors
ranged from 16 to 49% while flexural stiffness errors ranged from 46 to 133% (Table 2).

Field-based testing of 10 mature maize stalks confirmed the results of the lab-based test performed on the
carbon fiber rod. In particular, the error in flexural stiffness expressed as a function of horizontal offset for the
field-based tests were very close to the error estimates obtained from the lab-based study. Figure 8 displays
the % error in flexural stiffness vs horizontal offset for both the lab-based (carbon fiber rod) and field-based
(mature maize stalks) data. Note that in this figure the % error in flexural stiffness is calculated relative to 0%
horizontal offset and 0% vertical offset whereas the % error displayed in Tables 1 and 2 were calculated relative
to 0% horizontal offset and 15% vertical offset. This is because none of the field-based test were performed with
a 15% vertical offset due to difficulties associated with trying to raise the DARLING off the ground in the field.

Discussion

The lodging resistance of individual crop varieties has traditionally been assessed through natural observations
of lodging. Experimental units (e.g., plots) are often observed just prior to harvest and subjectively scored.
Aerial imaging techniques have been applied more recently to quantify the % area of lodged crops to provide
a more quantitative metric. The largest challenge with this approach is that some experimental units will be
affected by more extreme weather events than others and therefore experience more lodging. In addition, during
good growing conditions none of the varieties may experience lodging and therefore no determination of the

Comparison of Lab-Based and Field-Based Error
Calculations

A Lab-Experiments

8 ® Field Experiments

Error in Flexural Stiffness (%)

0 2 4 6 8 10 12 14 16 18
Horizontal Offset (% of load cell height)

Figure 8. Comparison of lab-based and field-based error calculations for flexural stiffness showed strong
agreement indicating that the machined carbon fiber rod used in the study adequately mimicked the flexural
response of a maize stalk.
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relative lodging resistance of the different varieties can be made. Thus, relying on natural lodging incidence to
differentiate the lodging susceptibility of crop varieties requires extensive field studies that span multiple years
and locations and are often cost prohibitive. Biomechanical phenotyping tools like the DARLING are attractive
because they can phenotype an experimental unit for bending strength or bending stiftness in the absence of
natural lodging. Thus, even in optimal growing conditions when no natural lodging occurs such phenotyping
devices can differentiate varieties for lodging resistance. For example, it was recently shown that DARLING
measurements obtained for 47 hybrids in just three environments were able to accurately predict the historical
rates of natural lodging incidence of those 47 hybrids obtained in 98 distinct environments spanning four years
and 41 unique geographical locations in North America®.

Bending strength and bending stiffness are primary determinants of stalk lodging resistance®**>*. Unfortu-
nately, significant amounts of human labor are required to attain measurements of bending strength and bending
stiffness. The cost of attaining these measurements is a challenge and phenotyping for these traits is a bottleneck
limiting genetic improvement of stalk lodging resistance®***. Systematic and random error present in field-based
measurements of bending stiffness and bending strength exacerbates this issue. One way to partially mitigate
systematic and random error is to increase the number of sampled plants in a study and to calculate average or
median values for each variety included in the study. Unfortunately, increasing sample size requires additional
human labor inputs. Therefore, in this study we sought to identify principal sources of error present in field-based
measurements of stalk bending strength and bending stiffness so that they may eventually be rectified. This is the
first error analysis of any field based biomechanical phenotyping methodology of which the authors are aware.

Results from this study as well as prior experience using the DARLING device over several years suggest that
improvements can be made to operating procedures and phenotyping devices to mitigate systematic errors in
bending strength and bending stiffness measurements. When spending long hours in the field collecting phe-
notyping data it is common to make mistakes when recording load cell height. In particular, we have found that
users sometimes forget to record a new load cell height in the DARLING software after physically changing the
height of the load cell. This can produce very large systematic error (>100%) in bending strength and bending
stiffness measurements. This type of error can sometimes be detected during post processing. Bending strength
and bending stiffness are highly correlated and typically have an R? value near 0.7. Bending strength varies lin-
early with load cell height but bending stiffness varies with load cell height raised to the third power. Therefore,
test conducted at an incorrect load cell height will often show up as outliers in a scatter plot of bending strength
vs bending stiffness. Unfortunately, while this can help to identify incorrect load cell heights there is generally no
way to reliably correct the error with confidence. Additional user training and standardizing operating protocols
can alleviate but not fully eliminate this source of error. Including a load cell height sensor on the device that
automatically records load cell height, or that notifies the user when the load cell has been changed is a promising
approach to eliminate this source of systematic error in the future.

The amount of systematic error introduced by incorrect horizontal placement of the phenotyping device
pivot can be partially mitigated by using the highest reasonable load cell height. The amount of systematic error
produced by horizontal offsets is a function of the horizontal offset expressed as a percentage of load cell height.
Thus a 3 cm horizontal offset will produce less systematic error when the load cell height is 75 cm than when
the load cell is 45 cm. We believe this source of systematic error can also be mitigated by properly training and
explaining the effects of horizontal placement on measurement error to device users. Over the past seven years
we have used the DARLING to conduct over 200,000 bending tests and the device has been used by over 20
different research groups. We found that most users of biomechanical phenotyping devices do not have engineer-
ing backgrounds and the importance of device placement is not intuitive. In our experience it has been crucial
to spend a full day conducting in-person, field-based training of new users of the DARLING device to ensure
quality data is collected. Virtual training of new users has always resulted in poor data quality and has sometimes
resulted in entire studies being discarded. Horizontal placement error could potentially be mitigated by adding
an extra feature to phenotyping devices to help the user ensure the phenotyping device pivot is correctly aligned
with the stalk. However, the constantly varying conditions found within agricultural plots (e.g., uneven ground,
brace roots, adjacent plants etc.) make this a nontrivial design challenge. It’s the authors opinion that the most
promising approach to rectifying this error is proper training.

More complex modifications to testing equipment could minimize systematic error due to vertical discrep-
ancies between the device pivot and the characteristic pivot of the plant being tested. Ideally the device would
pivot at the characteristic pivot height of each plant. However, the characteristic pivot height is a function of
the height at which the load is applying a force to the stalk. Thus, the pivot height would have to change every
time the load cell height was changed. Requiring users to manually change the pivot height would significantly
reduce throughput. Alternatively, a mechanical linkage could be designed that would change the pivot height
whenever the load cell height was changed. This linkage would increase device cost, and weight which would in
turn increase user fatigue. Alternatively, one could attempt to account for and correct systematic errors due to
vertically misaligned pivot points during data post processing. This is a promising approach and is supported
by the fact that we observed strong agreement between horizontal placement error of in-field bending stiffness
tests and lab-based bending stiffness test. In other words, the results from the lab-based portion of this study
predicted the actual error during in-field bending stiffness measurements. However, to more accurately correct
error due to vertical placement additional research into the large deflection response of stepped cantilever beams
is needed. Finding other ways to reduce systematic error are warranted as they will enable future researchers to
utilize reduced sample sizes (and human labor inputs) in phenotyping trials.

Results indicated that random error was also a function of testing position. Random error was quantified by
calculating the relative standard deviation (aka coeflicient of variation) at each test location. Both random error
and systematic error increase the sample size required to attain reliable average bending strength and bending
stiffness values of plant varieties of interest. While the magnitude of random error was less than that of systematic
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error it still warrants attention. Results demonstrated that testing at positive horizontal pivot positions (Fig. 5)
resulted in the largest values of relative standard deviation for both bending stiffness and bending strength.
Testing at negative horizontal positions minimized the random error but should be avoided as it introduces
significant systematic error. Like systematic error, the random error was minimized when the device pivot and
characteristic pivot of the stalk were vertically aligned. However, as described previously the technical challenges
associated with vertical aligning the pivots for every tested sample may outweigh its benefit.

Several other sources of error are present in field based biomechanical measurements of plants stems that were
not investigated in this study. For example, if plants are rapidly deflected inertial effects can introduce additional
forces that are detected by the load cell. The measured force can also be significantly altered if the stalk being
tested contacts adjacent plants or the ground during the test. In addition, if the top section of the stalk is not
removed prior to testing it can oscillate during the test which introduces error in the measured force. To prevent
the tested stalk from contacting adjacent plants the leaves and the top portion of the stalk are often removed
immediately prior to testing®®. When doing so care should be taken to either leave the leaf sheath completely
intact or to remove it completely. Several studies have shown that the leaf sheath contributes significantly to
bending strength and bending stiffness®”*®. The DARLING and other similar devices often assume the stalk is
rigidly anchored in the soil. However, if the soil is loose or wet the stalk and root structure may rotate in the soil.
This does not alter bending strength measurements, but it can drastically alter bending stiffness measurements.
Lastly, any electronic or analog sensor has inherent limits, resolution, and accuracy. Low-cost sensors are appeal-
ing but they are often unreliable. For example, low-cost load cells are widely available, but their readings can be
significantly affected by temperature, relative humidity, and electronic noise. Simultaneously accounting for and
mitigating all these sources of error can be especially challenging. Ideally researchers with agricultural, genetic,
or biological backgrounds should collaborate with individuals who possess expertise in metrology, or engineer-
ing when conducting biomechanical phenotyping studies. Doing so will improve the accuracy and reliability of
measured quantities (e.g.,””**). Metrology and engineering expertise can also be leveraged to establish regular
and standardized calibration routines for biomechanical phenotyping devices.

While it is impossible to precisely quantity, we estimate that errors on the order of 15-25% in bending stiff-
ness and 1-10% in bending strength measurements are not uncommon in biomechanical phenotyping studies
utilizing a DARLING device. These estimates are admittedly subjective and are based on our experience training
many different users ranging from undergraduate and graduate students to field technicians and professional
scientists, in a variety of locations and conditions over the course of seven years. A minimum error of approxi-
mately 1% in bending strength and 15% in bending stiffness is expected in all studies. These minimum values
can be obtained from Table 1 and correspond to a test with zero horizontal offset, zero vertical offset and no
error in the load cell height. This minimum error is cue to the DARLING device’s pivot being at ground level
and not at the characteristic pivot of the plant being tested. The upper bounds of our error estimates for bending
strength and bending stiffness were made by observing the results from the top 5 rows of Table 2 (zero percent
vertical offset) and considering the following. Some horizontal test positions produce positive error while others
produce negative error. As multiple tests (5-10) are typically conducted in each plot and plot averages are then
used for analysis these errors will partially cancel each other out. However, we have observed that users tend to
positive horizontal test positions more than negative horizontal positions as negative positions are ergonomi-
cally disfavored. We believe the majority of tests in any study are conducted with less than 1 cm of error in load
cell height. However, during an eight-hour testing session a user may forget to input a new load cell height
into the DARLING software two or three times. Users often realize this after a few tests and make a note so the
error can be corrected later. However, sometimes they are not sure how many tests have been conducted since
the load cell height was changed. This is a challenging situation to rectify but is sometimes possible when post
processing the data. We suspect that less than 1% of tests may be conducted at an incorrect load cell height that
do not get excluded during post processing. In addition, many stalks are tested at heights greater than 47 cm
thus the amount of error produced is less than the values presented in Table 2. In other words, we have observed
that while error is dependent upon the offset expressed as a percentage of load cell height, the accuracy of users
in placing the device and inputting the load cell height is not dependent upon load cell height. They typically
place the device within 6 cm of the base of the stalk regardless of load cell height. Considering these factors and
examining the many studies we have been involved with that used a DARLING device we give a broad estimate
of the expected upper bounds of error in bending strength and bending stiffness as 10% and 25% respectively.
Note that as with any experimental technique much higher errors can be produced with improper training or
careless data collection.

Errors on the order of 15-25% in bending stiffness and 1-10% in bending strength may appear large and there
is certainly room for improvement. However, we expect even larger errors are present in most of the subjective
phenotyping methods used to characterize lodging, including natural lodging incidence. In addition, these are
estimates of the absolute error (deviation from the actual bending stiffness and bending strength). All DARLING
measurements have a minimum absolute error of 15% error in bending stiffness due to the characteristic pivot
phenomenon. However, this error has little effect on the determination of lodging resistance vs lodging prone
varieties as it is present in every test and therefore does not affect relative rankings between varieties.

The primary factor which governs the flexural deformation of any solid structure (be it natural or man-
made) is the section modulus. The carbon fiber rod used in this study was machined so that it possessed the
section modulus of an average inbred maize stalk. Thus, while the material arrangements of maize plants and
the machined carbon fiber rod used in this study are quite different, the in-field and lab-based error analysis
results showed very strong agreement. It is possible that at very large deformations and near the point of failure
other factors may alter the flexural response of plants. For example, it has been suggested that plant stems may
undergo brazier buckling (deformation of the cross-sectional geometry) just prior to failure. Due to differences
in material arrangement Brazier buckling would not occur in the carbon fiber rod. The authors believe that
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these other factors would not alter the fundamental finding of this study. The findings of the study are grounded
in sound engineering principles that govern the flexural response of structures. We therefore expect that other
crops with similar anatomical and structural arrangements to maize (e.g., sorghum, sugar cane) would exhibit
similar errors to those found in this study. In other words, we believe these results are generally applicable to the
DARLING device. However, we recommend caution in extrapolating these results to other measurement devices.
The authors have overseen the testing of over 200,000 plants with the DARLING device and are very familiar
with its operation and intricacies. Other devices may exhibit sources of errors which were not characterized in
this study and which the authors could not anticipate without using such devices extensively.

Conclusion

To the best of the authors’ knowledge, this is the first formal study which attempted to quantify systematic and
random error present in field-based phenotyping methodologies used to quantify bending strength and bending
stiffness of plant stems. We conclude that significant amounts of error can easily be introduced when conduct-
ing field based biomechanical measurements of plant stems. We estimate that errors on the order of 15-25% in
bending stiffness and 1-10% in bending strength measurements are not uncommon when using a DARLING
device. This error can be mitigated by following best practices and strict operating protocols to ensure that the
pivot of the phenotyping device is aligned with the characteristic pivot the stalk being measured. Several design
improvements can also be made to current phenotyping devices that would reduce both systematic and random
error in biomechanical measurements. Future research in this area is warranted and could lead to further genetic
improvements in stalk lodging resistance.

Data availability
All datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 4 April 2023; Accepted: 14 July 2023
Published online: 27 July 2023

References
. ChartsBin. Daily Calorie Intake Per Capita. ChartsBin http://chartsbin.com/view/1150.
. FAOSTAT. https://www.fao.org/faostat/en/#data/FBS.
. Corn. USDA Foreign Agricultural Service https://www.fas.usda.gov/commodities/corn.
. World Agricultural Production. USDA Foreign Agricultural Service https://www.fas.usda.gov/data/world-agricultural-production.
. Rattray, J. & Brokaw, S. C. The implications of the increasing global demand for corn. in (2012).
. Sekhon, R. S. et al. Stalk bending strength is strongly associated with maize stalk lodging incidence across multiple environments.
Field Crops Res. 249, 107737 (2020).
. Valin, H. et al. The future of food demand: Understanding differences in global economic models. Agric. Econ. 45, 51-67 (2014).
8. Flint-Garcia, S. A., Jampatong, C., Darrah, L. L. & McMullen, M. D. Quantitative trait locus analysis of stalk strength in four maize
populations. Crop Sci. 43, 13-22 (2003).
9. Pifiera-Chavez, F. J., Berry, P. M., Foulkes, M. J., Molero, G. & Reynolds, M. P. Avoiding lodging in irrigated spring wheat. II.
Genetic variation of stem and root structural properties. Field Crops Res. 196, 64-74 (2016).
10. Rajkumara, S. Lodging in cereals—a review. Agric. Rev. 29, (2008).
11. Ye, D. L. et al. Ethephon improved stalk strength associated with summer maize adaptations to environments differing in nitrogen
availability in the North China Plain. J. Agric. Sci. 154, 960-977 (2016).
12. Xue, J. et al. Evaluation of maize lodging resistance based on the critical wind speed of stalk breaking during the late growth stage.
Plant Methods 16, 148 (2020).
13. Carter, P. R. & Hudelson, K. D. Influence of simulated wind lodging on corn growth and grain yield. J. Prod. Agric. 1, 295-299
(1988).
14. Stubbs, C.J., Oduntan, Y. A., Keep, T. R., Noble, S. D. & Robertson, D. J. The effect of plant weight on estimations of stalk lodging
resistance. Plant Methods 16, 128-128 (2020).
15. Stubbs, C. J., Seegmiller, K., McMahan, C., Sekhon, R. S. & Robertson, D. J. Diverse maize hybrids are structurally inefficient at
resisting wind induced bending forces that cause stalk lodging. Plant Methods 16, 1-15 (2020).
16. Erndwein, L., Cook, D. D., Robertson, D. J. & Sparks, E. E. Field-based mechanical phenotyping of cereal crops to assess lodging
resistance. Appl. Plant Sci. 8, e11382 (2020).
17. Seegmiller, W. H., Graves, J. & Robertson, D. J. A novel rind puncture technique to measure rind thickness and diameter in plant
stalks. Plant Methods 16, 44 (2020).
18. Forell, G. V., 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).
19. Robertson, D. J.,, Lee, S. Y., Julias, M. & Cook, D. D. Maize stalk lodging: Flexural stiffness predicts strength. Crop Sci. 56, 1711
(2016).
20. Cappucci, M. Midwest derecho devastates Iowa corn crop. Satellite imagery shows damage. The Seattle Times https://www.seatt
letimes.com/nation-world/midwest-derecho-devastates-iowa-corn-crop-satellite-imagery-shows-damage/ (2020).
21. Shah, L. et al. Improving lodging resistance: Using wheat and rice as classical examples. Int. J. Mol. Sci. 20, 4211 (2019).
22. Berry, P. M. & Berry, S. T. Understanding the genetic control of lodging-associated plant characters in winter wheat (Triticum
aestivum L.). Euphytica 205, 671-689 (2015).
23. Duvick, D. N. The contribution of breeding to yield advances in maize (Zea mays L.). Adv. Agron. 86, 83-145 (2005).
24. Stucker, A. M., Morris, E., Stubbs, C. J. & Robertson, D. J. The Crop Clamp—A non-destructive electromechanical pinch test to
evaluate stalk lodging resistance. HardwareX 10, 00226 (2021).
25. Guo, Q. et al. A non-destructive and direction-insensitive method using a strain sensor and two single axis angle sensors for
evaluating corn stalk lodging resistance. Sensors 18, 1852 (2018).
26. Jo Heuschele, D. et al. The Stalker: An open source force meter for rapid stalk strength phenotyping. HardwareX 6, €00067 (2019).
27. Cook, D. D. et al. DARLING: A device for assessing resistance to lodging in grain crops. Plant Methods 15, 102 (2019).
28. Khanna, K. L. An improved instrument for testing rind hardness in sugarcane. Agr. Live Stock India 5, 156-158 (1935).
29. Stubbs, C. J., McMahan, C., Seegmiller, W, Cook, D. D. & Robertson, D. J. Integrated Puncture Score: Force-displacement weighted
rind penetration tests improve stalk lodging resistance estimations in maize. Plant Methods 16, 1-12 (2020).

QU W N~

~

Scientific Reports |

(2023) 13:12178 | https://doi.org/10.1038/s41598-023-38767-6 nature portfolio


http://chartsbin.com/view/1150
https://www.fao.org/faostat/en/#data/FBS
https://www.fas.usda.gov/commodities/corn
https://www.fas.usda.gov/data/world-agricultural-production
https://www.seattletimes.com/nation-world/midwest-derecho-devastates-iowa-corn-crop-satellite-imagery-shows-damage/
https://www.seattletimes.com/nation-world/midwest-derecho-devastates-iowa-corn-crop-satellite-imagery-shows-damage/

www.nature.com/scientificreports/

40.

41.

42.

43.
44.

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.

58.

59.

60.

. Robertson, D. ], Cook, D. D., Meehan, K. & Asatiani, L. The effect of probe geometry on rind puncture resistance testing of maize

stalks. 16, (2020).

. Thompson, D. L. Stalk strength of corn as measured by crushing strength and rind thickness. Crop Sci. 3, 323-329 (1963).
. Al-Zube, L., Sun, W,, Robertson, D. & Cook, D. The elastic modulus for maize stems. Plant Methods 14, 11 (2018).
. Al-Zube, L., Robertson, D. J., Edwards, J. N., Sun, W. & Cook, D. D. Measuring the compressive modulus of elasticity of pith-filled

plant stems. Plant Methods 13, (2017).

. Stubbs, C. J., Sun, W. & Cook, D. D. Measuring the transverse Young’s modulus of maize rind and pith tissues. J. Biomech. 84,

113-120 (2019).

. Helmick, B. C. A method for testing the breaking strength of straw. Agron. J. 7, 118-120 (1915).
. Garber, R. J. & Olson, P. J. A study of the relation of some morphological characters to lodging in cereals 1. Agron. J. 11, 173-186

(1919).

. Willis, M. A. An apparatus for testing the breaking strength of straw. Agron. J. 17, 334-335 (1925).
. Ching, A, Rafalski, J. A, Luck, S. & Butruille, M. G. Genetic loci associated with mechanical stalk strength in maize. (2009).
. Butron, A., Malvar, R. A., Revilla, P, Soengas, P. & Ordas, A. Rind puncture resistance in maize: inheritance and relationship with

resistance to pink stem borer attack. Plant Breed. 121, 378-382 (2002).

Kumar, R. et al. Genetic architecture of maize rind strength revealed by the analysis of divergently selected populations. Plant Cell
Physiol. 62,1199-1214 (2021).

Robertson, D. J., Brenton, Z. W., Kresovich, S. & Cook, D. D. Maize lodging resistance: Stalk architecture is a stronger predictor
of stalk bending strength than chemical composition. Biosyst. Eng. 219, 124-134 (2022).

Anderson, B. & White, D. G. Evaluation of methods for identification of corn genotypes with stalk rot and lodging resistance. Plant
Dis. 78, 590-593 (1994).

Baker, C. J. et al. A method for the assessment of the risk of wheat lodging. J. Theor. Biol. 194, 587-603 (1998).

Berry, P. M., Spink, J., Sterling, M. & Pickett, A. A. Methods for rapidly measuring the lodging resistance of wheat cultivars. J.
Agron. Crop Sci. 189, 390-401 (2003).

Bashford, L. L., Maranville, J. W., Weeks, S. A. & Campbell, R. Mechanical-properties affecting lodging of sorghum. Trans. Asae
19, 962-966 (1976).

Davis, S. M. & Crane, P. L. Recurrent selection for rind thickness in maize and its relationship with yield, lodging, and other plant
characteristics. Crop Sci. 16, 53-55 (1976).

Sayad, A. et al. The semi-automated development of plant cell wall finite element models. Plant Methods 19, 3 (2023).

Cook, D. D., Robertson, D., Julias, M. & Lee, S. Y. Apparatus and method for assessing plant stem strength. (2016).

Howell, L. L. Compliant mechanisms (John Wiley & Sons, 2001).

Bebee, A, Stubbs, C. J. & Robertson, D. J. Large deflection model for multiple, inline interacting cantilever beams. J. Appl. Mech.
88, 041005 (2021).

Song, R. & Muliana, A. Modeling mechanical behaviors of plant stems undergoing microstructural changes. Mech. Mater. 139,
103175 (2019).

Robertson, D. J., Julias, M., Gardunia, B. W., Barten, T. & Cook, D. D. Corn stalk lodging: A forensic engineering approach provides
insights into failure patterns and mechanisms. Crop Sci. 55, 2833-2841 (2015).

Robertson, D. J., Julias, M., Lee, S. Y. & Cook, D. D. Maize Stalk Lodging: Morphological Determinants of Stalk Strength. Crop Sci.
57,926-934 (2017).

Song, P, Wang, J., Guo, X,, Yang, W. & Zhao, C. High-throughput phenotyping: Breaking through the bottleneck in future crop
breeding. Crop J. 9, 633-645 (2021).

Feng, H. et al. An integrated hyperspectral imaging and genome-wide association analysis platform provides spectral and genetic
insights into the natural variation in rice. Sci. Rep. 7, 4401 (2017).

Stubbs, C. J. et al. Cross-sectional geometry predicts failure location in maize stalks. Plant Methods 18, 1-9 (2022).

Robertson, D., Cornwall, J., Stubbs, C. & McMahan Christopher. The overlooked biomechanical role of the clasping leaf sheath in
wheat stalk lodging. Front. Plant Sci. 12, 1774 (2021).

Kempe, A., Sommer, M. & Neinhuis, C. A comparative analysis of the mechanical role of leaf sheaths of Poaceae, Juncaceae, and
Cyperaceae. J. Bot. 2013, 6 (2013).

Robertson, D., Smith, S., Gardunia, B. & Cook, D. an improved method for accurate phenotyping of corn stalk strength. Crop Sci.
54,2038 (2014).

Robertson, D. J., Smith, S. L. & Cook, D. D. On measuring the bending strength of septate grass stems. Am. J. Bot. 102, 5-11 (2015).

Acknowledgements

This work was funded in part by the National Science Foundation (Award #1826715). Any opinions, findings,
conclusions, or recommendations are those of the author(s) and do not necessarily reflect the view of the fund-
ing bodies.

Author contributions
All authors were fully involved in the study and preparation of the manuscript. The material within has not been
and will not be submitted for publication elsewhere.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.R.

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.

Scientific Reports |

(2023) 13:12178 | https://doi.org/10.1038/s41598-023-38767-6 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:12178 | https://doi.org/10.1038/s41598-023-38767-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Experimental error analysis of biomechanical phenotyping for stalk lodging resistance in maize
	Methods
	Results
	Discussion
	Conclusion
	References
	Acknowledgements


