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ABSTRACT  

A bi-parental population derived from two bread wheat varieties, AC Cadillac, a tall high yielding 

variety, and AC Carberry, a semi-dwarf high yielding variety, was tested for biomechanical traits. Two 

hundred and eight experimental lines selected from a total population of seven hundred and seventy-

five, were grown in an experimental field trial with three checks (Cadillac, Carberry and Glenn). The 

wheat stems were tested for strength properties at moisture content (mc) of 14% and 22% wet basis 

(w.b.). Determined stem lengths of the second internode were cut and conditioned to 14% and 22% 

mc using a humidifier. Testing was carried out using a Texture Analyzer and stem diameter of the 

sample was determined using an imaging system. The values for the biomechanical properties 

measured which included bending strength, modulus of elasticity and flexural rigidity decreased with 

increased mc. Parental cultivar Cadillac showed higher strength values compared to Carberry in all 

blocks and followed the trend of decreased biomechanical values with increased mc. Correlation with 

plant lodging showed bending strength traits to be slightly higher in correlation compared to modulus 

of elasticity and flexural rigidity. At 14% mc, the stem lodging was positively correlated with bending 

strength, modulus of elasticity and flexural rigidity (r = 0.41, P < 0.05; r = 0.39, P < 0.05; and r = 0.36, 

P < 0.05, respectively) while at 22% mc the stem lodging was positively but more weakly correlated 

with bending strength, modulus of elasticity and flexural rigidity (r = 0.17, P < 0.05; r = 0.24, P < 0.05; 

and r = 0.20, P < 0.05, respectively). 
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INTRODUCTION 

The leading food crop produced, consumed and traded across the globe is wheat (Enghiad et al., 

2017). As a cash crop that is widely cultivated because it produces a good yield per unit area, wheat 

has a short growing season and grows well in temperate climates. It is however often difficult to obtain 

optimal grain yields due to limiting factors such as, climatic and environmental stresses, pests, 

diseases, and lodging (Pinthus, 1974). Lodging is the permanent displacement of plant shoots from 

an upright position. It causes reduction in grain yields of up to 50% (Stapper and Fischer 1990) and 

can cause loss of bread making quality (Berry et al. 2004). It lowers grain yield directly by interfering 

with the accumulation of dry matter or indirectly reduce the yield owing to the difficulties that it may 

cause or it may impose during harvest (Pinthus, 1974). In wheat, lodging can arise from over-turning 

of the anchorage system or buckling of the stem base (Berry et al. 2004). In many parts of the world, 

it is the major reason for economic losses and yield reductions of cereal crops (Baker et al., 2014). 

As a result of this, plant breeders worldwide always assess the trait during germplasm development 

- working to develop cultivars with the highest lodging resistance. During the green revolution, 

breeders reduced lodging risks by introducing the semi-dwarfing genes Rht-B1b and Rht-D1b into 

wheat to produce dwarf cultivars with shorter stem length (Wilhelm et al. 2013). Additional agronomic 

methods that have been used to reduce lodging include: a) introducing plant growth regulators to 

shorten crops; b) delaying sowing time; c) reducing seeding rate; d) reducing and delaying nitrogen 

fertilizer application; and e) rolling the soil (Berry et al., 2004). However, shortening plants with growth 

regulators through sequential application may leave harmful residues absorbed into the grain (Berry 

et al., 2004). Thus, if there is limited scope to further reduce plant height, it follows that the strength 

of structures supporting the plant must be improved upon to decrease lodging risks and produce 

wheat of the highest productivity. There have been numerous investigations into the mechanical 

processing of wheat straws, such as briquetting, chopping and baling, however there is still relatively 

little information on the physical properties governing its mechanical behavior (O’Dogherty et al., 

1995) and how it is associated to lodging.  

Research in the area of physical and biomechanical properties of agricultural products can be 

classified into: a) adaptation of procedures originally designed and developed for non-agricultural 

products on agricultural materials, and b) application of the fundamental principles of mechanics to 

predict and estimate the mechanical behavior of these agricultural materials (El Hag et al., 1971). 

Plant anatomy, harvest optimization, lodging processes, animal nutrition, decomposition of wheat 

straw in soil, and industrial applications have all been focus areas of wheat as an agricultural product 

(Nazari et al., 2008). Some important physical properties of a cellular material such as bending, 

compression, density, friction, and tension all depend on the stalk diameter, maturity, cellular 

structure, moisture content, cellular composition, and cultivar (Bright and Kleis, 1964; Pearson, 

1987). However, since plants are anisotropic in nature, these physical properties tend to vary along 

the length of the plant stem (Nazari et al., 2008). Mohsenin (1970) described methods and 

procedures required for determining the rheological and mechanical properties of agricultural 

materials. Moisture plays a vital role in determining the mechanical properties of plant stalks. Recent 

work by O’Dogherty et al., 1995 concentrated on measuring tensile strength, shear strength, rigidity, 

https://en.wikipedia.org/wiki/Temperate_climate
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and Young’s modulus of plant stems to predict its behavior during harvest and other straw mechanical 

processes. O’Dogherty reported that the tensile strength of wheat straws increased from 9-32 MPa 

at mc ranging from 10-14 % w.b. However, Galedar et al., (2008) reported a reduction in tensile 

strength for grass stems at increasing moisture content but at a decreasing rate. Research on 

bending strength of wheat stems conducted by Esehaghbeygi et al., (2009) indicated that stem 

moisture has a significant effect on the bending stress of the wheat straw. Esehaghbeygi recorded a 

decrease in the bending strength values from 26.77 to 17.74 MPa at increased moisture content of 

15 to 45% wb. Edet (2015) concluded that increase in moisture content resulted in increase in 

compressive, shearing, cutting and tensile strength values but showed decrease in the bending 

strength values of wheat stems at different internode positions with some experiments showing no 

consistent trend. The objective of this chapter is to investigate the effect moisture content has on the 

biomechanical properties of bending strength, flexural rigidity, and modulus of elasticity in selected 

wheat stem lines derived from a bi-parental wheat population derived from Cadillac and Carberry, 

and compare relationships to plant lodging 

MATERIALS AND METHODS 

Plant Material and Field Experiments: A two-hundred and eight line subset of a 775 line doubled 

haploid population derived from wheat parental cultivars AC Cadillac and AC Carberry was used in 

the study. One hundred of the lines, of the 208, were randomly selected, and an additional 108 lines 

normalized for plant height and maturity were selected for greater sensitivity to lodging. An 

augmented randomized complete block design was used with Cadillac, Carberry, and Glenn cultivars 

serving as check entries in each block. Sixteen blocks were generated with each block containing 

sixteen plots, totaling 256 plots in an experimental test on Llewellyn farm in Saskatoon, SK 

(52°11'02.0"N) grown from May to September 2017. A plot was designated to each line of the two 

hundred and eight experimental lines from the population. Cadillac, Carberry, and Glenn cultivars 

were planted in different plots within a block, and randomly repeated in plots of other blocks. Lodging 

scores (1-9) were assigned to stems based on their angle of deviation from its upright position right 

before harvest. Lodging scores were assigned based on discretion and observation. 

Sample Preparation: Ten wheat stem samples were collected from each of the 208 experimental 

lines and 48 check entry cultivars for 256 lines in total. The labeled samples were kept in plastic bins. 

These plastic bins were placed in a controlled environment, set at 30% relative humidity and 

temperature of 4°C to maintain harvest condition. Samples were cut at the second internode of the 

stems and placed in plastic tubes. Within the second internode of the 256 total lines, 5 stem sections 

of length 30 mm were cut for each of the two moisture contents, for a total of 1280 straw samples. 

This is shown in Figure 1. 
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Figure 1. Samples kept in test tubes ready for moisture conditioning 

Moisture Content: When studying the biomechanical properties of a biological matter, a major 

physical property to be considered is moisture content. The initial moisture content (% wb) of the 

wheat stems were determined by oven-drying 4 g samples at 103°C for 24 h according to ASABE 

standard S358.2 (ASABE, 2006). The samples were reweighed after drying using a precision balance 

(0.001 g) (Denver Instruments, Sartorious Corp. Bohemia, NY). The samples were placed in a 

humidifier (Model SH-841, Espec Corp, Kita-ku, Osaka, Japan)  calibrated at 78% and 95% relative 

humidity, temperature at 25°C for 72 h to adjust the sample moisture content to 14% and 22% w.b, 

respectively (Edet 2015). The samples were then taken out and kept in the controlled environment 

mentioned above throughout the research to restrict movement prior to further testing. This humidifier 

is shown in Figure 2. 

 

 

Figure 2.  Espec humidifier used for moisture conditioning 
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According to Edet (2015), the equation used to determine the moisture content at storage and 

after conditioning of the samples is shown below: 

 

                                     MW= 
𝑚𝑖−𝑚𝑓

𝑚𝑖
                                                                                                (1)                  

 

where: 

MW = moisture content of the sample (decimal value), 

mi = initial mass of the sample (g),  

mf = final mass of the sample (g). 

 

Biomechanical Test: To determine the bending force on the wheat stem samples, a three-point 

linkage bending equipment similar to the one described by Takavoli et al. (2009) and Zareiforoush et 

al. (2010) was used. The Texture Analyzer (TAXT2, Texture Technologies Corp. Hamilton, MA) 

shown in Figure 3, comprising of two semi-circular supports placed at 30 mm apart, and a knife-

edged rectangular blade of 2.5 mm radius of curvature located such that the blade is equidistant to 

the two semi-circular supports, was used to measure the maximum bending force of wheat stems. 

Force was applied at the center of the stem section with a loading rate of 120 mm min-1 by the 

rectangular blade (Edet 2015). Imaging of the transverse section of the stem was carried out using 

the Wild Herbugg stereoscope with magnification of 8x (Wild M3Z, Wild Herburgg, Gais, Switzerland), 

Paxcam3 camera(Midwest Information Systems, Villa Park, IL), and Intralux 500 light source to 

determine the inner and outer diameter of the stems (Figure 4).               

 
a) A schematic diagram of the 3-point bending test setup. 
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b) Photograph of the three point bending tool  

Figure 3. The schematic diagram of the process (a), and 3-point bending test setup in the Texture 

Analyzer (b). 

 
a) Schematic Diagram of measured stem 
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b) Photograph of the cut stem 

Figure 4. A schematic diagram of the process (a), and an image of a sample of the wheat stem taken 

by Paxcam3 camera (b). 

 

Flexural Properties: According to Edet (2015), the equation below is used to determine the 

maximum bending strength of materials. 

σb = 

b

ab

I

lrF

4
                                                                                                                    (2) 

where:  

σb = bending strength (MPa), 

Fb = bending force (N), 

ra = axis of the cross section (outer radius) (mm), 

Ib = second moment of area (mm4), and 

L = distance between the support points (mm).  

The calculation of second moment of area for the solid and hollow stem samples was carried out as 

follows (Shrivastava et al. 1994): 

Ib = ( )tD f

3

32

3
   Circular hollow stem                                                                                                               (3) 

where: 

Df = fiber diameter (mm) = 2Rf, 

Rf  = radius from the neutral axis of stem to the most distant load carrying fiber (mm), 
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t = stem thickness (mm). 

 

E =  
𝐹𝑏𝐿

3

48𝑑𝐼𝑏
                                                                                                                                                        (4) 

 EIb =  
𝐹𝑏𝐿

3

48𝑑
                                    (5) 

where: 

EIb= flexural rigidity (Nm2, result of the above equation divided by 106), 

E= modulus of elasticity of the stem (GPa, result of the above equation divided by 103), 

L = distance between the support points (mm), 

d = deflection of the stem (mm), 

Fb = bending force (N), 

Ib = second moment of the area (mm4). 

 

Statistical Analysis: All data were statistically analyzed using SAS 9.4 software (SAS software. 

Version 9.4 SAS Institute Inc. Cary, NC), and SPSS software (IBM SPSS Statistics 21, IBM 

Corporation, Armonk, NY) for authenticity of result at 5% significance level. Missing data was 

estimated using the Restricted Maximum Likelihood (REML) method. Further analysis was performed 

to meet analysis of variance (ANOVA) and Mixed model normality assumption. A log transformation 

was applied to the mechanical traits of the second internode to best denote the normality assumption. 

A multiple linear regression model was fit to test for effects due to genotype and block arrangement. 

Least Square Means were estimated for the genotypes in each block to compare the biomechanical 

properties of the second internodes of the 256 lines. Duncan Multiple range test was done after 

ANOVA showed significant variation to compare the means of the investigated biomechanical traits 

in each block. In order to limit the variation since significant differences were present between blocks, 

Duncan Multiple range test was done within blocks. To compare the relative effects of genotypes on 

biomechanical traits, the statistical model was:  

Yij = µ + βi +Cj +Ʈk(i) + Ɛij                                              (6)

   

where; 

 µ = grand mean 

 Ʈk(i) = fixed effect due to new entries 

 βi = random effect due to block, 

 Cj = fixed effect due to checks, and 

 Ɛijk = random error component. 

 To estimate the Empirical Best Unbiased Linear Predictors (EBLUPs), the model in Eq. 6 was the 

same except the new entries (Ʈk(i)) was considered as random effect instead of fixed. 
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Robust correlation coefficients were estimated for the biomechanics properties of the wheat stems 

using the raw non-normally distributed data. 

 

RESULTS AND DISCUSSION 

Biomechanical Test: In the whole experiment using all blocks, significant differences were detected 

in the biomechanical properties of the wheat stems among all cultivars (P<0.05). Differences were 

observed in the biomechanical properties of wheat stem replicates, and within block variations were 

detected amongst cultivars. This is shown in the ANOVA table 1. 

Table 1. Analysis of Variance of Bending Strength Values of Wheat stems 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.12 0.008 3.00 <0.0051 

Check Entry 2 0.25 0.13 47.70 <0.0001 

New Entry 207 1.13 0.005 2.05 0.011 

R-Square Coeff Var Root MSE Bending Strength  

0.96 7.71 0.052 0.67 

DF= Degree of Freedom, Coeff. Var = Coefficient of Variance, Root MSE= Root Mean Square Error 

The significant difference between blocks could be due to variations in abiotic and biotic factors 

across the experimental field test. In general, wheat stems of taller cultivars are prone to lodging as 

compared to shorter or semi-dwarf varieties (Francisco et al., 2017). In this context, it was expected 

that the semi-dwarf variety (Carberry) would have the higher bending strength value of the three 

check cultivars, since it was the least susceptible to lodging as compared to the two taller cultivars, 

Cadillac and Glenn. However, it was AC Cadillac that had higher overall bending strength, flexural 

rigidity, and modulus of elasticity compared to Carberry (semi-dwarf cultivar), and Glenn across the 

blocks with the exception of a few inconsistencies as shown result in Figures 5-7.  
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Figure 5. Flexural rigidity of stems in the check cultivars. 
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Figure 6. Modulus of elasticity of stems in the check cultivars. 
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Figure 7. Bending strength of stems in the check cultivars. 
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Moisture Content Effect: The storage moisture content (mc) for most agricultural materials is 14%, 

and its green moisture starts mostly in the 22% range. However, strength properties such as 

compressive, shearing, cutting and tensile strength increase in value with increase in moisture 

content, while bending stress decreases with increase in moisture content (Esehaghbeygi et al., 

2009). The ANOVA shown on table 2 indicates significant difference in the effect moisture content 

has on the bending strength properties of the wheat stems. Therefore, the stems having moisture 

content of 14% w.b. have significantly higher bending strength than those at 22% w.b. which is the 

same result as that reported by Edet (2015). It was observed that there were significant differences 

in the effect of moisture content on the modulus of elasticity and flexural rigidity of the wheat stems. 

Table 2. Analysis of Variance of Bending Strength Values of Wheat stems as affected by Moisture 

Tests of Between-Subjects Effects 

Dependent Variable:   Bending Strength   

Source 

Type III Sum of 

Squares DF Mean Square F Sig. 

Corrected Model 487a 31 15.71 27.28 .000 

Intercept 7837.21 1 7837.21 13611.62 .000 

MC 379.67 1 379.67 659.42 .000 

Blocks 81.81 15 5.45 9.47 .000 

MC * Blocks 25.52 15 1.70 2.96 .000 

Error 276.37 480 .58   

Total 8600.58 512    

Corrected Total 763.37 511    

 

a. R Squared = .64 (Adjusted R Squared = .62) 

DF= Degree of Freedom 

It was observed that the biomechanical properties (bending strength, flexural rigidity, and modulus of 

elasticity) for the bi-parental population of wheat cultivar decreased with increase in moisture content 

as shown in the Figure 8-10.  
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Figure 8. The effect of moisture on the bending strength of wheat stems. 
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Figure 9 .The effect of moisture on the flexural rigidity of wheat stems. 
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Figure 10. The effect of moisture on the modulus of elasticity of wheat stems. 

Correlation Test: Little or no lodging occurred through the 2017 field experimental test, and thus 

lodging scores used to assess the stem positions tended to be the same amongst the checks and 

displayed little variation across the experimental lines of the population. Lodging scores were 

assigned based on discretion and standing state of the wheat stem at harvest. Lodging numbers 

were given from 1-9, with 1 meaning standing upright and 9 representing fully lodged stems as shown 

in table 4.  
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Table 3. Lodging Scores of Wheat Plants at Harvest 

Block One Block Two Block Three 

Line Lodging Score Line Lodging Score Line Lodging Score 

BE029 2 AH105 3 AD005 2 

AM001 2 Glenn 3 Cadillac 4 

AF044 3 AF023 3 BE118 2 

AC023 3 AS059 6 AX086 3 

AC056 3 BC109 5 AP013 2 

AZ056 2 AR089 3 AN063 3 

AD012 3 AW064 2 BF036 3 

Carberry 2 AE022 2 BD073 2 

Cadillac 4 AZ087 2 Glenn 3 

BB115 2 AG153 2 BC069 3 

AT116 2 Cadillac 4 BE033 4 

Glenn 2 AQ042 2 Carberry 2 

AG033 7 AT069 2 BF075 3 

AZ014 2 AD072 2 AB122 4 

AT064 2 AX109 4 AC039 3 

AA080 4 Carberry 2 BE009 2 

 

Plant lodging scores were positively and significantly correlated with the biomechanical properties: 

bending strength, flexural rigidity, and modulus of elasticity. The resulting correlation value (r) was 

below 0.5 as shown in Figure 11, and this could be due to the large amount of variation in 

biomechanical properties of lines and little or no variation in lodging scores. As discussed above, this 

variation could be due to heterogeneity in abiotic and biotic factors across the field test including soil 

heterogeneity. This can be seen in the high values calculated as standard deviation of the same 
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lines, as well as variation in the detected biomechanical properties values among checks in different 

blocks. However, increase in sample size could help reduce the calculated deviation values. 

 

Figure 11. Correlation between lodging score and biomechanical properties 

From Figure 11 above, at 14% moisture content, lodging was positively correlated with bending 

strength (BS14), modulus of elasticity (MOE14), and flexural rigidity (Rigidity14) (r = 0.39, P < 0.05, 

r = 0.37, P < 0.05 and r = 0.35, P < 0.05 respectively) while at 22% moisture content, lodging was 

weakly positively correlated with bending strength (BS22), modulus of elasticity (M.O.E.22), and 

flexural rigidity (Rigidity22)(r = 0.17, P < 0.05, r = 0.23, P < 0.05 and r = 0.19, P < 0.05 respectively). 

The low values of correlation could likely be due to additional biotic and abiotic interactions which 

could not be accounted for in the statistical testing and thus were assumed to be constant. In addition, 

with the season having no pronounced lodging observed, each check cultivar was given similar 

values for lodging score across the blocks while the strength properties varied. 
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CONCLUSION 

It can be concluded from this research that moisture plays an important role in the strength properties 

of wheat stem. Increase in moisture content led to decrease in bending strength, modulus of elasticity, 

and flexural rigidity properties of wheat stems. Of the two parent cultivars, AC Cadillac, even though 

taller and lodging prone, had higher strength values at the second internode compared to the semi-

dwarf variety Carberry.  

Furthermore, it was observed that there was a weak positive correlation of lodging to the 

biomechanical properties at 14% mc, but weaker positive correlation at 22% mc. With this in view, 

this could mean at low temperature and high humidity, lodging is imminent in the field.  
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