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In this work, the mechanical properties of paddy straw were evaluated using force-deformation curves and neural 
network approaches. The mechanical strength of the paddy straw was estimated at Moisture Contents (MC) of 10.8, 13.5, 
and 18.4% (w. b.), on distinguished internode positions, that is, N1, N2, and N3, and with applied Loading Rates (LR), that 
is, 25, 30, and 35 mm/min, respectively. Results shows that the values of Bending Strength (BS), Shear Strength (SS), and 
Young's Modulus (YM) were increasing from 5.35 to 17.34 MPa, 4.99 to 7.35 MPa, 0.43 to 1.39 GPa, respectively, through 
the node position from N3 to N1 with a decrease in MC and an increase in load through internode N1 to N3. Thus the MC 
and LR at different internode positions significantly (P<0.05) affected the BS, SS, and YM of paddy straw. The Levenberg-
Marquardt’s backpropagation based neural network was used to model the mechanical properties of paddy straw. The lower 
value of RMSE (0.69) and higher value of R2 (0.9998) indicates a best fit for the developed model. The coefficients of 
determination for BS, SS, and YM were 0.9994, 0.9942, and 0.998, respectively, indicating that the neural network model 
for estimating the mechanical properties of paddy straw can be used as an excellent alternative under selective experimental 
conditions. 

Keywords: Bending strength, Force-deformation curve, Node positions, Shear strength, Young’s modulus 

Introduction 
Among cereal grains, paddy is one of the most 

essential and nutritional foods, consumed by more 
than 50% of the world population.1,2 Annually, more 
than 800 million tons of paddy straw are produced in 
Asia and nearly 1 billion tons globally.3 Only 1% of 
paddy straw is used by all the farmers.4 More crop 
residues are left in the harvested paddy field because 
of the high straw grain ratio. Paddy straw is 
recognized as a significant agricultural by-product. It 
has variety of uses, including animal feed, useful 
organic input to farmlands, along with production of 
energy, briquettes, mushrooms, biogas, compost, and 
materials for packaging and biofuel for industries. 
The handling and processing of paddy straw are 
influenced by its physical, biological, and mechanical 
characteristics.2,5

The mechanical behavior of paddy straw must be 
considered during baling, transportation, and 
industrial processing. The improper chopping of 
paddy straw causes hair-pining phenomenon. 

Therefore, to design a straw chopping machinery, the 
knowledge of engineering characteristics of paddy 
straw is imperative. The characteristics of the cellular 
straw material are influenced by the thickness of the 
straw, age of the crop, and cellular structure.6 The 
mechanical characteristics of plants during their 
growth were focused in earlier investigations and 
noted that the paddy straw is delicate at low moisture 
content.7,8 The physical and mechanical properties of 
straw changes due to the variation in plant growth and 
moisture content.9,10 

The paddy stems were subjected to mechanical 
tests and the values of tensile strength, elastic 
modulus, and shear strength were 29.02 MPa, 1.03 
GPa, and 8.52 MPa, respectively.11 Another study 
investigated the strength parameters of wheat straw at 
different maturity stages and claimed that the average 
values of shear strength and YM ranged from 4.76 to 
6.58 GPa and 4.91 to 7.26 MPa, respectively.12 
Similar results were observed in the alfalfa crop, 
where an increase in stalk moisture level resulted in a 
decrease in bending strength and increase in shear 
strength in the lower region of stem.9 The values of 
SS, BS and YM for wheat straw were in the range of 
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6.81–11.78 MPa, 6.81–11.78 MPa, and 0.65–1.82 
GPa, respectively.13 Other researchers reported the 
impact of moisture content, loading rate, and stalk 
cross section area on the shear and bending 
characteristics of barley straw.14 Loading rate 
improved the SS of straw (paddy and wheat) for all 
the stem cross section areas.15 

Numerous soft computing methods, such as neural 
networks, fuzzy-logic modelling, and other machine 
learning models were currently used for the analysis 
of physical and mechanical properties data of 
biological material. Artificial Neural Networks 
(ANN), is a supervised machine learning approach 
which mimics the function of a biological neuron. The 
ANN methodology can be used as a substitute for 
conventional realistic modelling depending on the 
regression.16 There are no available literature on the 
prediction model using soft computing techniques for 
the effect of moisture content and loading rate on the 
mechanical properties of paddy straw. The aim of this 
study was to analyse the impact of moisture content 
and loading rate on the mechanical properties of 
paddy straw using an ANN model at different 
internode positions.  

Materials and Methods 
Experimental Study 

The paddy (c.v Kranti) straw was procured from 
the Central Institute of Agricultural Engineering 
research farm in Bhopal, Madhya Pradesh (India) 
during the harvest season. The internodes were 
categorized into first, second, and third (N1, N2 and 
N3) group based on their placements below the ear 
(Fig. 1). In this study, the internodes N4 and N5, 
which represent the paddy stubble, are typically left in 
the field. Therefore, N4 and N5 were not used in this 
study. The complete leaf foliage and covering should 
be eliminated before the experimental study.7 To 
evaluate the moisture content of paddy straw, the 
oven drying method was used. The samples were 
collected from the field on 0th, 5th and 10th day after 
harvesting.17 Three different levels of moisture 
content of straw (10.8 ± 1.2, 13.5 ± 1.1, and 18.4 ± 
1.4% w.b.) and LR (25, 30 and 35 mm/min) were 
considered during the study. 

Mechanical Properties of Paddy Straw 
Three-Point Bending Test 

A three-point bending test was used to determine 
the maximum force to bend up to a certain 

deformation. The length of the straw was 80 mm, and 
its two ends were rested on steel supports with contact 
arc lengths of 3 mm, as shown in Fig. 2. A Texture 
Profile Analyzer (TPA) (TA-XT Plus, Stable Micro 
Systems Ltd., Surrey, UK) was used to conduct the 
experiments using A/3PB probe. The TPA was set to 
the following parameters: pre-test speed: 1 mm/s; 
post-test speed: 3.33 mm/s; trigger force: 5 g; test 
speed: 0.42 mm/s; target mode distance: 15 mm; 
trigger type: auto and 200 Points Per Second (PPS) as 
data acquisition rate. The TPA analysis was carried 
out at room temperature (27 ℃) and took 100 s for 
the process. Three different moisture content and load 
rates were used to examine the samples. Every 
specimen in the same lot underwent three 
measurements, and mean value was recorded. 

Three loading rates (25, 30 and 35 mm/min) were 
used for the bending test to assess the force in the 
failure region of straw. By using the measured force, 
the YM and BS was computed. The straw was placed 
on two metallic supports that were rounded and 
spaced 80 mm apart, and a loading plate generated the 
load in the middle of the supports (Fig. 2b).10,13 The 
straw samples were a little oval in cross-section and 
the second instant of area during the bending, denoted 
by the symbol Ib, explained as below.18

Fig. 1 — Representation of internode position of paddy straw 

Fig. 2 — Three-point bending test rig: (a) Physical model on
TMS-Protexture analyzer and (b) CAD model of bending test rig 
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Ib= π
4

[ab3-(a-b)(b-t)
3
] … (1) 

(BS) σb= π
4

[ Fb௔௟
4Ib

] … (2) 

where, Fb = Bending force (N), Ib = Second moment 
of area (mm4), a = Semi-major axis (mm), b = Semi-
minor axis (mm), δ = Deflection length of straw (mm), 
l = Distance between supports (mm), t = thickness
(mm), BS = bending strength (MPa)

Shearing Test 
A force-time deformation graph was generated 

with respect to the experiment time, and shear force 
(SF) was determined with the help of above 
mentioned bending test procedure. The shear setup 
(Fig. 3) consists of three rectangular plates of 
aluminum material having holes of 2–7 mm diameter. 
The shear box was fabricated from an aluminum plate 
of overall dimensions 90 × 90 × 25 mm, having 5 mm 
thickness and 5 mm space between two plates.15 The 
force was measured using an arrangement as said 
earlier and attached with a Warner Bratzler 
(HDP/BSW) probe to push the sliding plate of the 
shear plate setup.  

(SS) τs=
Fs
2A

… (3) 

where, Fs = Shear force at failure section (N), 
A = failure cross-section of the sample (mm). 

To determine the shear strength of straw, similar 
results of shear tests were found, and the bending test 
was used to analyze the bending strength of straw.12,15,19 

Young's Modulus 
The given equation was used to evaluate the YM, 

and the process was similar to determining force, as 
stated earlier, for the determination of bending 
force.18 

(YM) E= Fbl3

48δIb
… (4)

where, E=Young's modulus (GPa) 

ANN Modelling 
ANN model was selected to forecast the mechanical 

characteristics of paddy straw using the MATLAB 
R2020a software. The input parameters, such as 
moisture content, internode position, and loading rate; 
output parameters, such as BS, SS, YM and one hidden 
layer were selected for the study. A backpropagation 
technique based on "Levenberg Marquardt" was used 
to set the weight and bias settings with neurons for 
optimization purposes.20,22 To forecast the replies, a 
"tangent sigmoid" function was used as the hidden 
layer and a linear function as the output.20 To find an 
appropriate model for fitting, the data set was split 
into training, validation, and testing. The hidden layer 
with varying numbers of neurons between 5 and 15 
and the best network was determined by considering 
low Mean Square Error (MSE) and high coefficient of 
determination (R2) values. During the analysis of 
ANN, we followed the data with cross fold validation 
to estimate the performance of a model on the unseen 
data. It protects against overfitting of the predictive 
model. The model performance was assessed by 
accounting the chi-square (2) value, mean absolute 
error (MAE) value, and root mean square error 
(RMSE) value. Low MAE, RMSE, and SE, as well as 
high R2 values, are characteristics of a well-trained 
ANN model.20,21 𝑀𝐴𝐸 =  ଵ௡ ∑ |(𝑃𝑖 − 𝐸𝑖)|௡௜ିଵ … (5)

𝑅𝑀𝑆𝐸 =  ට∑ (௉௜ିா௜)ଶ೙೔షభ ଶమ
… (6)

Fig. 3 — Shear strength measured by (a) shear plate test setup, (b) plate dimensions and (c) labelled cad model setup 
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𝜒2 =  ∑ (௉௜ିா௜)ଶ೙೔షభ ௉௜ … (7) 

where, the number of samples (n) is included in the 
dataset, Ei is the investigated value, Pi is the model 
predicted. The optimized network was assessed for 
each answer. The results were displayed alongside the 
actual data. 

Data Analysis 
The results were shown as the mean value and 

standard deviation of at least five replications. The 
treatment means were compared using all available 
variance-adjusted data (ANOVA), and Tukey's test 
determined that the variations were significant at the 
95% level (p < 0.05). In this work, Origin 8.0 software 
was used to produce the graphs, and SPSS Statistics 
20.0 (SPSS Inc.) was used to analyze the data set. 

Results and Discussion 
The average values for the mechanical properties of 

paddy straw is presented in Table 1. There is a 
significant (p<0.05) effect of moisture content, loading 
rate and internode positions on the mechanical 
properties of straw. 

Impact of Moisture Content and Loading Rate on Bending 
Strength of Paddy Straw 

The interaction effect of moisture content and 
internode positions on the BS is shown in Fig. 4. The 

bending strength is significantly (P<0.05) affected by 
the MC, LR and internode positions. The average 
values of BS at moisture contents, 10.8, 13.5 and 
18.4%, were 11.97, 8.70 and 7.23MPa, respectively 
(Table 1). It was observed that, the bending strength 
decreased from 7.95 to 5.35, 10.79 to 6.24 and 17.34 
to 10.09 MPa for N1, N2 and N3 (Fig. 4(a)) as the 
moisture content increased from 10.8 to 18.4%. 
Further, Fig. 4(b) depicts the interaction effect of the 
internode position and the LR on the bending strength 
of paddy straw. The mean values of the bending 
strength were 7.97, 9.49 and 10.45 MPa at loading 
rates 25, 30 and 35 mm/min, respectively (Table 1). It 
indicates a significant (P<0.05) drop in the bending 
strength from 7.81 to 5.59, 9.47 to 7.19 MPa and 
14.04 to 11.28 MPa for N1, N2 and N3 with decrease 
in LR. The interaction effects between moisture 
content and internode (MC x NP); and loading rate 
(MC x LR) were significant (P<0.05), whereas the 
interaction effects of NP × LR was non-significant 
(P>0.05) on the bending strength. 

Impact of Moisture Content and Loading Rate on Shear 
Strength of Paddy Straw 

Based on the findings it could be said that the 
internode positions, moisture content, and loading rates 
significantly (P<0.05) affected the shear strength value 
of paddy straw. On the other hand, the shear strength 
was not affected significantly (P>0.05) by the 

Table 1 — Impact of input parameters on the mechanical properties of paddy straw 

Parameters Levels Bending strength (MPa) Shear strength (MPa) Young's modulus (GPa)
Moisture 

Content (%) 
18.4 7.235a ± 1.223 7.127a ± 0.442 0.578a ± 0.187 
13.5 8.707b ± 2.123 7.498b ± 0.032 0.696b ± 0.169
10.8 11.979c ± 2.068 7.784b ± 0.319 0.958c± 0.324

Loading rate 
(mm/min) 

25 7.974ab ± 1.235 7.138ab ± 0.711 0.638ab ± 0.135 
30 9.491bc ± 3.442 7.313ab ± 1.188 0.753a ± 0.172
35 10.457ad± 3.435 7.958ac ± 0.779 0.832b ± 0.274 

Internode 
positions 

N1 6.758a ± 1.414 6.785bc ± 0.195 0.541ac ± 0.113
N2 8.390b ± 2.142 7.638ac ± 1.236 0.670b ± 0.171
N3 12.773c ± 3.494 7.986ad ± 0.198 1.021d ± 0.279 

a-d: means with different letters are significantly different from others in the same line (P < 0.05)

Fig. 4 — Impact of a) moisture content and b) loading rate on BS at different internode positions 
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interactions of MC × LR, MC × NP, NP × LR and MC 
× LR × NP. When the moisture contents varied from 
18.4 to 10.8%, the average value of shear strength was 
between 7.127 and 7.784 MPa (Table 1). The 
interaction effect of the MC and internode position on 
BS is depicted in Fig. 5. With the increment in 
moisture content, the shear strength for the first, 
second, and third internodes reduced from 5.83 to 4.99, 
6.47 to 6.01 MPa and 7.35 to 6.53 MPa (Fig. 5a). 
Whereas the interactional effect of internode position 
and loading rate on the bending strength is shown in 
Fig. 5b. The average shear strength at a loading rate of 
25, 30, and 35 mm/min was 7.13, 7.31, and 7.96 MPa, 
respectively (Table 1). There is a significant (P<0.05) 
reduction in shear strength with the increase in loading 
rate was observed for the first, second, and third 
internode positions from 5.68 to 5.11, 6.33 to 5.88 MPa 
and 7.06 to 6.80 MPa, respectively. 

Impact of Moisture Content and Loading Rate on Young's 
Modulus of Paddy Straw 

The YM of paddy straw was observed to 
significantly (P<0.05) affected by the moisture 
content, rate of loading, and internode position. With 
the reduction in moisture content YM increased for all 
the internode positions. The interaction effect of the 
internode position and moisture content on the YM is 
shown in Fig. 6. Average values of YM with moisture 
contents of 10.8, 13.5, and 18.4% were 0.578, 0.696, 

and 0.958 GPa, respectively (Table 1). Young's 
modulus values for the N1, N2, and N3 declined from 
0.64 to 0.43, 0.86 to 0.5 GPa and 1.39 to 0.81 GPa, 
respectively as the MC increased from 10.8 to 18.4%. 
(Fig. 6a). The mean values of YM were 0.63, 0.753 
and 0.832 GPa, when the LR was increased from 25 
to 35 mm/min (Table 1). It was noticed that the YM 
of the straw increased significantly (P<0.05) with the 
increase in LR for the first to third internode position 
(Fig. 6b). Young's modulus increases from 0.45 to 
0.63, 0.58 to 0.76 GPa and 0.91 to 1.12 GPa for the 
internode position N1, N2and N3, respectively with 
increasing load rate from 25 to 35 mm/min. 

ANN Model 
The neural network schematic topology is shown in 

Fig. 7. The total of hidden layers and neurons 
influence the accuracy of a neural network.20 As 
shown in Table 2, the neurons with the lowest Mean 
Square Error (MSE) and high Correlation Coefficient 
(R) value for each response was chosen to create an
ideal neural network. The low MSE values of the

Fig. 5 — Impact of a) moisture content b) loading rate on shear strength at Various internode positions 

Fig. 6 — Impact of a) moisture content b) loading rate on Young's modulus at different internodes 

Fig. 7 — Multilayer feed-forward neural network architecture 
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training, testing and validation set indicate how close 
the data is to the actual data set with a better fit to the 
developed model. 

From the regression analysis of the model plot 
(Fig. 8), it can be clear that the values used for the 
development of the ANN model predicted the data 
precisely with a high R-value for training, testing and 

validation, respectively. The R value for training, 
testing and validation vary from 0.9926 to 0.9997, 
indicates the accuracy and best fit of the developed 
model.20 

The statistical evaluation parameters of the 
developed ANN model are presented in Table 3. From 
the table, it can be seen that the MAE, RMSE, and χ2 

Table 2 — MSE values of a neural network of predicted responses 

 
Response 

Hidden layer No. of neurons MSE 
Training data Testing data Validation 

BF 1 10 0.0049 0.0012 0.00015 
SF 1 13 0.1582 0.0022 0.00009 
YM  1 15 0.0076 0.0106 0.00026 

 

 

 
 

Fig. 8 — Regression analysis of model predictions of training, testing and validation data using ANN for (a) BS, (b) SS and (c) YM 
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values vary from 0.0070 to 000636, 0.1053 to 0.6996, 
and 0.0231 to 0.1250, respectively. Similarly, the R2 
value varies from 0.9942 to 0.9994 for all the three 
output parameters. The low value of MAE, RMSE, χ2, 
and high R2 value points the precise accuracy of the 
developed model over the experimental values. 
Similar results were found to evaluate the mechanical 
properties of canola stems using an artificial neural 
network.23 The variation of investigational values 
with the model predicted values of mechanical 
properties such as BS, SS and YM is shown in Fig. 9. 
The R2 value of each response describes the goodness 
of fit of model with the investigational data. 
Indicators of data accuracy include a greater 
determination coefficient and lower data error. The 
nonlinear behaviour of the data set might explain the 
ANN model's improved ability to fit the data. When 
applied to the expected values, the constructed model 
performs well with some negligible residual errors, 
which may be due to the fact that the ANN model 
selects the data randomly.23 Hence, the modelling of 
mechanical properties using an ANN gives a 
successful prediction of the output parameters of 
paddy straw. 
 
Conclusions 

In the present study, an ANN model was developed 
to forecast the straw mechanical properties under 
various moisture content and loading rates. The 
outcome indicates that the shear strength was reduced 
with an increase in moisture content while it increased 

with a surge in loading rate. As the loading rate 
increased toward the third internode, the bending 
strength and young’s modulus also increased 
significantly. The mechanical properties of the paddy 
straw were strongly impacted by the input parameters, 
such as moisture content and loading rate. The 
developed ANN model can be used to envisage the 
bending strength, shear strength and young’s modulus 
of paddy straw with the input parameters. The 
coefficient of determination values of experimental 
v/s predicted data for bending strength, shear strength 
and young’s modulus were 0.9994, 0.9942 and 0.998, 
respectively. The ANN model developed in this 
research, can be used for the comparison of other 
machine-learning approaches in further studies. These 
results may be helpful for the design and development 
of crop harvesting machineries and industrial usage, 
respectively. 
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