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ABSTRACT

Lentil (Lens culinaris Medik.) harvesting in general is associated with low plant height and high pod shattering 
leading to the significant crop loss during harvesting. The present study was aimed to develop the specialised reel 
mechanism to optimise the mechanical reel relation according to the crop status. Reel was developed by using 
mechanical crop modelling based on bending theory. While applying the bending theory, lentil stems were treated 
as elastic beams for study of the deflection angle (φ) at variable deflection force. The flexural rigidity of stem (D), 
ear weight of crop (W), reel force (P), loading height (hp) and reel kinematics were taken into account for deriving 
the mathematical expressions by using MATLAB within the selected crop parameters range. The crop deflection 
angle was optimised by using Response Surface Methodology (RSM) optimal (custom) design. The developed reel 
mechanism was evaluated for its parameter in relation to the angular displacement between successive tine bars (α), 
number of tine bars (n), reel rotational velocity (ω) and header advancement/radian of reel rotation (Ro). Measured 
mechanical and physical properties of lentil plants were taken as design inputs to achieve adequate stem deflection 
for cutting lentil crop while minimising shattering losses. The analysis showed that increasing the flexural rigidity 
of lentil stems decreased deflection, while reel force and pod weight increased the deflection angle. Loading point 
height significantly influenced crop position at the cutter bar, which guided the selection of reel radius (R), position 
and speed of reel. An appropriate lentil reel mechanism was designed using mathematical models with optimum 
parameters of R=35 cm, φ = 83.79°, Zr = 16cm, α = 45.74°, n = 8 and Ro = 28 cm. The developed machine recorded 
a reel loss of 2.92% which was minimal in comparison to the reported value of 9% for pulse crops harvested using 
conventional cereal-based headers.
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Lentil (Lens culinaris Medik.), a major Indian pulse 
cultivated on 1.48 mha with 1.03 mt production (Tripathi 
and Chisi 2024), ranks first in area and second in production 
(Yadav et al. 2020) and is nutritionally valuable. Its low 
first-pod height (5–15 cm) (Sobko et al. 2022) necessitates 
manual harvesting at 64 man-h/ha (Golpira et al. 2013).

Conventional reel mechanisms often fail to lift lodged 
crops, causing flattening and shattering losses from 
suboptimal tine-to-crop kinematics (Marini and Romano 
2009, Oduori et al. 2012). Effective harvesting requires 
flexible cutter bars, proper reel adjustment (Yang et al. 
2021) and precise crop-lifter positioning (Barker 2025). 
A kinematic index of 1.5–1.7 minimises header losses 

(Bawatharani et al. 2013), similar to the 1.6–2.4 pulse-crop 
range (Golpira et al. 2013; 2021), improving stem lifting 
(Srivastava et al. 2006).

Lentil's short canopy (≤450 mm) and low first-pod 
height (65 ± 41 mm) cause seed losses up to 55%, and 
cereal combines add header losses of 7.9–8.7% (Gharakhani 
et al. 2017, Demirel and Sessiz 2023). Optimised kinematic 
index, bat configuration, reel speed, height and stem-
bending deflection raise feeding efficiency beyond 98% 
(Chaab et al. 2020, Dula et al. 2020, Li et al. 2024), guided 
by bending-behaviour models (Shah et al. 2017, Al-Zube 
et al. 2018, Martin-Nelson et al. 2021, Gangwar et al. 
2023, Liang et al. 2025) and MATLAB-RSM optimisation 
(Myers et al. 2016).

This absence of a bending theory-based optimised reel 
mechanism is a critical gap for smallholder lentil systems 
facing labour scarcity and cost constraints (Yang et al. 
2021, Kuzbakova et al. 2022). The study, thus, aimed to 
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for predicting stem displacement and pod movement due 
to reel forces (Zhang et al. 2024).

An advanced mechanical model originally developed for 
cereal and pulse stalks has been extended to lentils, wherein 
the pod cluster mass is represented as a concentrated load at 
the midpoint of the grain-bearing stem section, contributing 
additional bending moment during lateral displacement. 
Although pod mass is lower than that of cereal ears, it 
measurably influences tip deflection due to height-dependent 
variation in stem linear density, increasing susceptibility to 
bending (Nelson et al. 2021).

Self-weight-induced deflection in lentil stalks is 
negligible compared to that caused by pod mass and 
reel loading. Consequently, a simplified model omitting 
distributed stem weight is sufficiently accurate for lentil 
posture analysis, allowing focus on the principal loading 
interactions reel force, pod mass and stem flexibility 
without considerable loss of predictive accuracy (Speck and 
Burgert 2011). These mechanical models are fundamental 
to analysing reel-plant interaction, optimising reel position 
and speed, and minimising harvesting losses in lentil. They 
enable detailed examination of postural changes, deflections, 
and stem displacement paths directly influencing crop 
feeding and shattering during combine operations.

The deflection equation (model) is formulated as 
follows:
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The mechanical model shown in Fig. 1(A) was used to 
derive the stalk deflection equation. The ear’s weight was 
considered as a point load at the stalk tip. Flexural rigidity 
(D) was treated as a single parameter, and the deflection 
angle represented the stalk’s deviation from the vertical 
position.
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At the ground level, the deflected stalk has no slope, 
so the boundary condition is zero. Under this condition, the 
constant in the equation becomes zero.
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Crop stems were modeled as elastic cantilever beams 
fixed at the base. The relationship between applied reel force 
and lateral deflection was obtained using classical Euler–
Bernoulli beam theory, which has been widely applied for 
agricultural crop stems (Mohsenin 1986, O’Dogherty 1989).

Xp = 
php

3
(5)
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Where p, Deflection force applied to the lentil stalk 

design, optimise and develop a reel mechanism for efficient 
mechanical lentil harvesting.

MATERIALS AND METHODS
The research was carried out during 2024–25 at Dr 

Rajendra Prasad Central Agricultural University, Pusa, 
Samastipur (25°59′10″N, 85°40′31″E), Bihar. HUL 57 
lentil variety samples were randomly selected from mature 
field crops for the data collection. Firstly, the crop physical 
parameters like crop length, pod height, weight of ear and 
center length of an ear of the plant were measured and noted. 

Physical parameters were integrated into mathematical 
equations and optimised using Response Surface 
Methodology (RSM) which involves statistically designed 
experiments, regression analysis, optimisation of response 
variables, and interpretation of response surfaces and contour 
profiles. The RSM enables simultaneous development of 
empirical and mathematical models. Optimal (custom) 
design can be employed for multi-response surface analysis 
(Witek-Krowiak et al. 2014, Yusri et al. 2018). It establishes 
an experimental framework enabling estimation of response 
surfaces using a limited number of observations while 
accommodating multiple independent variables. Multi-
response optimisation was carried out in two sequential 
stages: model development and optimisation.

Mechanical model of a crop stalk with identical cross-
section and effect of an ear: Lentil stalks follow structural 
engineering principles applicable to other pulse crops, 
adapted for short plant height, thin fibrous stem diameter, 
and low flexural rigidity. Stalks are modelled as simply 
supported or cantilever beams, with reel action idealised 
as a concentrated horizontal force at reel trajectory height 
(Leblicq et al. 2015, Hou et al. 2025).

The predominant deflecting force is horizontal, applied 
laterally by reel bats to erect plants toward the cutter bar. 
While the stress-strain relationship is linearly elastic, the 
small-deflection assumption is not applied, as lentil stems 
undergo large elastic deformations prior to fracture or pod 
shattering, necessitating non-linear geometric deflection 
analysis (Song and Muliana 2019).

For reel loading analysis, the lentil stem was idealisd 
into two regions: the lower stem (greater diameter, higher 
rigidity, greater resistance to bending and lodging) and 
the upper stem (smaller diameter, lower flexural stiffness, 
more susceptible to deformation). Prior studies confirmed 
that stem diameter, wall thickness, and tissue structure vary 
along stem length, significantly affecting bending response 
and stiffness (Shah et al. 2017, Amirian et al. 2018). In 
lentil, similar trends were noted, meaning stem stiffness 
and those basal stem traits act as key drivers of lodging 
resistance (Ball et al. 2006). The stem was split into lower 
and upper sections for bending moment analysis to capture 
different mechanical behaviours during reel-crop interaction. 
Two common bending moment formulae were applied to 
the respective parts of the lentil stalk i.e. lower structural 
part, and upper section. This approach of dual-section 
bending representation enhances the precision of analysis 
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Fig. 1	 Schematic view of (A) Influence of deflection force (P) applied at height (hₚ) on a lentil 
stalk with ear, and (B) Reel trajectory dynamics and crop stalk deflection at the operating 
point A.

	 Where A₀, Initial stalk position; hᵣ, Reel axis height; R, Reel radius; t, Deflected position at 
time t due to reel engagement; Vₘ, Forward speed; ω, Angular velocity; xᵢ and yᵢ, Reference 
coordinates; xₛ, x-coordinate of first reel tine-stalk contact.
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forward advance per radian of rotation and is expressed as

R0 = 
Vm

(7)
ω

Where Rₒ, Reel’s forward advance per radian of rotation; 
Vm, Forward speed of the harvester; ω, Angular velocity 
of the reel.

Rₒ (m/radian) has dimensions of length since radians 
are dimensionless. Therefore, R and Rₒ can be treated as 
quantities of the same type without violating dimensional 
consistency.
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Another potential application of reel-induced stem 
deflection is to estimate the optimal number of tine bars 
(n) required on the reel mechanism. After the leading tine 
bar delivers stalks to the cutter bar, the trailing tine bar 
must engage the next row of stems, preventing cut material 
from moving forward and being lost. Stems incompletely 
cut between successive tine bars are acknowledged but 
neglected in determining the required number of tine bars.
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Where α, Angular displacement between successive 
tine bars; ω, Angular velocity of the reel; t, Time after reel 
engagement; Zr, Horizontal distance between successive 
tine bars; R, Radius of reel.

Furthermore, the required number of tine bars on the 
reel can be calculated as follows:

n = 
2π

(10)
α

Where n, Number of tine 
bars; α, Angular displacement 
between successive tine bars.

RESULTS AND 
DISCUSSION

In this developmental 
study, a total of 64 data 
sets, generated through four 
replications of the equations, 
were employed to formulate 
acceptable deflection angle.

R S M  m o d e l :  T h e 
outputs obtained from the 
mathematical models were 
subjected to analysis using 
the student trial version of 
design-expert Version 13 for 
optimisation of the deflection 
angle. The equation expressed 
in coded variables can be 
used to predict the response 
at given factor levels. By 
convention, high factor levels 

at height hp; hp, Height at which the deflection force p is 
applied; y, Vertical coordinate along the stalk; W, Weight 
acting on the stalk and pod; lc, Length of the pod; θt, 
Deflection angle at the tip of a stalk at time t; xt, x-coordinate 
of the stalk position at time t, x, Horizontal coordinate of the 
stalk; E, Young’s modulus of the stalk material; I, Moment 
of inertia of the stalk cross-section; EI, Flexural rigidity of 
the stalk; ht, Height of the stalk position at time t; t, Time 
after reel engagement;

Interaction between deflection of crop stalk and 
reel operation: Fig. 1(B) describes reel-stalk interaction. 
Kinematic behaviour is governed by forward speed (Vₘ) and 
angular velocity (ω), with (xᵢ, yᵢ) as reference coordinates 
and xₛ as the x-coordinate of first reel tine–stalk contact. 
The reel moves forward at Vₘ and rotates at ω, producing 
a tangential velocity V.
	 V = ωR	 (6)

Where ω, Angular velocity of the reel; R, Radius of 
the reel.

Experimental design for optimisation: Shattering is 
influenced by lentil stalk deflection, with reel force, ear 
weight and flexural rigidity as input parameters. MATLAB 
simulations of the developed models were used to analyse 
their effects on stalk deflection. A design matrix was 
generated in Design-Expert v13 (student trial version) and 
RSM was applied to four-level datasets to determine the 
optimum deflection angle for minimising shattering loss.

Evaluation of reel stagger and tine bar configuration: 
Crop stem deflection determines reel stagger in harvester 
design. Stems should be cut when the rising tine bar's 
velocity becomes tangent to the bent stem curve-Equation 
4.9 was developed based on this principle (Kassa and Abdi 
2014). The vertical distance Ro corresponds to the reel's 
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159.14, p<0.0001, R² = 0.9931. Adjusted R² (0.9868) and 
Predicted R² (0.9567) difference of only 0.0301 confirmed no 
overfitting and strong predictive power. Adequate precision 
= 42.47 (exceeds threshold of 4), indicating robust signal-
to-noise ratio. RSM residual graphs (Fig. 2 A–D) confirmed 
model accuracy. 

Residuals (difference between experimental and model-
predicted deflection angles) were analysed via a normal 
probability plot, showing approximate normal distribution 
with no significant deviation. The residuals vs. predicted 
plot showed data points closely aligned along the 45° line, 
confirming satisfactory predictive capability. The predicted 
vs. actual plot further demonstrated good agreement, with 
data points near the reference line and R² approaching unity.

Effects of individual factors and their interactions 
on the responses: The perturbation plot (Fig. 2E) showed 
combined influence of independent variables on deflection 
angle. Reel force (C) increased deflection angle, while 
flexural rigidity (A) decreased it significantly. Ear weight 
(B) showed negligible effect (nearly horizontal). Deflection 
angle was most sensitive to flexural rigidity (A), followed 
by reel force, as higher reel force increases bending moment 
while higher flexural rigidity increases internal resistance 
to deformation. A similar trend was previously reported for 
teff crop (Kassa and Abdi 2014, Dula et al. 2020, Langer 
et al. 2021).

The observed behaviour has attributed to the mechanical 
interaction between the reel and the crop stem. An increase 

are coded as +1 and low levels as -1. The coded form of 
the equation enables direct comparison of coefficients to 
determine relative factor impact. The final coded-factor 
equation for the deflection angle (φ) is presented in Equation 
(11).

φ = 1.11-0.7226A – 0.0157B + 0.8098C + 0.0365AB – 
0.4309AC + 0.0351BC + 0.4019A2 − 0.1016B2 + 	 (11) 
0.0205C2

Where A, Flexural rigidity; B, Weight of ear; C, Reel 
force; ‘−’, Antagonistic effects; ‘+’, Synergistic effects.

The equation expressed in actual factors can be used 
to predict the response at specified factor levels using their 
original units. However, it is not appropriate for evaluating 
the relative influence of individual factors, as the coefficients 
depend on factor units and the intercept does not represent 
the center of the design space. The final empirical equations 
for the deflection angle, expressed in terms of real-world 
units, are as follows:

φ = 1.21964 – 1.13148D + 29.04753W + 3.38066P + 
2.16145DW – 0.638405DP + 6.93691WP + 0.178634D2 

– 802.41416W2 +  
0.101316P2	 (12)

Where D, Flexural rigidity; W, Weight of ear; P, Reel 
force; ‘−’, Antagonistic effects; ‘+’, Synergistic effects.

ANOVA confirmed the quadratic model for deflection 
statistically significant at 95% confidence level: F-value = 
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Fig. 2	 RSM graphs for residuals: (A) 
Normal plot of residual, (B) 
Predicted vs actual plot, (C) Residual 
vs predicted plot, (D) Colour 
represents minimum or maximum 
values of deflection in the range 
0.2677–3.5419, and (E) Perturbation 
plot for deflection angle.
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The deflection angle increases as the reel force (C) got 
higher, and the response surface had a more pronounced 
slope at those higher reel force levels, across the tested 
ranges of flexural rigidity (A) and ear weight (B). This 
kind of behaviour has been explained by the fact that the 
bending moment acting on the stalk increases when reel 
force increases, which then drives more stem deformation 
and so, a bigger deflection angle. Same relation has been 
reported by Abolfathi et al. (2010). On the other hand, 
flexural rigidity (D) sort of bundles the effect of both 
material stiffness and stem geometry together, and becomes 
the main thing that resists the bending and deformation. 
If stems have greater flexural rigidity, they need a larger 
external force to reach the same deflection, so under similar 
loading, the deflection angle drops. Similar findings about 
applied force, stem stiffness and plant deflection have 
been reported in work focused on lodging resistance and 
plant biomechanics, where stem morphology and flexural 
stiffness were described as main determinants for how crops 
react to outside mechanical pressures (Shah et al. 2017, 
Martin-Nelson et al. 2021). More recent investigations also 
showed that differences in stem geometry, tissue properties 
and structural stiffness are really influential for bending 
behaviour and shape the deformation pattern under dynamic 
loading (Stubbs et al. 2022, Gangwar et al. 2023). Also, 
Jonsson et al. (2023) reported in research into plant bending 
mechanics that stem deflection is controlled by the trade-
off between the externally applied bending moment and 

in reel force generates a higher external bending moment on 
the stalk, resulting to the greater stem deflection. In contrast, 
increased flexural rigidity (D), represented as the combined 
effect of stem material stiffness and geometric resistance 
to bending, enhances the stalk's ability to withstand 
deformation and consequently reduces the deflection 
angle. Similar relationships between bending moment, 
stem stiffness and deflection behaviour were reported by 
Martin-Nelson et al. (2021) and Stubbs et al. (2022), where 
stem flexural rigidity was identified as a key parameter 
governing plant response to external loading. Furthermore, 
recent modelling studies as conducted by Wu et al. (2022) 
and Gangwar et al. (2023) revealed that variations in stem 
geometry and stiffness significantly influenced bending 
behaviour under applied loads, affecting crop recovery and 
resistance to lodging. Therefore, the inverse relationship 
observed between flexural rigidity and deflection angle in 
the present study is in consistent with established principles 
of plant biomechanics and stem bending mechanics.

ANOVA (Table 1) and 3D plots (Fig. 3) via Design-
Expert 13 determined interaction effects of flexural rigidity 
(A), reel force (C), and ear weight (B) on deflection angle 
(p < 0.05). Deflection angle increased with reel force (C), 
showing an increasing slope at greater reel force across 
tested A and B ranges. Higher deflection results from 
increased bending moment from reel force (Abolfathi et 
al. 2010), while flexural rigidity is the primary resistance 
factor against deformation (Berger 2022).

OPTIMISATION OF REEL MECHANISM FOR LENTIL HARVESTING

Table 1  ANOVA and model statistics of quadratic model for deflection

Source Sum of squares df Mean square F-value p-value

Model 16.01 9 1.78 159.14 < 0.0001 significant

A-Flexural Rigidity (D) 5.56 1 5.56 497.90 < 0.0001 significant

B-Weight of Ear (W) 0.0026 1 0.0026 0.2321 0.6404

C-Reel Force (P) 6.98 1 6.98 624.31 < 0.0001 significant

AB 0.0088 1 0.0088 0.7859 0.3962

AC 1.22 1 1.22 109.29 < 0.0001 significant

BC 0.0081 1 0.0081 0.7269 0.4139

A² 0.5916 1 0.5916 52.93 < 0.0001 significant

B² 0.0371 1 0.0371 3.32 0.0985

C² 0.0015 1 0.0015 0.1347 0.7213

Residual 0.1118 10 0.0112

Lack of fit 0.1118 5 0.0224

Pure error 0.0000 5 0.0000

Cor total 16.12 19

SD 0.1057 R2 0.9931

Mean 1.32 Adjusted R2 0.9868

CV % 8.01 Predicted R2 0.9567

Adequate 
precision

42.4726
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the intrinsic mechanical resistance from the stem tissues. 
So overall, the increase in deflection angle with reel force 
and its decrease as flexural rigidity rises, do fit well with 
the known theories of stem biome.

Design of reel: Mechanical crop modelling used bending 
theory incorporating flexural rigidity (D), ear weight (W), 
reel force (P), loading height (hₚ) and reel kinematics, plotted 
via MATLAB. Deflection angles were optimised using RSM 
optimal (custom) design to determine header advance per 
radian (Rₒ), angular displacement (θ), and number of tine 
bars (n). The optimum deflection angle (φ) obtained from 
RSM is 1.46242 rad (83.79°).

Angular displacement of consecutive tine bars: 
The angular displacement of consecutive tine bars was 
determined to estimate the appropriate number of tine 
bars on the reel, based on the deflection angle and reel 
stagger. The input data used for the calculation included 

an optimised deflection angle (φ) of 83.79°, a reel radius 
(R) of 35 cm, a reel rotational speed (N) of 15 rpm and a 
reel stagger (Zr) of 16 cm.

Design parameters of the reel: The key design 
parameters of the reel mechanism were calculated through a 
mathematical design to achieve synchronised crop harvesting 
and efficient cutting of lentil. The reel rotational speed (ω) 
was 1.57 rad/sec, producing a peripheral speed (V) of 0.5495 
m/sec, with the machine operating at a forward speed (Vₘ) 
of 0.4396 m/sec. The header advance per radian (R₀) was 
28 cm, angular displacement (ωt) was 58.893° and angular 
spacing (α) between successive tine bars was 45.744°, 
yielding a total of eight tine bars. Reel loss was 2.92%, 
compared against 9% reported for pulse crops harvested 
using conventional cereal-based headers.

A simplified mechanical model was developed to 
estimate the deflection angle and bending force of lentil 

Fig. 3	 3D graphs for significant interaction effect of independent parameters on deflection angle. Colour represents minimum or 
maximum values of deflection angle (rad).
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stalks during reel-crop interaction. Response Surface 
Methodology (RSM) yielded an optimum value of 83.79° 
with high desirability at a flexural rigidity of 30.1 kN·mm², 
ear weight of 0.025 N, reel force of 0.5 N and loading 
height of 10 cm. The number of tine bars and their angular 
spacing were determined based on the modelled stem 
bending behaviour and the optimised parameters were 
incorporated into the developed reel mechanism. Field 
evaluation of the reel-equipped harvester provided direct 
validation of the modelling results through satisfactory crop 
feeding and harvesting efficiency. Reel loss of 2.92% was 
substantially lower than the reported 9% for pulse crops 
harvested with conventional cereal-based headers. Given 
the narrow 10–15 day harvesting window for lentil, the 
modelling and optimisation approach effectively reduced 
prototype iterations and field trials, minimising development 
cost and time. These findings confirm that lentil can be 
harvested using a combine harvester in a manner analogous 
to rice and wheat, and that bending theory-based reel design 
may be a practically viable approach for improving lentil 
harvesting efficiency.
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