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Abstract: The aim of this research article is to develop a mathematical model of the impact cutting behaviour of a 

circular cutting blade on kenaf stems. The model predicts and validates the effects of crop maturity and varieties on the 

cutting torque, power, and energy required during kenaf harvesting. The developed mathematical model for predicting 

the cutting torque, power, and energy for an improved tractor mounted kenaf harvester was found to be accurate.  The 

cutting torque, power, and energy consumed during kenaf harvesting increase steadily with increased maturity for all 

varieties of kenaf.  Also, the highest cutting torque, power, and energy during the harvesting of Ifeken 400 ranged from 

1.51 Nm to 3.36 Nm, 10.19 kW to 22.61 kW, and 1.77 Joules to 3.94 Joules.  
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1 Introduction 

Global economic growth has driven an increase in 

energy demand, predominantly relying on fossil fuels 

and polymers, thereby causing bioresource depletion 

and environmental degradation. These environmental 

concerns have spurred extensive research into 

sustainable, efficient, eco-friendly, and renewable 

composites. Which has become a very active and 

highly promising field in materials science (Ayorinde 

and Olasebikan, 2020; Yaghoobi and Fereidoon, 

2018).  

Kenaf (Hibiscus cannabinus L.), an annual crop 

that originates from Africa, expanded to Asia during 

the 1900s, and later to the USA in the 1940s. 

Belonging to the Malvaceae family, it shares 

botanical ties with cotton, okra, sorghum, and roselle. 

It has been globally identified as a valuable industrial 
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crop, providing a natural fibre source. Its capacity for 

carbon dioxide absorption and water purification, 

enhances its application as an eco-friendly alternative 

(Ayadi et al., 2017; Ayorinde and Owolarafe, 2023). 

It finds extensive applications across various 

industries including, automotive, agriculture, 

construction, chemicals, and packaging industries. It 

can be blended with synthetic fibre for carpet 

production and utilised in diverse forms, such as oil 

absorbents, animal bedding, and horticultural mixes. 

Its versatility also extends to providing raw materials 

for products like jute bags, paper, twine, and plaster 

of Paris. Kenaf is highly esteemed in its cultivation 

areas for its versatility and diverse applications, 

contributing significantly to job creation and the 

promotion of sustainable practices in Africa (Ayadi et 

al., 2017; Ayorinde and Owolarafe, 2023b; Ghahraei 

et al., 2011; Müssig et al., 2024). 

The process of plant material cutting, especially 

stalk plants like kenaf, has been identified as one of 

the most important areas in crop and forage 

harvesting. The most widely used plant-cutting 
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devices are harvesters, chaff cutters, and mowers 

(Zastempowski and Bochat, 2014). So, research into 

the design and improvement of harvest and 

postharvest technologies for plant stalk harvesting 

remains a significant area to explore. In improving 

the efficiency of this machines, extensive research 

into the mechanics of the plant material is required, 

which neglects the fact that crop stalks are biological 

materials with complex structures, anisotropy, 

viscoelasticity, and rheology (Ayorinde et al., 2019; 

Dongdong, 2016; Ghahraei et al., 2011).  

The process for kenaf stalk harvesting involves 

cutting the plant stem using a knife, which shears the 

material between a moving blade and a countershear. 

To enhance the design of the kenaf harvester, it is 

crucial to minimise cutting force and energy while 

preserving the quality of the harvested plant stem. 

This entails examining the relationship between the 

cutting device's mechanical parameters and the crop's 

characteristics, including physical size, tensile 

strength, compressive strength, and shear strength. 

The accurate estimation of these factors will establish 

a framework for developing a mathematical equation 

that incorporates the crop stalk's morphology into a 

mechanical structure, that enable the prediction of 

cutting force, power, and energy required during stem 

harvesting (Dongdong, 2016; O'dogherty, 1982; 

Srivastava et al., 2006; Uche et al., 2018). 

From literature, optimization of cutting force and 

energy was considered under different cutting tool 

mechanisms, and cutting speed was evaluated in 

relations to the cutting blade and the stem geometry. 

But the study was not suitable for large shrubs like 

kenaf which have to consider counterbar 

configuration, stem deflection, resistance of the crop 

stem, and other dynamic factors like; the 

instantaneous cutting force, torque, and motion over 

time (Guarnieri et al., 2007).  

An improved tractor mounted kenaf harvester 

which was design using a circular cutting blades, 

consist of spur and bevel gears, chains and sprockets, 

and shafts as shown in the power train in Figure 1. 

The aim of this research is to develop a mathematical 

model of the impact cutting behavior of the circular 

cutting blade on kenaf stem. It will also predict and 

validate the effect of the crop maturity and varieties 

on the cutting torque, power and energy required 

during kenaf harvesting using the kenaf harvester 

developed by Ayorinde and Owolarafe 

(2023a).

 

Figure 1 Power train of the kenaf harvester 

2 Model development 

2.1 Kenaf plant structure 

The structure of a plant's stem is crucial in 

understanding how it responds to cutting force. 

Although plant materials have not been extensively 

studied in terms of engineering properties compared 

to metals like steel, there have been some 

investigations into kenaf material. Kenaf plants 

feature a single, straight, and branchless stalk 

comprising an inner woody core surrounded by an 

outer fibrous bark. Typically, the stalk as shown in 

Figure 2, contains approximately 30% bast fiber and 

70% core fiber, with the bast fiber concentrated in the 

bark and the core fiber located at the stem's center 

(Ishaket et al., 2010; Srivastava et al., 2006). 

In studies, kenaf fiber bundles with diameters 

ranging from 50 to 150 µm and lengths of 500 mm 

have been utilized. Examination of the cutting 

characteristics of kenaf stems at various moisture 

content levels (35%, 55%, and 72%) has revealed 

notable differences. For instance, at 35% moisture 

content, the maximum cutting force and shearing 

energy were measured at 1584.55 N and 8.75 J, 

respectively, whereas at 72% moisture content, these 
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values decreased to 694.86 N and 3.50 J. The 

Young’s modulus, which indicates stiffness, ranged 

between 67.59 and 234.24 MPa. Turgor pressure 

within plant cells, influenced by moisture content, 

significantly impacts the plant's rigidity and strength, 

which constituents plant stiffness factor(Persson, 

1987). Generally, plants exhibit greater size and 

strength nearer to the ground, providing resistance 

against wind loading and stability during 

harvesting(Ayorinde et al., 2019; Ayorinde and 

Owolarafe, 2023; Dauda et al., 2015; Raji and Aremu, 

2017). 

 

Figure 2 Cross-section of kenaf stalk (Sheldon, 2014) 

2.2 Mechanics of the kenaf stem cutting 

The effectiveness of the stem cutting depends on 

the knife or blade characteristics, the cutting force 

applied, some physical, and mechanical properties of 

the stem (Gupta and Oduori, 1992; O'dogherty, 1982). 

Initial penetration of the cutting blade on the plant 

stem starts the harvesting process as shown in Figures 

3 and 4. With further knife penetration, considerable 

stem buckling and compression occurs depending on 

the blade sharpness and speed (Chattopadhyay and 

Pandey, 2001; McRandal and McNulty, 1978).  
Figure 3 Model of kenaf stem subjected to a cutting force (F) 

Figure 4 Model of the kenaf stem subjected to a cutting force by a rotary blade cutter 
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2.3 Assumptions for the model development 

The mathematical model for the kenaf harvester 

was developed based on the following assumptions:  

1) The mass of the severed plant stalk was 

concentrated at the point where the cutting force 

was applied;  

2) The counter shear is provided entirely by the 

plant stem fixed to the ground and stems along the 

crop row;  

3) The blade tip makes the impact and n represent 

the number of blades needed to sever the plant stem. 

Some of the parameters identified for modelling 

include. 

1) Cutting height, h;  

2) Cutting circle radius, R; 

3) Cutting arc, S;  

4) Cutting angle, θ;  

5) Rotational speed, ω; 

6) Cutting force required for unit penetration, K; 

7) Time required to cut the stalk, t;  

8) Peripheral cutting speed of blade, V0. 

2.4 Development of the equation 

The cutting force applied to the kenaf stem, as 

shown in Figure 3, was applied to overcome blade 

inertia and friction, due to the shear property of the 

plant stalk (Soleimani et al., 2023). Based on 

Newton’s second law of motion, the cutting force 

during impact is given by Equation (1) 

(Chattopadhyay and Pandey, 2001). 

2

2T

d x
F m

dt
￡                             (1)  

Where: FT is the cutting force in newton, £ is the 

factor depending on the characteristics of the plant 

stalk being cut, m is the mass of the cut plant 

separated from the stubble in Kilogram, x is the 

deflection in meters of the cut plant stalk along the X-

axis in time t; and d2x/dt2 is the acceleration of the cut 

plant along the X-axis.  

Based on the third assumption, the total cutting 

force applied to cutting kenaf stem with crop stem 

diameter (d) at cutting height (h) is given by Equation 

(2):  

2

2T

d x
F n m

dt
 ￡               (2) 

During impact cutting, the cutting force, FT, must 

be supported by a countershear, which is provided 

entirely by the plant, through its stump below and the 

inertia above the cutting point (Srivastava et al., 

2006). A stiffness factor ƒs is the plant support, which 

is determined by the mechanical property of the stem 

(Chattopadhyay and Pandey, 2001). The plant stem 

deflected by the cutting blade impact during cutting 

acquires and maintain a peripheral speed (speed at a 

point on the circumference of the saw blade), which 

is equal to the energy required for the cutting of the 

stem and energy expended to overcome friction 

(Yiljep and Mohammed, 2005) is given by Equation 

(3) (Totten and Millier, 1966): 

0( )T s s s s f i sF f Fdt f ma dt f mv f m v v f mv      
 (3) 

where: V0 is the peripheral cutting speed of the 

blade, Vf is the final velocity of the blade section after 

impact, Vi is the velocity of the blade before impact, 

and ƒs is the stiffness factor that resists the stem 

deflection during impact and depends on the elastic 

properties of the plant material. 

During impact cutting, Equation 2 must be equal 

to Equation 3. 

  
2

02
0s

d x
n m f mv

dt
    

2

02
0s

d x
n f v

dt
    

0 0s

dx
n f v t

dt
                               (4) 

Where: C1 is the integration constant. At t = 0, 

dx/dt = Vi = 0. Hence, the value of the integration 

constant is zero, and Equation 4 becomes 

   0sdx f v t

dt n



        (5) 

 Integrating Equation (5), we have: 

                   0 2sn dx f v t dt c     

2

0 2
2

s

t
n x f v c                       (6) 

where: C2 is the integration constant. 

Again, at t = 0, the deflection x is zero, and 

therefore the value of the second integration constant 

is also zero. Hence, Equation 6 is written as 

  
2

0

2

sf v t
X

n



                       (7) 
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From Figure 3, the cutting blade cut the stem 

along the circumference S for the complete cutting of 

the plant stalk. The length of the cutting arc S is given 

by: 

  1cos ( )
R d

S R R
R

 
     (8) 

From Figure 4, 

  
0 0x v t S v t R       (9) 

Equating Equations 7 and 9 

        
2

0
0

2
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v t R

n
  


      

2

0

0

2 2

s s

n t n R
t v t R

f f v

  
           (10) 

Solving quadratic equation 10 using the formula 

method 
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A possible solution is: 

 
0

2
1 0sRf

v n


 


 

Therefore,  

 1

0 0

2 2
coss sRf Rf R d

v n v R

 
                (11) 

The model in Figure 5 illustrates the typical shape 

of the cutting force displacement with different stalk 

stiffness along the plant stem diameter (d). This 

model accounts for the force acting on the cutting 

blade and the energy expended at different stages of 

the cutting process (Guarnieri et al., 2007; 

Zastempowski and Bochat, 2014).  

From Figure 5, 
2

/ 2

T TF F
K

S R
 


 

Where: K is the cutting force per unit depth of 

knife penetration into the stem, as shown in Figure 5.  

From the geometry in Figure 5, the totaling blade 

cutting displacement (R) on Figure 4 is equal to 

(V0t-x)  on the cutting force displacement model. 

 

Figure 5 Model of the cutting force distribution by the cutting blade 

2
T

KR
F


                          (12) 

2
T

KR
F


                        (13) 

Now, from Equation 2, 

2 2

2 2
( )T

d x d x
F n m n L h

dt dt
        (14) 

Note that ( )m L L h    

Where: L is the total height of the plant stalk from 
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the ground level, h is the cutting or stubble height, 

and  is the linear density of the plant stalk. 

Equating Equations 13 and 14,  

  
2

0

2

( )
( )

2

k v t x d x
n L h

dt


     

2

02
( ) 0

2( )

d x K
V t x

dt L h n
  

 
 

2

02
0

d x
ax V at

dt
                  (15) 

Where: 
2( )

K
a

L h n


 
 

Equation 15 being a non-homogenous second-

order differential equation, the solution is: 

  0( 1/ )sinx V t a t a   

Cutting is completed when the knife edge travels 

a distance S, as shown in Figure 2, such that 

  1

0 cos ( )
R d

V t x S R R
R

 
         

So, 

 1

0 0( 1 / )sin cos ( )
R d

V t V t a t a R
R

 
    

   1

0( / )sin cos ( )
R d

V a t a R
R

 
  

Therefore, 

 

1

0

cos ( )

(1 / )sin

R d
R

KV
a t a

 

                        (16) 

Now, from Equation 16, it can be seen that the 

cutting speed V0 is a minimum Vmin (critical cutting 

speed) when sin 1t a  . 

Therefore, Equation 16 becomes 

1

min ( cos )
2( )

K R d
V R

L h n R

 


 
 

2

min

2 1 2

2( )

(cos ( ) / )

L h n v
K

R R d R

 



     (17) 

Combining Equations 8, 10, 12, and 17 gives 

  
2

min

0

2( ) s
T

L h n f v
F

v

 
            (18) 

The time tc required for cutting the stem can be 

determined from Equation 16 as follows: 

   

1

0

cos

(1 / )sin c

R d
R

RV
a t a

 

  

Or     1 1

0

1
sin cosc

R a R d
t

V Ra

 
 

  
  

 

1
1 min

min 0

cos ( ) /
sinc

R R d R V
T

V V




   (19) 

The cutting torque Tr at the rotor shaft due to the 

cutting force FT from the model is given by 

 
2

min

0

2( ) s
r T

L h n f V R
T F R

V

 
                   (20) 

Similarly, the cutting power Pc is given by 

 2

0 min2( )c T sP F V L h n f V R                       (21) 

The cutting energy Ec required to sever the stem is 

given by 

1 1 min
min

0

2 ( ) cos sinc c c s

R d V
E Pt f RV L h n

R V

 
      (22) 

3 Materials and methods 

3.1 Experimental procedure 

This experiment was conducted at the Teaching 

and Research Farm of the Obafemi Awolowo 

University, Ile-Ife, Nigeria. The improved harvester 

was mounted on a tractor, with the torque transducer 

installed on the PTO shaft of the kenaf harvester. The 

cutting blade speed was set at the critical cutting 

speed of 0.75 m s-1 as per the existing literature. The 

measurements of experimental cutting torque, power, 

and energy were taken at weeks 10, 12, 14, and 16 

across three kenaf varieties: Cuba 108, Ifeken DI 400, 

and Ifeken 400. At the time of harvest, the average 

stem moisture content, height, and diameter were 

recorded as 69%, 2.7 m, and 20.55 mm, respectively. 

Predicted and experimental values of cutting torque, 

power, and energy were plotted on a graph, and the 

validity of the equation was assessed by examining 

the coefficient of determination (R2). 

3.2 Determination of the predicted value of cutting 

torque, power, and energy 

The field variables used for estimating the plant 

stalk stiffness factor in equations 11, 17, and 18, and 

the predicted values of cutting torque, power, and 

energy in equations 20, 21, and 22 are shown in Table 

1.  

3.3 Determination of the experimental values 

cutting torque, power, and energy 

The cutting torque required to cut the plant stalk 

by impact was sensed by the torque transducer 
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mounted on the PTO shaft. The predicted value of 

cutting torque was calculated using Equation (23). 

Tr = FT R                (23) 

The power required was then determined from the 

recorded torque and rotational speed of the PTO shaft 

on the tractor. It was plotted against the predicted 

value of cutting power obtained from Equation (24). 

While, the time required to cut the kenaf stalk was 

estimated from Equation (25). 

Pc = FTV0         (24) 

0

s
t

v
           (25) 

Where: t is the time required to cut the stalk 

completely at the cutting height, S is the length of the 

cutting arc, and V0 is the cutting speed of the blade.  

 The energy required to sever the plant stalk 

in equation 26 was determined by estimating the 

product of the determined power of Equation (24) and 

the cutting time of Equation (25). The deflection of 

the stem was neglected. Zhao et al. (2022) showed 

that cutting speed and time perfectly influence energy 

consumption during cutting. 

Ec = Pc tc  (26) 

Table 1 Prevailing crop and field conditions during field evaluation of kenaf harvester 

Parameter Kenaf varieties 

 Cuba 108 Ife ken Di 400 Ife ken 100 

Age of plants (weeks) 10-16 10-16 10-16 

Row spacing (m) 0.3 × 0.1 0.3 × 0.1 0.3 × 0.1 

Average numbers of stem in 1 row 190 – 240 100 – 170 100 – 120 

Plant population on the field (plants ha-1) 333,333 333,333 333,333 

Approximate yield of kenaf stem (t ha-1) 18.518 21.43 16.67 

Average height of kenaf stem above ground surface (m) 2.7 2.9 2.5 

Average cutting height of kenaf stem above ground surface (cm) 15 15 15 

Average moisture content of kenaf stem at harvest time (%) wb 69 72 62 

Average diameter of kenaf stems (mm) 20.55 21.06 18.98 

 
               (a) Cuba 108 

             
                      (b) Ifeken DI 400 
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(c) Ifeken 400 

Figure 6 Cutting torque model validation 

4 Results and discussion 

4.1 Model validation of the cutting torque 

equation 

Figure 6 illustrates the validation of the cutting 

torque mathematical model across the three varieties 

of kenaf studied. The model shows a consistent 

increase in cutting torque from 1.40 Nm to 3.16 Nm, 

1.36 Nm to 2.94 Nm, and 1.51 Nm to 3.36 Nm for 

Cuba 108, Ifeken DI 400, and Ifeken 400, 

respectively, as the crop matures from week 10 to 16. 

This increasing trend is observed uniformly across the 

three varieties and aligns with the findings from 

previous studies by Dauda et al. (2015) and Sahni and 

Jena (2022). This trend underscores the influence of 

turgor pressure within the plant, which increases as 

the crop matures and significantly impacts plant 

rigidity and strength, thus contributing to the plant 

stiffness factor. Consequently, greater cutting torque 

is required as the plant matures (Chattopadhyay and 

Pandey, 2001; Raji and Aremu, 2017; Srivastava et 

al., 2006). 

The coefficient of determination (R2) of the 

models shows their validity. R2 values for Cuba 108, 

Ifeken DI 400, and Ifeken 400 are 0.9804, 0.9045, 

and 0.9082, respectively, greater than the 0.7 

coefficient threshold. This suggests that the 

mathematical model can reliably predict the cutting 

torque required during kenaf harvesting.  

4.2 Model validation of the cutting power equation 

The model validation of the cutting power 

equation is shown in Figure 7 for the three varieties 

of kenaf under study. It is observed that the cutting 

power increases steadily from 9.40 kW to 21.24 kW, 

9.17 to 19.77 kW, and 10.19 kW to 22.61 kW for 

Cuba 108, Ifeken DI 400, and Ifeken 400, 

respectively, as the crop matures from weeks 10 to 16. 

The steady increase in power required to cut kenaf 

stem during harvesting is attributed to stem stiffness 

with crop maturity, which aligns with the 

observations of Ghahraei et al. (2011), Gupta and 

Oduori (1992), and Veikle (2011). The coefficient of 

determination of the model shows that the equation is 

valid because the R2 for the three varieties under 

study is higher than 0.7, as shown in Figure 7. 

4.3 Model validation of the cutting energy 

equation 

The cutting energy model validation illustrated in 

Figure 8 shows the relationship between the predicted 

and experimental cutting energy required during 

kenaf harvesting (Kushwaha et al., 1983; Yilmaz et 

al., 2009a). The kenaf stalk cutting energy 

consumption for Cuba 108 increased from 1.64 Joules 

to 3.70 Joules, for Ifeken DI 400 increased from 1.59 

Joules to 3.44 Joules, and for Ifeken 400 increased 

from 1.77 Joules to 3.94 Joules, as the crop matures 

from week 10 to 16. The steady increase in energy 

consumption responds to cutting resistance due to the 

variation in stalk cross-sectional area and texture, 

primarily in the fibrous and lignin content of the stem, 

as reported by Yilmaz et al. (2009) and Soleimani et 
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al. (2023). All the model coefficients of determination 

(R2) for Cuba 108, Ifeken DI 400, and Ifeken 400 are 

0.9808, 0.9115, and 0.9073, respectively, which are 

closer to 1 than 0.7. This shows that the equation 

modelled for predicting the values of energy 

consumption during kenaf harvesting is valid and can 

accurately predict cutting energy during harvesting.  

 

 

(a) Cuba 108 

 

(b) Ifeken DI 400 

 
(c) Ifeken 400 

Figure 7 Cutting power model verification 
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(a) Cuba 108 

 
(b) Ifeken Di 400 

 
(c) Ifeken 400 

Figure 8 Cutting energy model validation 

5 Conclusion 

The R² of all the model equations was closer to 1 

than 0.7, indicating that the models can accurately 

predict the cutting torque, power, and energy 
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consumed during kenaf and plant stalk harvesting.  

The cutting torque, power, and energy consumed 

during kenaf harvesting increase steadily with 

increased maturity for all varieties of kenaf because 

the stem cross sectional area and the texture of the 

stalk constitute the crop cutting resistance, so more 

torque, power and energy are required during 

harvesting as the crop matures.  

The highest cutting torque, power, and energy 

during the harvesting of Ifeken 400 ranged from 1.51 

Nm to 3.36 Nm, 10.19 kW to 22.61 kW, and 1.77 

Joules to 3.94 Joules. In contrast, harvesting Cuba 

108 required less torque, power, and energy. The 

minimum energy, torque, power, and energy were 

consumed when harvesting Ifeken Di 400. 
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