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Abstract: This paper focuses on the optimization of operation efficiency of rape crawler 

mower header in Agricultural Machinery Cooperatives. In view of the important position of 

rape in agriculture and the problems existing in the cutting, conveying and laying of the existing 

windrower header, biomechanical methods were introduced. The working principle, structure 

and main parameters of the windrower are introduced in detail. The biomechanical analysis of 

the header operation process is carried out, and the key components such as reel, cutter and 

conveyor are designed and optimized. The header device frame topology is also optimized. The 

results showed that the first three natural frequencies of the header were increased after 

optimization, which effectively avoided the resonance risk, and the amplitudes of monitoring 

points in vibration test were significantly reduced, indicating that the optimization strategy was 

effective, which was of great significance to improve the efficiency and quality of rape harvest 

and promote the development of agricultural mechanization. 

Keywords: rape; crawler windrower; biomechanics; header efficiency optimization; 

topological optimization 

1. Introduction 

As a vital oil crop in China, rapeseed occupies a pivotal position in the field of 

agricultural production. According to relevant data, China’s rape planting area is 

extensive, and the annual yield is also considerable, which plays an irreplaceable role 

in ensuring the safety of national edible oil supply [1]. Rapeseed is not only the main 

source of edible oil, but also has important applications in industry, medicine and other 

fields. Its industrial chain covers planting, processing, sales and other links, which is 

of great significance to promote the development of rural economy and increase 

farmers’ income. In the harvesting process of rape, mechanized operation has become 

a key means to improve efficiency and reduce costs [2]. With its good trafficability, 

stability and adaptability to complex terrain, crawler windrower has been widely used 

in rape harvesting [3]. However, at present, there are still many problems to be solved 

in the header operation efficiency of rape crawler mower. For example, during the 

cutting process, the cutting is often not smooth and the stem is seriously broken, which 

not only leads to the increase of rapeseed loss, affects the economic benefits of farmers, 

but also reduces the quality of rapeseed, which is not conducive to subsequent 

processing and sales.  

As an interdisciplinary subject integrating biology and mechanics, 

biomechanics provides a new idea and method for solving the problem of cutting 

efficiency of rape crawler mower [4]. Through in-depth study of the biomechanical 
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properties of rape in the process of cutting, conveying and laying, we can accurately 

grasp the key information of rape, such as the stress situation, deformation law and 

motion trajectory [5]. Based on this information, we can optimize the structural 

parameters of the header, such as the shape, size and cutting angle of the cutter, and 

the speed, height and position of the reel, so as to make the structure of the header 

more in line with the biomechanical characteristics of rape, so as to improve the cutting 

efficiency and reduce the loss of rapeseed. This is of great significance to improve 

farmers’ enthusiasm for planting rape and ensure the stable development of rape 

industry. In the field of rapeseed crawler mower header related research, many scholars 

have carried out exploration in the past. Early studies focused on the design and 

improvement of the basic structure of the header, such as improving the conveying 

smoothness of rape by adjusting the gear ratio of the header transmission system [6], 

but only from the perspective of mechanical transmission, did not fully consider the 

impact of rape’s own biological characteristics on the operation. With the development 

of technology, some researches begin to pay attention to the influence of operation 

parameters on header efficiency. By exploring the relationship between reel speed, 

cutting speed and operation efficiency, it is found that reasonable matching parameters 

can improve efficiency [7], but the biomechanical response mechanism of rape behind 

parameter changes is not deeply analyzed, so it is difficult to achieve precise 

optimization. 

Improving the operation efficiency of rape crawler windrower header is helpful 

to promote the development and progress of rape mechanized harvesting technology, 

improve the level of Agricultural Mechanization in China, and promote the 

construction of agricultural modernization. 

2. Materials and methods 

2.1. Working principle and structure of rape windrower  

 
Figure 1. Schematic diagram of the sun cutting machine. 
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The rape crawler windrower adopts the middle strip laying mode. The main 

structure of the whole machine is composed of hydraulic system, power chassis system 

and two rotatable folding header systems. The header system is composed of 

conveying device, cutting device, reel device and other transmission components. The 

specific structure model of the whole machine is shown in Figure 1. 

The working principle of rape crawler windrower is to provide stable walking 

power through the crawler, so that the windrower can move flexibly in the field [8]. 

The cutting table, the core component of the windrower, is responsible for the cutting, 

conveying and laying of rape. In the process of operation, the windrower moves 

forward along the predetermined path, and the header will start to harvest the rape. 

According to the rape harvest requirements and the technical points of the windrower, 

the main technical parameters of the windrower are determined as shown in Table 1. 

Table 1. Main parameters of tracked sun cutting machine. 

Parameter  Value Unit 

Expand size (length × width × height) 5450 × 4300 × 2520 mm 

Folding size (length × width × height) 5450 × 4300 × 2520 mm 

Cutting width 4000 mm 

Whole machine quality 4000 Kg 

Auxiliary power 72 kW 

Homework speed 0.8–1.1 m.s−1 

Homework efficiency 17.3–23.8 mu.h−1 

Cutting height 300–400 mm 

Width of single-sided paving channel 700 mm 

Laying channel height 650 mm 

2.2. Biomechanical analysis of header operation process 

In the harvesting link of the header, the mechanical interaction occurs between 

the reel and the rape plant [9]. When the reel rotates, the reel will exert a thrust on the 

rape plant, and the magnitude and direction of the thrust are crucial to the guiding 

effect of rape. If the reel speed is too fast and the thrust is too large, the rape plant may 

be pushed down or broken; If the rotation speed is too slow and the thrust is insufficient, 

the rape cannot be effectively guided to the cutter [10]. In the process of rotation, the 

reel will also be subject to the reaction force of rape plants. This reaction force will 

make the reel vibrate and wear, affecting the service life and working stability of the 

reel. By measuring the stress-strain curves of different parts of rape plants, we can 

accurately grasp its mechanical properties, so as to provide a scientific basis for 

determining the optimal speed, installation height and angle of reel. 

The biomechanical analysis of cutting link is mainly based on the shear strength 

theory of materials. The cutting of Rape Stalk by the cutter is essentially a process in 

which the cutting force overcomes the shear strength of the stalk. According to the 

formula of material mechanics, the cutting force is closely related to the sharpness of 

the cutter blade, the cutting angle, and the diameter and material of the rape stem. The 

sharp blade can cut off the stem under a small cutting force, reducing energy 

consumption and stem breakage. The shear strength of different varieties of rape stems 
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was measured by experiment, and the stress distribution of stems under different 

cutting parameters was analyzed by finite element simulation, so as to optimize the 

design of the cutter. 

In the conveying link, the motion and force of rape on the conveyor belt are 

analyzed by using the principles of motion mechanics and tribology. In order to ensure 

the smooth transportation of rape, the linear speed of the conveyor belt and the forward 

speed of the unit need to maintain an appropriate proportion, which is based on the 

consideration of the motion trajectory and inertia of rape. In addition, through 

tribological research, appropriate conveyor belt surface material and tine shape were 

selected to increase friction and prevent rape from slipping or accumulating during 

transportation. 

2.3. Design and analysis of key components 

2.3.1. Design of reel 

The reel in the windrower is mainly responsible for the accurate guidance and 

support of the rape, so as to realize the effective push of the cut rape to the conveying 

system. In this design, an eccentric reel with a length of 2 m and a radius of 0.45 m, 

which is highly adaptable to crops, is selected. Referring to the agricultural machinery 

design guide, set the speed of the unit to keep at 1 m/s, and assume the λ value is 1.6. 

According to this, the motion trajectory equation of the reel is obtained as follows: 

λ =
𝑣𝑏

𝑣𝑚
=

𝜋𝑅𝑏𝑛𝑏

30𝑣𝑚
, 

where 𝑣𝑏 is the circumferential speed of reel, m/s; 𝑣𝑚 is the operating speed of the 

unit, 1m/s; 𝑅𝑏 is the reel radius, 0.45 M; 𝑛𝑏 is reel speed, r/min. 

The calculated reel speed 𝑛𝑏 = 42.5 r/min, reel circumferential speed 𝑣𝑏 = 1.6 

m/s. During the cutting and drying operation, in order to ensure that the reel should be 

vertically inserted into the plant when feeding, its installation height should meet the 

following requirements: 

𝐻𝑏 = ℎ1 − ℎ0 +
𝑅𝑏

𝜆
,  

where 𝐻𝑏 is the installation height of reel, mm; ℎ0 is the stubble height of rape, 350 

mm; ℎ1 is the height of rape plant, 1818 mm; 𝑅𝑏 is selected as reel radius, 450 mm. 

In order to ensure that the reel can push rape plants stably, the action point of the 

reel should be slightly higher than the center of gravity of the cut rape, namely: 

𝐻𝑏 ≥ 𝑅𝑏 +
2

3
(ℎ1 − ℎ0).  

In view of the unique nature of rape material, when analyzing the installation 

height when the reel vertically enters the crop, it can be determined that 𝐻𝑏 
= 1749 

mm. On the premise of ensuring stable pushing, the installation height 𝐻𝑏 ≥ 1429 

mm. After comprehensive consideration, 𝐻𝑏 
= 1750 mm is adopted as the installation 

height of reel in this study. In addition, in order to ensure that when the reel is directly 

above the cutter, the reel rod still has the function of pushing backward, it is necessary 

to meet the horizontal distance relationship between the cutter and the reel spindle as 

follows: 
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𝐵𝑏 =
𝐷𝑏

2𝜆√𝜆
2−1

.  

Calculated 𝐵𝑏 = 225.1 mm. 

2.3.2. Cutting device design 

The main function of the windrower cutter is to cut the Rape Stalk. In this paper, 

the reciprocating cutter with high efficiency and strong adaptability is selected, and its 

cutting parameters should meet the following requirements: 

s = 𝑡 = 𝑡0 = 76.2𝑚𝑚,  

where 𝑠 is the cutter stroke, mm; 𝑡 is the moving blade pitch, mm; 𝑡0 is the blade 

guard pitch, mm. 

The cutting speed of rape harvesting is generally 0.8~1.2 m/s [11]. If the initial 

cutter speed is 1 m/s, the crank speed is: 

𝑛𝑞 =
15𝑣𝑑

𝑟𝑑
,  

where 𝑛𝑞 is the crank speed of reciprocating cutter, r/min; 𝑣𝑑 is the cutting speed of 

reciprocating cutter, m/s; 𝑟𝑑 is the crank radius of reciprocating cutter, 38.1 mm. 

The calculated crank speed 𝑛𝑞 = 395 r/min. 

2.3.3. Conveyor design and analysis 

The main function of the conveyor mechanism of the windrower is to effectively 

transport the cut rape from both sides of the header to the grain discharge opening, and 

at the same time prevent the rape from being crushed. The single structure of the 

header is composed of two conveying parts on the left and right, which are arranged 

on both sides of the header in an inclined manner, and the gap in the middle is the row 

mouth. The transportation process of rape is completed by shifting the spring teeth on 

the conveyor belt to the center. 

In the design of the rubber sleeve of the conveying mechanism, its diameter is 

determined to be 100 mm. The effective length of the outer belt is set at 800 mm, while 

the effective length of the inner belt is set at 1200 mm. In order to ensure that the cut 

rape can fall on the conveyor belt as much as possible, and considering the length limit 

of the header, the longitudinal length of the conveyor belt is set to 1000 mm. In 

addition, in order to ensure that the rape can be transported smoothly after being cut 

down, the ratio 𝛽 between the linear speed of the conveyor belt and the forward speed 

of the unit is set at 1.4 [12]. It is concluded that: 

β =
𝑣𝑠

𝑣𝑚
=

2𝜋𝑅𝑠𝑛𝑠

60𝑣𝑚
,  

where 𝑛𝑠 is the rotational speed of the driving shaft of the conveyor belt, r/min; 𝑣𝑚 

is the forward operation speed of the unit, 1 m/s; 𝑣𝑠 is the linear speed of belt rotation, 

m/s; 𝑅𝑠 is the radius of rubber sleeve, 50 mm. 

The calculation shows that the rotational speed of the driving shaft of the 

conveyor belt is 𝑛𝑠 = 260 r/min. 

2.4. Topology optimization design of harvester header device frame 

2.4.1. Establishment of finite element model 
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In the process of exploring the structural complexity of rape windrower to 

improve the efficiency of simulation calculation, the necessary simplification of non 

key characteristics in the model is implemented. The header device of the windrower 

includes a header support and a hydraulic folding hanger. Based on their functional 

structural characteristics, the geometric models of the header support and the folding 

hanger are constructed, as shown in Figure 2. In this model, the positions marked I, II 

and III represent the constraint points, while the positions numbered 1 to 7 represent 

the positions where the load is applied. When performing finite element analysis, mesh 

quality has a decisive impact on the efficiency and accuracy of the solution, so the 

mesh generation must meet the standards of coordination, compatibility and accurate 

approximation. In view of the regularity of the rack structure, the tetrahedral grid is 

selected to divide the main body of the rack in this study to improve the computational 

efficiency [13]. Then, the two rack models were imported into the static structural 

module of ANSYS software respectively, and the material properties were set to Q235. 

The main part used 10 mm tetrahedral grid units, and the grid encryption was 

implemented in key parts to ensure that the quality of the grid met the analysis 

requirements. 

 

Figure 2. Initial model for topology optimization. 

2.4.2. Load and constraint analysis 

In the structural analysis of the header frame, it mainly bears the mechanical 

action caused by the gravity of each component. In view of the poor working 

condition of the windrower in the actual operation and transfer process, the mass and 

basic load of the header frame must be multiplied by the dynamic load coefficient 

for correction [14]. When the header is deployed, the header frame benefits from the 

supporting force of the hydraulic folding device and the pulling force of the folding 

hydraulic cylinder. It can impose fixed constraints on the attachment hinge of the 

header and the ear base of the hydraulic cylinder, introduce the gravity acceleration in 

the negative direction along the Y axis, and apply the equivalent load equivalent to the 

working part. When the header is folded, the position of the header hitch hinge and the 

ear base at the lower end of the hydraulic cylinder is still subject to fixed constraints. 

At this time, the gravity acceleration is adjusted along the positive direction of the X 

axis, and the load borne by the rack remains unchanged, but the direction rotates by 



Molecular & Cellular Biomechanics 2025, 22(4), 1404.  

7 

90°. 

In this study, the vertical downward dynamic load coefficient is set as 2.5, and 

the gravity acceleration g = −9.8 m/s2 is used as the analysis basis. In addition to 

bearing its own weight, the folding hanger is also mainly subject to the balanced force 

generated by the gravity of the left and right headers. These forces act on both sides 

of the crossbeam in front of the folding hanger, with the same size and direction. The 

fixed constraints of the folding suspension frame are mainly located at the front 

hydraulic cylinder ear and the rotating shaft. According to the above settings, the load 

data of header frame and folding hanger are shown in Table 2. 

Table 2. Main loads borne by the cutting platform and folding suspension frame. 

Main components Mass (kg) Load (N) Load position 

Cutting frame 

Pulling wheel 47.4 1160.3 1 

Horizontal cutting knife 21.4 524.3 2 

Vertical cutting knife 8.1 198.5 3 

Small conveying device 28.3 695.0 4 

Large conveying device 33.1 811.0  5 

Folding suspension rack 
Left cutting platform 295 7227.5 6 

Right cutting table 295 7227.5 7 

2.4.3. Topology optimization design of header frame 

Before the topology optimization design, the original model must be imported 

into the ANSYS static structural module to perform the static analysis. In this process, 

the corresponding constraints and loads need to be applied [15]. After completing the 

static analysis, it is necessary to link the analysis results with the topology optimization 

module, then define the objective function and optimization area, and impose 

manufacturing reservation constraints on the functional structure. In this study, the 

stiffness of the structure is maximized as the objective function, the initial shell 

structure model is divided into finite element grids, and the variable density method is 

used to optimize the topology of the continuum to determine whether the elements in 

the design area are retained or not [16]. According to the material removal rate of 

70%–95%, set a level every 5%, and carry out a series of simulation analysis. In the 

area where the structural form of the model is sensitive to the change of removal rate, 

additional experimental groups are added in this study. After topology optimization, 

the design scheme with significant structural difference and suitable for engineering 

application is selected from the results. As shown in Figure 3, the optimal design of 

the header frame in the expanded and folded state is shown. In the expanded state, the 

design schemes with 90%, 95% and 97% of the initial model material removal rate 

have significant differences in structural morphology, and meet the actual processing 

requirements. In the folded state, the design schemes with material removal rates of 

80%, 85% and 90% also show significant differences in structural morphology, and 

all meet the actual processing standards. 
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Figure 3. Topological structure and engineering transformation of the cutting 

platform. 

Taking mass, maximum stress and maximum deformation as the core evaluation 

criteria, different design schemes of header frame are compared, and the relevant 

parameters are shown in Table 3. In view of the fact that the header frame needs to 

meet the strength requirements in both the unfolded and folded states, this study 

adopted the optimization scheme of 95% removal rate in the unfolded state and 85% 

removal rate in the folded state as the basis for further optimization. 

Table 3. Parameters of various engineering schemes for the cutting platform. 

Optimize conditions Removal rate (%) Mass (kg) Maximum stress (Mpa) Maximum deformation (mm) 

Expand Status 

90 107.91 107.28 0.92 

95 96.78 131.52 3.31 

97 95.11 194.33 3.69 

Folding state 

80 90.7 220.25 1.86 

85 97.39 150.81 5.11 

90 115.23 119.36  1.07 

3. Results and analysis 

3.1. Modal optimization effect of header frame 

The purpose of this study is to evaluate the performance of the reconstructed 

header frame model, and the finite element analysis software is used to simulate the 

frame. In the simulation process, the primary natural frequency and stiffness of the 

reconstructed header frame are analyzed, and the boundary conditions set are 

consistent with the parameters of the topology optimization model. As shown in Table 

4 and Figure 4, the modal analysis results before and after optimization are in sharp 

contrast. After optimization, the first three natural frequencies of the header are 

increased, especially the first natural frequency is increased to 25.60 Hz, which 

effectively avoids the frequency bifurcation of vibration excitation and engine 
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excitation generated in the operation of working parts, reduces the risk of resonance, 

so as to optimize the dynamic performance of the header, and proves the effectiveness 

of the optimization strategy. 

Table 4. Modal analysis results before and after optimization. 

Order number Natural frequency before optimization Optimized natural frequency 

1 18.65 25.60*** 

2 24.51 42.35*** 

3 32.04 44.80*** 

4 60.88 55.82*** 

5 64.23 63.14 

6 78.98 70.88*** 

Note: * p < 0.05; ** p < 0.01; *** p < 0.00. 

 

Figure 4. Modal analysis results before and after optimization. 

3.2. Header vibration test 

The purpose of this study is to compare the amplitude difference of the rape 

windrower header before and after optimization under the same working conditions. 

The vibration test was carried out in Ili Kazakh Autonomous Prefecture area on 16 

May 2024. The header vibration test system is composed of dh-5902 dynamic signal 

acquisition instrument, three-axis acceleration sensor (1a314e) and personal computer 

(PC) processing terminal. According to the sampling theorem, the sampling frequency 

should not be less than twice the frequency of the signal to be analyzed [17], so the 

sampling frequency is set to 500 Hz and the sampling duration is set to 60 s in this test. 

In order to ensure the accuracy and rationality of the collected data, the selected 

measuring points are designed to comprehensively reflect the overall vibration, local 

vibration and large deformation area of the header. For this reason, the measuring 

points are mainly arranged at the key parts of the connection between the header and 

the excitation source, including the transverse cutter support (measuring point 1), the 

longitudinal cutter support (measuring point 2), the conveyor support (measuring point 

3), and the connection between the header beam and the chassis (measuring point 4). 

During the test, the forward direction of the whole machine is defined as the X axis, 

the left and right movement direction is defined as the Y axis, and the direction 

perpendicular to the ground is defined as the Z axis. See Table 5 for specific header 
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vibration test conditions. 

Table 5. Operating conditions of cutting table vibration experiment. 

Experimental conditions Machine operating status Engine speed (r/min) Speed (km/h) Road conditions 

1 Only engine operation 2200 0 Cement road 

2 
The engine and working components 

work simultaneously 
2200 0 Cement road 

3 Only engine operation 2200 3 Cement road 

4 Only engine operation 2200 3 Mud road 

The results of the operating condition test are shown in Table 6 and Figure 5. 

The amplitude variation of measuring point 4 is relatively stable under different 

operating conditions, and the optimized amplitude variation is significant. This is 

mainly due to the natural frequency of the optimized cutting platform avoiding the 

secondary frequency of engine excitation (18.4 Hz), effectively avoiding resonance 

phenomena and reducing amplitude. In condition 2, the amplitude of the cutting table 

of both generations of prototypes exceeded that of other conditions, indicating that the 

working components have a greater effect on the vibration of the cutting table than 

road excitation. In addition, the amplitude of measuring point 2 (4.63, 1.52 m/s2) is 

more significant than other monitoring points, confirming the main excitation effect 

of the longitudinal cutter in the vibration of the cutting table. By comparing the 

conditions of working condition 3 and working condition 4, it can be seen that the road 

surface in the field is relatively soft, which helps to absorb some of the impact and 

reduce the amplitude of each monitoring point during the operation of the sun cutter; 

After optimization, the amplitude of measuring point 1 before and after optimization 

decreased by 43.6% and 49.1% respectively under two working conditions, 

confirming the importance of road surface excitation on the vibration of the cutting 

platform. The optimization measures significantly improved the vibration amplitude 

of the cutting table, and the amplitude of each monitoring point was significantly 

reduced. 

Table 6. Root-mean-square acceleration of total vibration at measurement points. 

Experimental 

conditions 

Measurement point 1 Measurement point 2 Measurement point 3 Measurement point 4 

Before 

optimization 

After 

optimization 

Before 

optimization 

After 

optimizatio

n 

Before 

optimization 

After 

optimizatio

n 

Before 

optimization 

After 

optimizatio

n 

1 2.54 0.67*** 1.63 1.16* 2.98 0.55*** 1.96 0.32** 

2 3.86 0.92*** 4.63 1.52*** 3.32 0.98*** 2.54 0.53*** 

3 2.98 0.55*** 2.83 0.54*** 2.67 0.61*** 2.58 0.42*** 

4 1.68 0.28*** 1.54 0.41** 2.22 0.57*** 2.33 0.42*** 

Note: * p < 0.05; ** p < 0.01; *** p < 0.00. 
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Figure 5. Root-mean-square acceleration of optimized measurement point vibration 

total. 

4. Discussion 

This article takes the rapeseed track type sun cutting machine cutting table as the 

research object, analyzes the basic structure and working process of the sun cutting 

machine cutting table, and through biomechanical analysis of the pulling, cutting and 

other links, accurately grasps the interaction mechanism between rapeseed and cutting 

table components, providing key basis for component design optimization. The 

analysis method combining vibration modes was used to obtain the vibration 

amplitude and frequency distribution of the rapeseed cutting table, and the main 

factors affecting its vibration were analyzed. The topology optimization of the cutting 

platform takes stiffness as the objective function, and through finite element analysis 

and multiple experiments, the engineering scheme with an initial model removal rate 

of 85% for the platform and an initial model material removal rate of 80% for the 

folding suspension frame is determined. After optimization, the natural frequency was 

found to have increased, effectively avoiding resonance. For example, the first natural 

frequency was significantly increased, enhancing the dynamic stability of the cutting 

table and reducing the impact of vibration on operational accuracy and mechanical life, 

laying the foundation for the long-term stable operation of the sun cutting machine. 

This study comprehensively optimizes the efficiency of the rapeseed track type 

sun cutting machine cutting platform, effectively solves practical problems, improves 

the efficiency and quality of rapeseed harvesting, increases farmers’ income, and 

effectively promotes the progress of rapeseed mechanized harvesting technology. It is 

of great significance for improving the overall level of agricultural mechanization in 

China and promoting the process of agricultural modernization, and provides a 

reference example for related research and improvement in the field of agricultural 

machinery. 
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