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ABSTRACT  

To address the environmental pollution caused by discarded non-biodegradable fruit bags in orchards, an air-

suction orchard fruit-bag collection machine was developed. First, theoretical calculations and analyses were 

conducted on the key machine components to determine the main operating parameters. Kinematic analysis 

was then performed using ADAMS, and the airflow field was simulated using Fluent. Next, a prototype was 

manufactured. Based on multivariable response surface analysis conducted in Design-Expert, the optimal 

parameter combination was identified as a travel speed of 2 km/h, a suction-inlet air velocity of 15.5 m/s, and 

a helical-conveyor rotational speed of 66 r/min. Orchard field tests showed that, under the optimal operating 

conditions, the actual collection rate reached 82.5%, confirming that the machine met the intended design 

requirements. 

 

摘要  

 针对果园废弃套袋纸不易降解、污染环境等问题，提出了气吸式果园套袋纸回收机的设计。首先对关键装置

进行理论计算与分析，确定影响作业效果的关键因素，以此为基础进行 ADAMS运动学分析和 Fluent 气流场仿

真分析。然后进行样机研制，通过 Design-Expert 进行多因素响应面分析，确定整机的工作参数最佳组合为：

行进速度为 2 km/h、吸入口风速为 15.5 m/s、螺旋输送装置转速为 66 r/min。果园试验表明，在最佳工作参数

下，样机试验回收率为 82.5%, 验证本设计能够实现预期的工作效果。   

 

INTRODUCTION 

The bagging of young fruit on trees has been widely adopted in orchards for crops such as apples, 

pears, and peaches. Taking apple orchards as an example, fruit bags not only help reduce pest and disease 

incidence and limit pesticide exposure but also significantly improve fruit appearance and quality (Liu et al., 

2024; Yu et al., 2022). To promote uniform coloration, the bags are generally removed approximately two 

weeks before harvest, after which they are often discarded in the orchard (Hong et al., 2020; Kim et al., 2013). 

Because these fruit bags are primarily made from wood pulp with a high fiber content and also contain wet-

strength agents and other additives, their natural degradation is limited (Chen et al., 2024). Therefore, 

collecting the discarded fruit bags can reduce resource waste and help protect the orchard production 

environment (Luo et al., 2011; Zhang et al., 2014). 

Currently, waste fruit bags are collected primarily by hand, a process characterized by high labor 

requirements, high costs, and low efficiency. These limitations reduce orchard growers’ willingness to 

participate in collection activities (He et al., 2022; Cao et al., 2019). The lack of efficient mechanical collection 

equipment has therefore become a major constraint on the sustainable development of the fruit industry (Cai 

et al., 2024; Bishnoi et al., 2023). Research on machinery specifically designed to collect discarded fruit bags 

in orchards remains limited both in China and internationally; however, relevant studies have been conducted 

on related collection equipment. 

For example, Guo Wensong of China Agricultural University developed a brush-tooth mechanically 

driven film-separation device for collecting residual plastic film (Guo et al., 2020; Wang et al., 2019). The brush 

teeth dislodged the residual film, after which negative-pressure airflow at the suction inlet lifted the film.  
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The collected material was then discharged by a centrifugal fan and separated using a mesh screen. In 

addition, Liu Enshui and colleagues at Tarim University used Fluent to simulate a gravity settling chamber and 

determine the optimal operating parameters of the collection device (Liu et al., 2021; Wang et al., 2012). 

Existing studies have focused mainly on residual-film collection machinery (Peng et al., 2020; Hou et 

al., 2023; Wang et al., 2024), whereas research specifically addressing air-suction machines for collecting 

discarded fruit bags remains limited (Ken et al., 2024; Ma et al., 2024). Although several machines based on 

relatively simple operating principles have been investigated, innovation in their collection mechanisms has 

been insufficient, limiting their ability to meet the practical requirements of large-scale discarded fruit-bag 

collection. 

To address these challenges, an air-suction orchard fruit-bag collection machine was developed. The 

key components were analyzed theoretically to determine the main operating parameters. Kinematic 

simulations were then conducted in ADAMS, and computational fluid dynamics simulations were performed in 

Fluent to evaluate the mechanical and aerodynamic performance of the machine. A prototype was 

subsequently manufactured based on the theoretical analysis and simulation results. Response surface 

methodology was used to determine the optimal combination of operating parameters, with the collection rate 

selected as the response variable. Experimental results confirmed that the machine met the intended design 

requirements. 

 
MATERIALS AND METHODS 

Physical Characteristics of Discarded Fruit Bags 

The physical characteristics of discarded fruit bags from apple orchards were determined through 

systematic sampling. A total of 100 discarded fruit bags were randomly collected and divided equally into 10 

groups for statistical analysis. Their main physical properties were as follows: the mean length was 180 mm, 

the mean width was 147 mm, and the mean thickness was 2.2 mm. The coefficient of friction and the mean 

mass of a single bag were 0.52 and 5.6 × 10⁻³ kg, respectively. Representative fruit bags are shown in Fig. 1. 

The terminal velocities of the fruit bags ranged from 2.9 to 5.6 m/s, whereas those of soil-clod impurities 

ranged from 11.5 to 15.0 m/s. 

 
(a) Fruit bags on an apple tree         (b) Enlarged view of a fruit bag 

Fig. 1- Fruit bags and their dimensional characteristics 

 

Overall Structure and Operating Principle 

The air-suction fruit-bag collection machine mainly consists of a centrifugal fan, an air duct, a settling 

chamber, a helical conveyor, a direction-changing mechanism, a vertical scraper, a filter screen, a 

compression device, an engine, and a transmission system. The overall structure of the machine is shown in 

Fig. 2. 

Power is transmitted from the power take-off shaft to the centrifugal fan through a belt-and-pulley drive, 

while the helical conveyor and vertical scraper are driven by chain-and-sprocket mechanisms. The rotating 

blades on both sides of the vertical scraper move the fruit bags toward the center, after which the helical 

conveyor further conveys them to the central collection area. A filter screen mounted at the bottom provides 

preliminary removal of impurities. The negative-pressure airflow generated by the centrifugal fan then draws 

the concentrated fruit bags into the settling chamber, where larger impurities are separated. 

The cleaned fruit bags are subsequently conveyed through the air duct to the collection bin. Finally, the 

compression device compacts the bags, thereby completing the collection process. 
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The vertical scraper, helical conveyor, and settling chamber are the key components of the air-suction 

fruit-bag collection machine. Accordingly, the design and analysis of these components constitute the main 

focus of this study. 

 
Fig. 2 - Structure of the air-suction fruit-bag collection machine 

1. Centrifugal fan; 2. Air duct; 3. Settling chamber; 4. Helical conveyor; 5. Direction-changing mechanism; 6. Vertical scraper;  

7. Fruit-bag trajectory; 8. Fruit bag; 9. Filter screen; 10. Transmission system; 11. Compression device; 12. Engine. 

 

Design of the Vertical Scraper Collection Mechanism 

The vertical scraper collection mechanism mainly consists of a horizontal drive shaft, two vertical 

rotating shafts, an adjustment plate, bearing housings, and two symmetrically arranged vertical scraper blades 

connected through a reversing mechanism. Power is supplied by the engine, and the rotational speed is 

reduced through belt, chain, and bevel-gear transmissions. The two meshing bevel-gear pairs rotate in 

opposite directions, ensuring that the left and right scraper blades move the fruit bags toward the center. 

The operating principle of the vertical scraper collection mechanism is shown in Fig. 3. Power is 

transmitted to the horizontal drive shaft through a chain drive, causing the shaft to rotate clockwise. A small 

bevel gear mounted on the drive shaft engages with a large bevel gear, thereby driving the scraper blades on 

both sides to rotate inward and move the fruit bags toward the center. To ensure stable fruit-bag collection, an 

appropriate rotational speed of the scraper blades must be determined. 

 
Fig. 3 - Operating principle of the vertical scraper collection mechanism 

1. Scraper blades; 2. Adjustment plate; 3. Direction-changing mechanism; 4. Horizontal drive shaft; 5. Rotation direction of the vertical 

shafts; 6. Rotation direction of the drive shaft; 7. Rotation direction of the scraper blades; 8. Fruit-bag trajectory; 9. Fruit bag. 

 

During operation, the vertical scraper collection mechanism relies primarily on the centrifugal force 

generated by the rotating scraper blades to move the fruit bags toward the center. A force analysis was 

conducted for the scraper blade, fruit bag, and bottom plate, and a rectangular coordinate system was 

established, as shown in Fig. 4. At the position illustrated, the fruit bag is subjected to the centrifugal force 

exerted by the scraper blade, the friction force acting along the bottom plate, the normal support force from 

the bottom plate, and its own weight. 

Force equilibrium along the bottom plate indicates that the fruit bag can be conveyed into the collection 

mechanism only when the component of centrifugal force in the conveying direction exceeds the sum of the 

friction force and the component of gravity acting along the bottom plate. 
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Fig. 4 - Force analysis of a fruit bag on the bottom plate 

1. Vertical rotating shaft; 2. Fruit bag; 3. Bottom plate. 

 

Force analysis: 
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where, 
eF  is the centrifugal force acting on the fruit bag, N; 

fF  is the friction force acting on the fruit bag, N; 

1G  is the weight of the fruit bag, N; 
NF  is the normal support force exerted by the bottom plate, N; ml  is the 

mass of a single fruit bag, kg ;   is the inclination angle of the bottom plate, set to 7°;   is the coefficient of 

friction between the fruit bag and the bottom plate, set to 0.52. 

Based on the measured physical characteristics, the mass of a single fruit bag was 5.6×10-3 kg. 

Substitution of the relevant parameters into Eqs. (1)–(3) showed that the centrifugal force acting on the fruit 

bag must exceed 3.77×10-2 N for the bag to be conveyed smoothly along the bottom plate and into the 

collection mechanism. 

 

The centrifugal force generated during blade rotation is related to the blade rotational speed as follows: 

2

1e l tF m R=                                                                    (4) 

t

30
t

n
 =                                                                         (5) 

where, 
t  is the angular velocity of the scraper blades, rad·s⁻¹; R1 is the radial distance from the axis of 

rotation to the fruit bag, m; nt is the rotational speed of the scraper blades, r·min⁻¹. 

 

The minimum centrifugal force required for successful collection by the vertical scraper mechanism was 

calculated to be 3.77×10-2 N. According to Eqs. (4) and (5), when the blade radius was 0.18 m, the 

corresponding rotational speed of the scraper blades was 58.39 r·min⁻¹. Therefore, the vertical scraper 

mechanism can collect the fruit bags smoothly when the blade rotational speed exceeds 58.39 r·min⁻¹. 

 

Design of the Helical Conveyor 

To convey the fruit bags toward the center of the machine, a helical conveyor was designed. Helical 

blades were welded symmetrically to both sides of a hollow shaft, with equal numbers of blades arranged in 

opposite helical directions. Arc-shaped baffles closely followed the curvature of the rotating blades, thereby 

helping to prevent fruit-bag accumulation. A filter screen mounted at the bottom removed impurities such as 

weeds and soil clods. As shown in Fig. 5, the helical conveyor mainly consists of a hollow shaft, helical blades, 

arc-shaped baffles, a filter screen, and shock-absorbing wheels. 
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Fig. 5 - Structure and operating principle of the helical conveyor 

1. Fruit-bag inlet; 2. Direction of fruit-bag movement; 3. Chain. 4. Rotation direction of the hollow shaft; 5. Helical blades;   6. Filter 

screen. 7. Shock-absorbing wheel. 8. Hollow shaft. 9. Fruit bag. 10. Arc-shaped baffle. 

 

Based on the operating requirements of the collection machine, the principal geometric parameters of 

the helical blades were designed, including the outer diameter Dl, shaft diameter dl, and pitch Sl. 

To ensure that the fruit bags entered the helical conveyor smoothly and were conveyed from both sides 

toward the center, the helical-blade dimensions were selected according to the measured dimensions of the 

fruit bags. The structural parameters of the conveyor were determined with reference to the fruit-bag 

characteristics and the Agricultural Machinery Design Manual. Considering the physical properties of the fruit 

bags and the orchard operating environment, the blade outer diameter Dl, pitch Sl, and shaft diameter dl were 

set to 160, 160, and 40 mm, respectively, to improve conveying efficiency. 

During operation, an excessively low rotational speed of the helical blades may prevent the fruit bags 

from being conveyed promptly toward the center, resulting in accumulation on both sides. Conversely, an 

excessively high rotational speed may cause the blades to strike the bags, making them bounce and disrupting 

their movement toward the center. This may cause the bags to fall out of the conveying area. Therefore, the 

critical rotational speed of the helical conveyor must be determined. 

To prevent accumulation and bouncing, the rotational speed of the helical conveyor should be 

maintained between the minimum speed required for effective conveying and the critical speed at which the 

fruit bags begin to lose stable contact with the conveyor. The critical condition was determined by comparing 

the centrifugal force acting on a fruit bag with its weight: 

2

2

l l l
l

m D
m g


                                                                                     (6) 

where: 

30
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l
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where, lm  is the mass of a single fruit bag, kg; l  is the angular velocity of the helical conveyor, rad·s⁻¹; g  

is the gravitational acceleration, m·s⁻²; ln  is the rotational speed of the helical blades, r·min⁻¹. 

Substituting Eq. (6) into Eq. (7) gives: 

30 2
l

l

g
n

D
                                                                                         (8) 

The calculated critical rotational speed of the helical blades was 106.76 r·min⁻¹. Therefore, considering 

the previously determined minimum operating speed, the helical conveyor should operate within the range of 

58.39–106.76 r·min⁻¹. Within this range, the conveyor can meet the requirements for stable fruit-bag conveying 

and collection while reducing the risks of blockage and bag bouncing. 

Kinematic Simulation of the Helical Conveyor 

To evaluate the conveying performance of fruit bags in the helical conveyor, a kinematic simulation was 

conducted using ADAMS. Before analyzing the motion of the conveyor, kinematic constraints between the 

components and contact constraints between the fruit bags and the relevant machine parts were defined in 

the model. The simulation duration was set to 8 s, with 500 calculation steps. The constraint relationships are 
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listed in Table 1. Because the shape of the fruit bags varied, three representative bag shapes were included 

in the simulation, as shown in Fig. 6. 

Table 1 

Constraint relationships in the helical conveyor model 

No. Constraint type Constrained components 

1 Fixed joint Frame–ground 

2 Fixed joint Helical blades–auger shaft 

3 Revolute joint Auger shaft–frame 

4 contact  Fruit bag–frame 

5 contact  Fruit bag–helical blades 

6 contact  Fruit bag–auger shaft 

 

 
Fig. 6 - ADAMS model of the helical conveyor and representative fruit-bag shapes 

A, fruit bag 1, B, fruit bag 2, C, fruit bag 3. 

 

Based on the simulation results, the displacement curves of the fruit bags at different helical-blade 

rotational speeds are shown in Fig. 7. 

 

      
(a) Helical-blade rotational speed of 58.39 r·min⁻¹ 

(b)  

 

                      
(b) Helical-blade rotational speed of 106.76 r·min⁻¹ 

Fig. 7 - Displacement curves of the fruit bags at different helical-blade rotational speeds 

 

As shown in Fig. 7, comparison of the displacement curves at helical-blade rotational speeds of 58.39 

and 106.76 r·min⁻¹ indicates that a higher rotational speed produced greater fruit-bag displacement over the 

same period. All three representative fruit bags exhibited stable and smooth motion. These results 

demonstrate that the helical conveyor can reliably convey the fruit bags toward the center of the machine. 
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Design of the Settling Chamber 

The settling chamber uses gravity-induced settling to separate fruit bags from impurities. It plays an 

important role in both fruit-bag recovery and impurity removal. The chamber mainly consists of a settling 

section, an inlet, and an outlet. Its structure and operating principle are shown in Fig. 8. 

 

 
Fig. 8 - Structure and operating principle of the settling chamber 

1. Air outlet; 2. Settling section; 3. Inlet; 4. Fixed shaft; 5. Impurity trajectory; 6. Fruit-bag trajectory.  

a, length of the settling chamber; f, half-width of the settling chamber; L, height of the settling chamber;  

d₁ is the inlet diameter; d₂, air-duct diameter.  

 

Field investigations showed that, during fruit-bag collection, brittle weed residues were broken into 

smaller fragments by the vertical scraper and helical conveyor and were subsequently removed through the 

bottom filter screen. Only a small amount of large weed material entered the settling chamber. Therefore, the 

impurities reaching the settling chamber consisted mainly of small soil clods. To achieve effective separation 

of the fruit bags from the soil clods, the airflow velocity in the settling chamber had to be higher than the 

terminal velocity of the fruit bags but lower than that of the soil clods. 

Assuming a constant volumetric airflow rate through the system, different airflow velocities can be 

obtained by designing the inlet and settling section with different cross-sectional areas. The corresponding 

airflow velocities were calculated using Eq. (9): 

  1 1 2Q v A v ab= =                                                                             (9) 

where, Q is the volumetric airflow rate supplied by the centrifugal fan, m³·s⁻¹; 1v  is the airflow velocity at the 

inlet, m·s⁻¹; 1A  is the cross-sectional area of the inlet, m²; is the airflow velocity in the settling section, m·s⁻¹; 

a and b are the length and width of the settling section, respectively, m. 

Considering that the mean fruit-bag length was 180 mm and that sufficient clearance was required for 

pneumatic conveying, both the air-duct diameter and the inlet diameter were set to 200 mm. Based on the 

measured terminal velocities of the fruit bags and soil clods, the airflow velocity in the settling chamber was 

set to 5.6 m·s⁻¹ to facilitate impurity separation. The settling-chamber length was set to 500 mm so that it was 

compatible with the overall dimensions of the collection mechanism. According to Eq. (9), the required settling-

chamber width was calculated to be 224 mm. 

Because the cross-sectional area gradually increased from the suction inlet to the settling chamber, 

the airflow velocity decreased through this transition region, thereby reducing the aerodynamic force acting on 

both the fruit bags and the soil clods. Effective separation occurred when the aerodynamic lifting force was 

sufficient to entrain the fruit bags but insufficient to carry the soil clods. Under these conditions, the fruit bags 

were conveyed upward by the airflow, whereas the soil clods settled under gravity and were discharged 

through the bottom screen rather than entering the collection bin. The resultant force acting on a soil clod is 

expressed by Eq. (10): 
2 2 2

2 2 1tF Kmv mg Kmv Kmv ma= − = − =                                           (10) 

where, F  is the resultant force acting on the soil clod, N; m  is the mass of the soil clod, in kilograms，kg; g  

is the gravitational acceleration, taken as 9.8 m·s⁻²; K  is the aerodynamic or buoyancy coefficient of the soil 

clod; tv  is the terminal velocity of the soil clod, m·s⁻¹; 1a  is the acceleration of the soil clod, m·s⁻². 
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As the aerodynamic lifting force gradually decreased, the soil clods moved upward under deceleration 

until their velocity decreased to zero, with the resultant acceleration being non-positive.  

 

The upward travel distance of the soil clods was used to determine the required height of the settling 

chamber. This distance is expressed by Eq. (11): 

2

3 12v a h− =                                                                              (11) 

where, h  is the upward travel distance of the soil clod, m; 3v  is the initial upward velocity of the soil clod at 

the bottom of the settling chamber, m·s⁻¹. 

 

Based on the structural requirements of the machine, the initial velocity of the soil clod at the bottom 

of the settling chamber was set to 5.6 m·s⁻¹. Substitution of the relevant parameters into Eq. (11) yielded a 

required settling-chamber height of 123 mm. 

  

Airflow-Field Simulation Analysis of the Settling Chamber 

The airflow field in the fruit-bag conveying system is highly complex. To characterize the airflow 

behavior, simulation analysis was conducted using Fluent. Velocity distributions were analyzed on cross-

sections of both the settling chamber and the conveying duct, allowing the transport behavior of the fruit bags 

to be observed visually. 

The measured terminal velocity of the fruit bags ranged from 2.9 to 5.6 m·s⁻¹. According to the empirical 

coefficient, the conveying airflow velocity should be 2.6-5.0 times the terminal velocity of the fruit bags. 

Considering the practical operating conditions and the need for impurity removal, the inlet airflow velocity 

should not be set excessively high. Based on a comprehensive assessment, inlet velocities of 15, 16, and 17 

m·s⁻¹ were selected. The simulated airflow-velocity contours under these three inlet conditions are shown in 

Fig. 9. 

 

   

(a) Inlet velocity of 15 m·s⁻¹ (b) Inlet velocity of 16 m·s⁻¹ (c) Inlet velocity of 17 m·s⁻¹ 

Fig. 9 - Airflow-velocity contours at different inlet velocities 

 

As shown in Fig. 9(a), at an inlet velocity of 15 m·s⁻¹, the airflow velocity near the lower section of the 

settling chamber reached approximately 17 m·s⁻¹, allowing the fruit bags and impurities to be rapidly drawn 

into the chamber. As the cross-sectional area of the settling chamber increased, the airflow velocity gradually 

decreased from the central region toward both ends. The velocity at both ends was approximately 5.6 m·s⁻¹, 

which facilitated separation of the fruit bags from the impurities. In the upper section of the settling chamber, 

the cross-sectional area decreased abruptly, causing the airflow velocity to increase to approximately 18 m·s⁻¹ 

and enabling the fruit bags to be conveyed smoothly through the outlet. 

As shown in Fig. 9(b), the conveying performance at an inlet velocity of 16 m·s⁻¹ was similar to that observed 

at 15 m·s⁻¹. Under this condition, the fruit bags were effectively separated from the impurities and conveyed 

smoothly through the outlet. 

As shown in Fig. 9(c), when the inlet velocity was set to 17 m·s⁻¹, the airflow velocity near the lower 

section of the settling chamber reached approximately 21 m·s⁻¹, allowing both the fruit bags and impurities to 

enter the chamber. However, the airflow velocity in the middle section ranged from 8.59 to 12.9 m·s⁻¹. This 

range exceeded the terminal velocity of the soil-clod impurities, resulting in incomplete separation of the 

impurities from the fruit bags. 

Based on these results, the inlet airflow velocity should be maintained between 15 and 16 m·s⁻¹ to 

ensure effective separation of the fruit bags from impurities and stable conveying through the system. 
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RESULTS 

Orchard Field Test 

Based on the preceding design and simulation analyses, a prototype was manufactured and tested in 

an apple orchard. The tree-row spacing ranged from 1,400 to 2,000 mm, while the within-row tree spacing 

ranged from 1,100 to 1,400 mm. The machine travel speed was varied from 1 to 3 km·h⁻¹. The orchard field 

test is shown in Fig. 10. 

 
Fig. 10 - Orchard field test of the prototype 

 

Experimental Design and Parameter Optimization 

To determine the optimal combination of operating parameters, a three-factor, three-level response 

surface experiment was designed using Design-Expert. The selected test factors were machine travel speed 

(1~3 km·h⁻¹), inlet airflow velocity (15~16 m·s⁻¹), and helical-conveyor rotational speed (62~68 r·min⁻¹). The 

coded levels of these factors are presented in Table 2. The fruit-bag collection rate was selected as the 

response variable and was calculated as follows: 

2
1

1

1- 100%
M

Y
M

= （ ）                                                                   (12) 

where, Y1 is the fruit-bag collection rate, %; M2 is the mass of fruit bags remaining in the field after operation, 

kg; M1 is the initial mass of fruit bags in the field before operation, kg. 

Table 2  

Coded levels of the experimental factors 

Coded level 

Factors 

Travel speed 

(km·h⁻¹) 

Inlet airflow velocity 

(m·s⁻¹) 

Helical-conveyor 

rotational speed 

(r·min⁻¹) 

-1 1 15 62 

0 2 15.5 65 

1 3 16 68 

 

According to the experimental design, 17 experimental runs were conducted. The experimental design 

matrix and corresponding results are presented in Table 3. In the table, X1, X2, and X3 represent the coded 

values of the three factors, while Y1 denotes the fruit-bag collection rate. 

Table 3  

Experimental design matrix and collection-rate results 

Run 

Factors Fruit-bag 

collection 

rate Y1/% 
Travel speed X1 

Inlet airflow 

velocity X2 

Helical-conveyor 

rotational speed X3 

1 1 1 0 74.8 

2 0 0 0 83.5 
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Run 

Factors Fruit-bag 

collection 

rate Y1/% 
Travel speed X1 

Inlet airflow 

velocity X2 

Helical-conveyor 

rotational speed X3 

3 0 0 0 82 

4 0 1 -1 78.1 

5 1 -1 0 72.7 

6 -1 -1 0 74.5 

7 -1 0 1 80 

8 0 -1 1 82.1 

9 0 -1 -1 78.9 

10 0 0 0 83.1 

11 -1 1 0 71 

12 1 0 1 78.5 

13 0 0 0 82.7 

14 0 0 0 83 

15 1 0 -1 75.2 

16 0 1 1 80.7 

17 -1 0 -1 78.4 

 
Multiple regression analysis was performed on the experimental data, and the analysis of variance 

(ANOVA) results are presented in Table 4. The overall regression model was highly significant (P < 0.05), 

whereas the lack of fit was not significant (P > 0.05), indicating that the model adequately described the 

experimental data. The terms X3, X1
2, and X2

2 had highly significant effects on the fruit-bag collection rate. 

According to the reported P-values, X1, X2, and the interaction term X1X2 also had significant effects, whereas 

the remaining terms were not significant. Based on the reported main-effect results, the factors were ranked 

in descending order of their influence on the collection rate, Y1, as follows: helical-conveyor rotational speed 

(X3), inlet airflow velocity (X2), and machine travel speed (X1). 
 

Table 4  

Analysis of variance for the regression model of fruit-bag collection rate 

Source  

Collection rate 

Sum of 

squares 
df 

Mean 

Square 
F-value P-value 

model 238.81 9 26.53 26.37 < 0.0001** 

X1 0.9112 1 0.9112 0.9055 0.037* 

X2 1.62 1 1.62 1.61 0.024* 

X3 14.31 1 14.31 14.22 0.007** 

X1X2 7.84 1 7.84 7.79 0.0269* 

X1X3 0.7225 1 0.7225 0.7179 0.4248 

X2X3 0.09 1 0.09 0.894 0.7736 

X1
2 140.06 1 140.06 139.17 < 0.0001** 

X2
2 62.17 1 62.17 61.77 < 0.0001** 

X3
2 3.66 1 3.66 3.64 0.0981 

Residual 7.04 7 1.01   

Lack of fit 5.79 3 1.93 6.17 0.0556 

Pure error 1.25 4 0.313   

Total 245.85 16    

Note: * Significant at (0.01≤P≤0.05); ** highly significant at (P<0.01). 

 

 

To provide a more intuitive representation of the interaction effects of the factors on the fruit-bag 

collection rate, the response surface was generated from the experimental results and the regression model, 

as shown in Fig. 11. When the machine travel speed was held constant, the collection rate first increased and 

then decreased as the inlet airflow velocity increased, reaching a maximum when the inlet airflow velocity 



Vol. 79, No. 2/ 2026  INMATEH - Agricultural Engineering 

 1454  

ranged from 15.2 to 15.8 m·s⁻¹. In addition, the collection rate reached its highest value when the machine 

travel speed ranged from 1.5 to 2.5 km·h⁻¹. 

 

 
Fig. 11 - Effects of travel speed and inlet airflow velocity on the fruit-bag collection rate 

 

Based on the ANOVA and response surface analyses, the regression equation for the fruit-bag 

collection rate, Y1, was obtained as follows: 
2 2

1 1 2 3 1 2 1 282.86 0.3375 0.45 1.34 1.4 5.77 3.84Y X X X X X X X= − − + + − −                  (13) 

Considering the operating requirements of the air-suction fruit-bag collection machine, Design-Expert 

was used to optimize Eq. (13). The optimal parameter combination was a machine travel speed of 1.895 

km·h⁻¹, an inlet airflow velocity of 15.509 m·s⁻¹, and a helical-conveyor rotational speed of 66.22 r·min⁻¹. Under 

these conditions, the model predicted a collection rate of 83.5%. 

 

 Experimental Results  

The optimized parameters were rounded to practical operating values of 2 km·h⁻¹ for machine travel 

speed, 15.5 m·s⁻¹ for inlet airflow velocity, and 66 r·min⁻¹ for helical-conveyor rotational speed. Ten orchard 

field-test runs were conducted under these conditions. The mean collection rate was 82.5%, and the relative 

error between the predicted and measured values was 1.21%. The close agreement between the two values 

confirmed the reliability of the optimization model. 

 

CONCLUSIONS 

This study systematically investigated the environmental pollution caused by discarded fruit bags in 

orchards and their potential for recovery. An air-suction fruit-bag collection machine was designed, simulated, 

manufactured, and experimentally validated. The main conclusions are as follows: 

(1) Based on the structural design and theoretical calculations, kinematic simulations of the helical 

conveyor were conducted using ADAMS, and airflow-field simulations of the settling chamber were performed 

using Fluent. The results showed that when the inlet airflow velocity ranged from 15 to 16 m·s⁻¹, the fruit bags 

could be effectively separated from the impurities and conveyed smoothly through the collection system. 

(2) A prototype was manufactured based on the theoretical calculations and simulation results, and 

orchard field tests were conducted. Design-Expert was used to determine the optimal operating parameters. 

Under the optimized conditions, the measured collection rate was 82.5%. The field-test results confirmed that 

the machine met the intended design requirements. 
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