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A B S T R A C T   

Since China possesses the vast territory and a large blueberry planting area, blueberry harvesting 
with hand is laborious and time consuming. As the blueberry planting agronomy in China is 
different from other countries, it is pretty significant to develop blueberry harvesting machinery 
applicable to the domestic planting agronomy to achieve mechanized harvesting of blueberries. In 
blueberry harvesting operation, the harvesting system as the core component of the machine is 
the key technology of the harvesting machinery. The previous study found that: in terms of 
harvesting machinery, most of the literature has studied the dynamic characteristics, while few 
articles have been published to study the transmission clearance. But the clearance collision force 
generated by the transmission clearance of the harvesting system directly affected the output load 
moment and harvesting force of the machine developed by acting on the plant, and then affected 
the picking efficiency and the quality of picked fruit. Therefore, this paper focuses on the study of 
the transmission clearance of the blueberry harvesting machine. Firstly, the MLSD modeling 
method was applied to establish the transmission clearance model of the harvesting device, and 
the corresponding mechanical analysis of the transmission clearance was carried out. Secondly, 
after programming in MATLAB software and simulation in ADAMS software, the correctness of 
the transmission clearance model of the harvesting device was verified in different environments. 
The multi-body dynamics analysis software ADAMS was used for building the transmission 
clearance model of the harvesting device and perform mechanical simulation to analyze the 
clearance collision force and the output load moment of the harvesting device. Pro/E, ADAMS 
and ANSYS software were integrated to establish the flexible body of blueberry plant. Then the 
flexible body was combined with the mechanical model of harvesting device for rigid-flexible 
coupling simulation analysis to study the fruit harvesting force under different transmission 
clearances. Finally, the orthogonal method was used to conduct field test on blueberry harvesting 
to study the influence of the transmission clearance on the quality of picked fruit and picking 
efficiency of the machinery. Therefore, the best combination of the transmission clearance of the 
harvester was obtained as follows: cam clearance (the clearance joints of cam) was 0.25 mm, the 
slider clearance was 0.2 mm, left connecting rod clearance pair was 0.1 mm, right connecting rod 
clearance pair was 0.2 mm; the field picking test was conducted to obtain the machine’s picking 
efficiency was 3.93 kg min− 1, the shedding rate of unripe fruit was 3.1 %, and the damage rate of 
picked fruit was 2.8 %. The research findings of this paper can offer referenced basis and theo-
retical support for berry harvesting machinery, and also can provide guidance for the design and 
improvement of other agricultural and forestry harvesting machinery.  
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1. Introduction 

Currently, blueberries on the market in China are mainly obtained by hand-picking, which forces farmers to seek new harvesting 
methods to improve picking efficiency due to the harvesting difficulties and low picking efficiency [1–3]. Foreign blueberry harvesting 
technology is well-developed and has been mechanized, while blueberry harvesting technology in China is still in the research stage 
[4–11]. After related research, it was found that in forest fruit harvesting operations based on the harvesting vibration mechanism, the 
transmission clearance of harvesting machinery generated cumulative error and affected the mechanical performance, reduced the 
system motion accuracy. Moreover, the transient impact generated by the transmission clearance exacerbated the friction wear be-
tween the components [12,13]. However, in order to achieve the predetermined motion trajectory, transmission clearance inevitably 
existed in the harvester. Therefore, how to set the value of the transmission clearance between the kinematic pair to ensure that the 
system can achieve the predetermined trajectory as required, decrease the cumulative error, reduce the friction loss of the components 
and maximize the machine performance becomes the core problem in the study of forest fruit harvesting machinery. 

In terms of transmission clearance, the form of motion and modeling methods of transmission clearance have been studied by 
domestic and foreign scholars limitedly [14–39]. Bauchau and Rodriguez performed kinematic and dynamical analysis of the clearance 
joint of a flexible multibody system [23]. Ming and Tien have studied the transmission performance of linkage mechanisms with joint 
clearance and have used the concept of equivalent virtual link to simulate actual mechanism with joint clearance [24]. Etesami et al. 
studied the slider-crank mechanism with transmission clearance, and used Pareto bi-objective genetic algorithm to optimize the 
transmission angle and realize dynamic balance of the mechanism so as to solve the problems of noise and abrasion caused by the 
existence of the clearance between the mechanism joints, and to improve the transmission quality appropriately [25]. Several people 
have taken the planar 4-bar mechanism as the object of study and optimized its design in order to reduce the undesirable vibrations 
caused by the existence of clearances in the mechanism [26,27]. Ji et al. analyzed chaotic motion states of crank rocker mechanisms 
with joint clearance [28]. Hayasaka and Okamoto researched the influence of hinge clearance on the mechanized properties of hinged 
truss structure [29]. Folkman et al. analyzed the influence of kinematic clearance on the damping of hinged space structure [30]. 
Dubowsky and Freudenstein considered the elastic deformation of the contact surfaces of the kinematic pair components, established 
the system dynamics equation and proposed clearance motion models for 1D impact pair, 1D impact bar and 2D impact ring [31]. 
Dubowsky and Gardner decomposed the relative motion state of the mechanism kinematic pair into three stages of 
separation-collision-contact and studied the system kinematic pair [32]. Furuhash et al. applied the continuous clearance model to 
study the 4-bar linkage mechanism and quantified the transmission clearance collision forces [33,34]. Wang et al. established a 
nonlinear spring-damping model conforming to the contact boundary conditions to describe the contact-collision process of the system 
clearance, and obtained the dynamics equation of the linkage mechanism with clearance and studied them [35]. Xiao et al. studied the 
nonlinear dynamics problem of the mechanism with clearance and used the perturbation method to analyze the system clearance 
motion [36]. 

The above study analyzed the system transmission clearance motion form and modeling methods. Checking relevant literature 
obtained that, in the light of harvesting machinery, most of the literature have studied the dynamics characteristics and analyzed the 
interaction force between the agricultural machinery and the fruit, while few articles have been published to study the transmission 
clearance [40–43]. But the clearance collision force generated by the transmission clearance directly affected the machine harvesting 
system (the output load moment and blueberry fruit harvesting force), and then affected the picking efficiency and the quality of the 
picked fruit. In this paper, MLSD modeling method was applied to analyze the transmission clearance of blueberry harvesting ma-
chinery system and established the elastic-damping model of transmission without clearance. The mechanical analysis on the trans-
mission clearance of the harvesting system was conducted to analyze the effect of the transmission clearance of the harvesting device 
on the related fruit harvesting force. Then, the testing research of the transmission clearance of the harvesting system on the picking 
efficiency and the quality of the picked fruit was implemented, which laid the theoretical grounding for the design of blueberry 
harvesting machinery and accelerated the mechanization process of domestic blueberry harvest. In addition, the research findings of 
this paper can offer referenced basis and theoretical support for berry harvesting machinery, and also can provide guidance for 
development and improvement of other agricultural and forestry harvesting machinery. 

2. Materials and methods 

2.1. Research overview 

In this paper, domestic and foreign research findings were referred to study the transmission clearance of blueberry harvesting 
device. The Massless Rod-Spring-Damping model (MLSD model) transformed the mechanical structure into a dynamic model con-
sisting of a massless rod (representing the clearance stiffness), a spring (representing the clearance elasticity), and a damper (repre-
senting the damping properties of the clearance), which made the model easy to understand and analyze. And the parameters can be 
adjusted to suit different clearance characteristics. Then the clearance model was established by using the MLSD method, and the 
kinematic and dynamics analysis were carried out to study the vibration response of blueberry plants after manual pruning under the 
action of the harvesting device. Finally, the clearance equation of the device and the blueberry plant vibration equation under the 
action of the blueberry harvesting machinery were obtained as shown in Table 1. 

After consulting the literature, it is found that MATLAB software (MATLAB 9.5, R2018b, September 2018, MathWorks, U.S.) is a 
scientific calculation software, which has been used by a wide range of scholars to perform theoretical analysis in-depth in their 
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respective fields with good results. Since this software fits well with the research content of this paper, MATLAB software is used in this 
paper for mechanical analysis of the transmission clearance of the harvesting device. 

In this paper, ADAMS software (ADAMS 2020, February 2020, Mechanical Dynamics Inc, U.S.) was used to research the clearance 
collision process under machine working conditions. The reason for this is that ADAMS software is a multi-body dynamics analysis 
software, which is mainly applied for analyzing the interaction forces between objects, and the software functions are in conjunction 
with the study content of this article, and the analysis results obtained from this software have certain reference value. Therefore, 
ADAMS software is used in this paper to study the clearance collision force of the transmission device of the harvesting machinery and 
the fruit harvesting force under the clearance collision force, and the simulation results under ADAMS software are compared and 
analyzed with that under MATLAB software. However, the use of the two aforementioned software inevitably will produce some 
deviations with the practical results when performing the simulation analysis, which is the boundedness of this research. 

The flow chart of this paper is shown in Fig. 1. Firstly, working principle and machine structure of the blueberry harvesting ma-
chinery were analyzed, and the mechanical structure of the transmission clearance of the harvesting device was studied, then the 
corresponding mechanical model was established. 

Secondly, the harvesting device transmission clearance model was simulated and analyzed in two different software programs, 
MATLAB and ADAMS, respectively. And the obtained collision force was compared with the transmission clearance parameters and 
values set in Table 2 and Table 3. The flexible body model (blueberry plant after manual pruning) was established by integrating Pro/E 
(WildFire 5.0, September 2009, Parametric Technology Corporation, U.S.), ANSYS (ANSYS Workbench 2019 R2, June 2019, ANSYS 
corporation, U.S.), ADAMS software and relevant mechanical parameters of the branch, and the rigid body model of the machine was 
established based on Table 4. 

Thirdly, based on Equations (14)–(17), the rigid-flexible coupling connection settings were made for these two models, and the fruit 
harvesting force under the action of different clearances was analyzed in ADAMS software. Then the fruit harvesting force, picking 
efficiency and the quality of picked fruit under different clearances were researched through field picking test. Finally, the combination 
of transmission clearance of the harvesting device that can achieve the best picking efficiency was obtained comprehensively. 

2.2. Analysis of the structure and the transmission clearance of the harvester 

2.2.1. Working principle and structure of the harvester 
The working principle diagram of the harvester was shown in Fig. 2, the harvester was mainly composed of components such as the 

gathering device of the plant, the walking system, the gantry frame, driven device of the harvesting system, the transmission device of 
the harvesting system and the end-execution elements (combs). 

When the blueberry harvesting machine was taking the harvesting operation, the harvesting machine rid the ridge operation 
forward; the blueberry plant after manual pruning was gathered into the gantry frame of the machine through the gathering device; 
and the driven device of the harvesting system drove the combs on both sides to oscillate reciprocally left and right by the transmission 
device, then the blueberry plant passing the gantry frame was struck to form vibration to remove the fruit above the branches and 
realize the mechanical harvesting of blueberry. 

Among them, the gantry frame was welded with angle iron; the combs were the end-execution elements of the harvesting system. 
The main role of the driven device of the harvesting system was to reduce the rotational speed of the driven elements and oscillating 
frequency of the combs, increase the output moment of the driven elements, change the direction of rotation. The main role of the 
transmission device was to change the form of movement of the driven device and convert the rotation motion of the driven elements 
into reciprocating oscillation of the combs of the harvester. 

The structure diagram of the harvesting system of the harvester is shown in Fig. 3, which consists of three parts: drive device 
(composed of engine, mechanical continuously variable transmission, conveyor, worm reducer), transmission device (composed of 
groove cam, cam roller, push rod, linear bearing, guided block, push rod connector, slider roller, slider, rocker, connecting rod shaft, 

Table 1 
Summary table of theoretical equations related to the harvesting collision of blueberry fruit.  

Sequence number Description of the equation 

1 Closing vector expression of transmission clearance function in the blueberry harvesting device 
2 Expression for cam transmission device 
3 Expression for the azimuth of the transmission clearance of the transmission pair on the push rod-left comb 
4 Expression for the function of the clearance collision force on the cam transmission device 
5 Expression for the function of the clearance collision force on the double-rocker transmission device 
6 MLSD model function equation for the transmission clearance of the harvesting device 
7 Moment equation for the rotational center of the grooved cam 
8 Equation for the force analysis of the push rod 
9 Equation for the equilibrant moment of combs on both sides 
10 Equation for the force analysis of the connecting rod 
11 Geometric model of blueberry plants 
12 Mechanical model of blueberry plants under the action of comb torque 
13 Expressions for the vibration output response of blueberry plants 
14 Expression for blueberry fruit harvesting force 
15 Expression for blueberry fruit harvesting conditions  
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connecting rod, combs’ shaft) and combs. 
The working principle of the specific harvesting system was shown below: engine, as the output impetus of the driven element of 

the harvesting system, adjusted the speed through the mechanical continuously variable transmission speed, and drove the worm 
reducer to rotate through the belt drive; the engine drove the groove cam to rotate, while changing the transmission direction to 
increase the output torque of the system, so that the cam roller slid along the cam groove at the same time to drive the push rod 
movement; the push rod drove the push rod connector and the slider roller in a linear reciprocating motion under the joint guidance of 
the linear bearing and guided block; slider roller reciprocated in the groove of the slider through the rocker and the connecting rod to 
drive the combs on both sides around the combs shaft, while doing reciprocating linear motion, and the blueberry plant passing the 
combs was struck to realize the fruit mechanical harvesting. 

2.2.2. Analysis on key components of the harvester 
After analyzing the structure diagram of the harvesting system (Fig. 3), the principle diagram of the harvesting system can be 

obtained, as shown in Fig. 4. The analysis of Fig. 4 shows that the harvesting system is mainly composed of a groove cam mechanism 
and a double-rocker mechanism. 

In Fig. 4, the base circle radius of the cam is set as r0, the stroke is set as h and the eccentricity is set as e. The cam rotates clockwise at 
an angular speed ω. According to the cam rise angle δ0, far angle of repose δ01, motion angle for return travel δ́0 and near angle of 
repose δ02, the displacement curve of the push rod can be divided into push stage, distal resting stage, return stage and near resting 
stage,. And the analysis diagram of the can transmission mechanism is obtained, which can be shown in Fig. 5. In Fig. 5, s(ϕ) is the 
motion curve of the cam mechanism that determines the motion law of the push rod; the cam curve. s(ϕ) includes polynomial curve and 
trigonometric function curve. Because the quintic polynomial curve has no rigid impact and flexible impact in the process of move-
ment, and the NC milling process is easy to ensure the cam profile. Then, the quintic polynomial curve is adopted as the motion curve of 
the cam mechanism. 

According to the start and stop boundary conditions of cam push and return stage as well as the cam design parameters, the six 
element-first order equation was established and the undetermined coefficients of the quintic polynomial curve of cam were solved. 
The motion curve of the cam mechanism s(ϕ) is obtained, which can be expressed as: 

Fig. 1. Flow chart of the whole study.  
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Table 2 
Summary table of the parameters of the harvesting drive.  

Sequence number Parameter Parameter name Units Numerical value Reference Note 

1 m2 Mass of push rod (kg) 1.615   
2 m3 Mass of the left comb (kg) 8.384   
3 m4 Mass of the connecting rod (kg) 0.949   
4 m5 Mass of the right comb (kg) 8.066   
5 lAB Length of the push rod (mm) 626   
6 lBʹD Length of the rocker (mm) 145   
7 lCʹD Length of the rocker of the left comb (mm) 90   
8 lCF Length of the connecting rod (mm) 310   
9 lFʹE Length of the rocker of the right comb (mm) 90   
10 lDE Distance between the left and right side of the comb shaft (mm) 340   
11 n1 Rotational speed of the camshaft (r min− 1) 120  ω1 =

πn1

30 
12 μ2 Friction coefficient between push rod and linear bearing  0.05 

44–46  
13 μ3 Friction coefficient between combs and branch  0.05 

44–46  
14 δ1 Transmission clearance of cam pair (mm) 0.5   
15 δ2 Transmission clearance of slider pair (mm) 0.3   
16 δ3 Transmission clearance of left connecting rod clearance pair (mm) 0.12   
17 δ4 Transmission clearance of right connecting rod clearance pair (mm) 0.12   
18 Kc Equivalent stiffness coefficient (N m− 1) 5.75 × 106 

44,45, 

47–49  
19 Cc Equivalent damping coefficient (N s m− 1) 0.175 

44,45, 

47–49  
20 l Length of the blueberry branch (m) 0.4   
21 d0 Diameter of the root of the branch (m) 1.5 × 10− 2   

22 dm Diameter of the end of the branch (m) 0.8 × 10− 2    

Table 3 
Transmission clearance value table of the harvesting device in MATLAB.  

Sequence 
number 

Transmission clearance of 
cam pair A/(mm) 

Transmission clearance of 
slider pair B/(mm) 

Transmission clearance of 
connecting rod pair C/(mm) 

Transmission clearance of 
connecting rod pair F/(mm) 

1 0.3 0 0 0 
2 0 0.5 0 0 
3 0 0 0.12 0 
4 0 0 0 0.18  

Table 4 
Connection relationship of each component.  

Sequence number Name Connecting Component 1 Connecting Component 2 

1 Fixed pair Gantry frame Ground 
2 Fixed pair Driven elements Gantry frame 
3 Revolute pair Groove cam Driven elements 
4 Point curve joint Groove cam Cam roller 
5 Fixed pair Cam roller Push rod 
6 Revolute pair Push rod Harvester frame 
7 Fixed pair Slider rod Push rod 
8 Point curve joint Slider Slider roller 
9 Fixed pair Left comb Slider 
10 Revolute pair Gantry frame Left comb 
11 Revolute pair Left comb Connecting rod 
12 Revolute pair Connecting rod Right comb 
13 Revolute pair Right comb Gantry frame  
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Fig. 2. The working principle diagram of the harvester. 1. Blueberry plant 2. Gathering device 3. Walking system 4. Harvesting device 5. Driven 
device 6. combs 7. Gantry frame. 

Fig. 3. The structure diagram of the harvesting system. 1. Guided block 2. Mechanical continuously variable transmission 3. Linear bearing 4. 
Conveyor 5. Worm reducer 6. Engine 7. Cam roller 8. Groove cam 9. Push rod 10. Slider 11. Push rod connector 12. Slider roller 13. combs 14. 
Connecting rod 15. Connecting rod shaft 16. Rocker 17. combs shaft. 

Fig. 4. The principle diagram of the harvesting system. 1. Groove cam 2. Push rod 3. Left comb 4. Connecting rod 5. Right comb.  
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sA(ϕ)=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

10h
δ3

0
ϕ3 −

15h
δ4

0
ϕ4 +

6h
δ5

0
ϕ5 ϕ ∈

(

0, δ0]

h ϕ ∈ (δ0, (δ0 + δ01)]

10h
δ3

0
(ψ − ϕ)3

−
15h
δ4

0
(ψ − ϕ)4

+
6h
δ5

0
(ψ − ϕ)5 ϕ ∈

(

(δ0 + δ01),
(
δ0 + δ01 + δʹ

0
)]

0 ϕ ∈
( (

δ0 + δ01 + δʹ
0
)
, 2π
]

(1)  

where, h is the can stroke (m); ϕ is the cam angle (rad); δ0 is the cam rise angle (rad); δ́0 is the motion angle for return travel (rad); δ01 is 
the far angle of repose (rad); δ02 is the near angle of repose (rad); ψ is constant, the expression of which is: ψ = 2π + 2δ0 + δ01 (rad); 
s(ϕ) is the displacement curve of the push rod angle (rad). 

According to the curve motion curve of the cam mechanism s(ϕ), the groove cam profile curve can be expressed as: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

x(ϕ) = [s0 + sA(ϕ)] ⋅ cos ϕ − e ⋅ sin ϕ + krr
[s0 + sA(ϕ)]cos ϕ − e sin ϕ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[s0 + s(t)]2 + e2
√

y(ϕ) = [s0 + sA(ϕ)] ⋅ sin ϕ + e ⋅ cos ϕ − krr
[s0 + sA(ϕ)]sin ϕ + e cos ϕ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[s0 + sA(ϕ)]2 + e2
√

(2)  

where, x is horizontal coordinate of the groove cam profile curve (m); y is longitudinal coordinate of the groove cam profile curve (m); 
e is the cam eccentricity distance (m); r0 is the base circle radius of the cam (m); s0 is the x-direction distance between the end of the 

push rod A and the cam center O, when the push rod is in the near rest stage, which can be expressed as: s0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
0 − e2

√

(m); rr is the cam 
roll radius, r = 0 corresponds groove cam theoretical profile curve, (m); k is the factor of the groove cam profile curve, k = − 1 cor-
responds groove cam inner profile curve, k = − 1 corresponds groove cam outer profile curve, (m). 

The double rocker transmission mechanism in Fig. 5 was analyzed. According to the established cam motion curve, it can be 
obtained that the swing Angle of the finger bank on both sides of the double rocker mechanism can be expressed as: 

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

θD = cot− 1

⎡

⎣
s(t) + lAB +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
0 −

(
yB − yO

)2
√

− xD

yB − yD

⎤

⎦

θE = cos− 1l2DE + l2CE − l2DC
2lDElCE

+ cos− 1l2CD + l2CE − l2CF
2lCDlCE

(3)  

where, x is horizontal coordinate of the groove cam profile curve (m); y is longitudinal coordinate of the groove cam profile curve (m); 
θD is the rotation angle of the left comb around the rotation center D at any time t (rad); θE is the rotation angle of the right comb 
around the rotation center E at any time t (rad); s(t) is the time displacement curve of the push rod, which can be expressed as: s(t) =

sA(ωt − 2πn), and n ∈ {0,N+}, (ωt − 2πn) ∈ (0, 2π] (m); yB is the coordinate of the B of the push rod on the y-axis (m); yO is the cam 
rotation center O on the y-axis (m); xD is the coordinate of the rotation center of the left comb D on the x-axis (m); yD is the coordinate of 
the rotation center of the left comb D on the y-axis (m); lCF is the length of the connecting rod CF (m); lDE is the distance between the two 
points D and E in the comb center on left and right sides (m); lDC is the distance between the two points D and C in the left comb (m); lCE 
is the distance between the point C in the connecting rod and the rotation center E in the right comb (m). 

2.2.3. Analysis on the transmission clearance of the harvesting system 
During the operation process of the fruit harvesting machinery, since the transmission clearance existed in each kinematic pair of 

Fig. 5. Analysis diagram of the cam transmission mechanism.  
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the harvesting device inevitably, and produced the corresponding clearance collision force, which affected the output torque and the 
harvesting collision force of the combs, then affected the picked fruit’s quality and the picking efficiency (as shown in Fig. 6). 

For this reason, this paper mainly analyzed the transmission clearance of the harvesting machinery and carried out picking test to 
study the influence of the collision force generated by the transmission clearance of the machine on the picked fruit’s quality and 
picking efficiency. 

The mechanical structure diagram of the transmission clearance of the harvester was shown in Fig. 7. From the figure, it can be 
obtained that there are four clearances that will cause the kinematic error of the transmission parts of the harvesting system and thus 
affect the kinematic and dynamic characteristics of the combs on both sides: the transmission clearance pair of groove cam I, the 
transmission clearance pair II between the push rod and the left comb, the transmission clearance pair III between the connecting rod 
and the hinge point of the left comb, the transmission clearance pair IV between the connecting rod and the hinge point of the right 
comb. 

The mechanical structure of the clearance of the gearing system of the harvester is obtained by enlarging the mechanical structure 
of the four clearances in the partial view of Fig. 7, the analysis of which can be found that: when the harvester works, the cam roller 
rolls along the cam path of the groove cam, and it is concluded that both the groove cam and the cam roller are the main elements of the 
transmission clearance of the cam pair, which are abbreviated as the cam clearance pair A; the push rod is driven by the push rod 
connector to drive the push rod roller in the slider groove for reciprocating motion, and it is concluded that the push rod roller and the 
slider are the main elements that constitute the transmission clearance pair of the left comb of the push rod, which are abbreviated as 
the slider clearance pair B; the left comb pivots around the left comb shaft, and drives the connecting rod to move by the left rod 
bearing assembly at C in the left side of the left comb, thus it is concluded that the left rod shaft of the connecting rod is the main 
element that constitutes the transmission clearance of the left comb, which is abbreviated as the connecting rod clearance pair C; 
similarly, it is found that the connecting rod drives the right comb to pivot around the right comb shaft by the right rod bearing as-
sembly at F, thus it is concluded that the right rod shaft is the main element that constitutes the transmission clearance of the con-
necting rod pair of the right comb, which is abbreviated as the connecting rod clearance pair F; since the cam clearance pair and slider 
clearance pair are both elements moving in the groove, they can be classified as point-line transmission clearance pair; the connecting 
rod clearance pair C and connecting rod clearance pair F are shaft bore transmission clearance matching, which can be classified as 
shaft bore transmission clearance pair. In other words, there are two main types (four pairs) of transmission clearance pair that affect 
the dynamic characteristics of the harvesting device. 

Fig. 6. Effect analysis diagram on the transmission clearance of the harvesting device.  
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2.3. Modeling on the transmission clearance of harvesting device 

Since the transmission clearance of the above-mentioned kinematic pair in Fig. 7 was very small, the time of collision and sepa-
ration between the transmission elements was extremely short. In order to reasonably carry out the analysis and simplify the calcu-
lation, the MLSD modeling and analysis method was used to obtain the kinematic model of the transmission clearance of the harvesting 
device as shown in Fig. 8. From this figure, the transmission clearance between each kinematic pair of the harvesting device was 
equated as a massless rod whose length varied with time. 

Taking the cam rotation center as the origin of coordinates, a rectangular coordinate system was established, which was shown in 
Fig. 8. According to this figure, the transmission device constituted a closed vector from ́ʹO→A’→A→B’→B→D→Oʹ́ , and a closed vector 
from ́ D́→C’→C→F→F’→E→Dʹ́ . The following closed vector equations were obtained by the "Complex Vector Method". 

{
lOAʹejθO + rAejβA + lABejθAB + rBejβB + lBʹDejθD = 0

lCʹDejθD + rCejβC + lCFejθCF + rFejβF + lFʹEejθE + lDEejθDE = 0 (4)  

Fig. 7. Mechanical structure diagram on the transmission clearance of the harvesting device. 1. Gantry frame 2. Driven elements 3. Right comb 4. 
Walking system 5. Groove cam 6. Cam roller 7. Push rod 8. Linear bearing bracket 9. Left comb shaft 10. Push rod connector 11. Slider roller 12. 
Slider 13. Bearing assembly on right side of connecting rod 14. Connecting rod 15. Right side of connecting rod shaft 16. Right comb bearing bracket 
17. Right comb shaft 18. Left comb shaft 19. Left comb shaft 20. Left side of connecting rod shaft 21. Bearing assembly on left side of connecting rod 
22. Left comb. 

Fig. 8. Kinematic model on transmission clearance of harvesting device.  
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where, lOAʹ is the distance between the cam rotation center O and the collision point Aʹ in the cam, which can be expressed as: lOAʹ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[

s(t) +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
0 −

(
yA − rA sin βA − yO

)2
√ ]2

+
(
yA − rA sin βA − yO

)2

√

(m); lAB is the distance between the point A and B in the push rod 

(m); lBʹD is the distance between the rotation center D of the left comb and the collision point Bʹ of the push rod (m); lCʹD is the distance 
between the center of the left comb D and the collision point Cʹ of the left comb (m); θO is the rotation angle of the cam around the 
rotation center (rad); θAB is the angle between the push rod AB and the X-Axis (rad); rA is the transmission clearance of the cam pair 
(m); rB is the transmission clearance of the slider pair (m); βA is the azimuth of the transmission clearance rA, in other words, the angle 
between the transmission clearance of the cam pair r1 and the x-Axis (rad); βB is the azimuth of the transmission clearance rB, in other 
words, the angle between the transmission clearance of the slider pair rB and the X-Axis (rad); lCʹD is the distance between the left comb 
center D and the collision point Cʹ in the left comb (m); lFʹE is the distance between right comb center E and the collision point of the 
right comb Fʹ (m); θ4 is the angle between the connecting rod CF and the x-Axis (rad); θDE is the angle between the line connecting the 
comb center on left and right sides and the x-Axis (rad), θDE = 0 (rad); r3 is the transmission clearance at the hinge point of the 
connecting rod pair C (m); r4 is the transmission clearance at the hinge point of the connecting rod pair F (m); β3 is the azimuth of the 
transmission clearance r3, in other words, the angle between the transmission clearance r3 at the hinge point of the connecting rod pair 
C and the x-Axis (rad); β4 is the azimuth of the transmission clearance r4, in other words, the angle between the transmission clearance 
variable r4 at the hinge point of the connecting rod pair F and the x-Axis (rad). 

The expression for the azimuth of the transmission clearance of the push rod-left comb transmission pair βB is as follows: 

βB = β0
B + ωBt + aBt2 (5)  

where, β0
B is the initial azimuth of the transmission clearance rB, when t = 0, β0

B = βB|t=0 (rad); ωB is the undetermined coefficient of the 
azimuth βB of the transmission clearance rB, ωB ≈ β̇B (rad s− 1); aB is the undetermined coefficient of the azimuth βB of the transmission 
clearance rB, aB ≈ 0 (rad s− 2). 

Due to the low harvesting frequency when the harvester was working, it was obtained that: r̈A ≈ 0 r̈A ≈ 0, r̈B ≈ 0, r̈C ≈ 0, r̈D ≈ 0, 
aB ≈ 0. A review of the relevant literature showed that the azimuth of the kinematic forces of the kinematic pair of the mechanism with 
clearance were approximately the same as those of the kinematic pair of the mechanism without clearance [50–52]. 

And Equation (4) were expanded to the two coordinate axes to solve the first-order derivative and second-order derivative. 
Equation (5) were substituted into the first-order derivative to obtain the kinematic characteristics of the cam transmission device and 
the double-rocker transmission device by simplification. 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

ṡ(t) + ṙA cos β0
A + ṙB cos

(
β0

B + ωBt
)
− rBωB sin

(
β0

B + ωBt
)
+ lBʹDθ̇D ⋅ sin θD = 0

lOAʹω1 ⋅ cosθO + ṙA sin β0
A + ṙB sin

(
β0

B + ωBt
)
+ rBωB cos

(
β0

B + ωBt
)
− lBʹDθ̇D ⋅ cos θD = 0

s̈(t) − 2ṙBωB sin
(
β0

B + ωBt
)
− rBω2

B cos
(
β0

B + ωBt
)
+ lBʹDθ̈D ⋅ sin θD + lBʹDθ̇

2
D ⋅ cos θD = 0

2ṙBωB cos
(
β0

B + ωBt
)
− lOʹAω1 ⋅ sin θO − rBω2

B sin
(
β0

B + ωBt
)
− lBʹDθ̈D ⋅ cos θD + lBʹDθ̇

2
D ⋅ sin θD = 0

(6)  

Fig. 9. Dynamics model of the transmission clearance of the harvesting device. 1. Groove cam 2. Push rod 3. Left comb 4. Connecting rod 5. 
Right comb. 
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

− lCʹDθ̇D sin θD + ṙC cos βC − lCF θ̇F sin θF + ṙF cos βF + lFʹEθ̇E sin θE = 0
lCʹDθ̇D cos θD + ṙC sin βC + lCF θ̇F sin θF + ṙF sin βF + lFʹEθ̇E cos θE = 0

lCʹDθ̈D sin θD + lCʹDθ̇
2
D cos θD + lCF θ̈F sin θF + lCF θ̇

2
F cos θF − lFʹEθ̈E sin θE − lFʹEθ̇

2
E cos θE = 0

⎡

⎢
⎣

lCʹDθ̈D cos θD − lCʹDθ̇
2
D ⋅ sin θD + lCF θ̈F cos θF − lCF θ̇

2
F ⋅ sin θF

+lFʹEθ̈E cos θE − lFʹEθ̇
2
E sin θE

⎤

⎥
⎦ = 0

(7)  

where, ωO is the rotational speed of the cam (rad s− 1); ṡ(t) is the velocity of the push rod at any time t (m s− 1); s̈(t) is the acceleration of 
the push rod at any time t (m s− 2); θF is the angle between the connecting rod CF and x-Axis (rad). 

In order to analyze the clearance collision force between each clearance pair, the transmission clearance dynamics model of the 
harvesting device was obtained according to Fig. 6 (Analysis diagram on the transmission clearance of the harvesting device) and 
MLSD modeling method as shown in Fig. 9. 

From this figure, it can be found that the cam clearance pair A, slider clearance pair B, connecting rod clearance pair C and 
connecting rod clearance pair F are simplified to the combined spring-damping model, with the stiffness of the elastic element being Ki, 
and the damping coefficient being Ci. Thus, the forces acting on the transmission clearance can be expressed as: 

{
|Fí i| = Ki ⋅ ri(t) + Ci ⋅ ṙi(t)

F→í i = [cos βi(t)] x
→

+ [sin βi(t)] y→
(8)  

where, Fí i is the collision force vector of the transmission clearance of the kinematic pair (N); F→í i is the collision force direction vector 
of the transmission clearance of the kinematic pair (N); ri(t) is the transmission clearance variable of the kinematic pair at any time t 
(m); βi(t) is the angle between the transmission clearance variable of the kinematic pair ri(t) and x-Axis at any time t (rad); Ki is the 
equivalent stiffness coefficient of the transmission clearance of the kinematic pair (N m− 1); Ci is the equivalent damping coefficient of 
the transmission clearance of the kinematic pair (N s m− 1); note: the subscript i in the equation above is the each kinematic pair, i = A,
B,C,F. 

To facilitate the analysis, the dynamical model of the transmission clearance of the harvesting device shown in Fig. 9 was 
decomposed into the dynamical model of the transmission clearance of the groove cam (shown in Fig. 10) and the dynamical model of 
the transmission clearance of the double-rocker (shown in Fig. 11). 

As shown in Fig. 10, after analyzing the groove cam transmission clearance mechanical model with point O as the force analysis 
point, it can be obtained that: 

∑n

i=1
MiO = FAAʹ cos βA ⋅

(
yA − rA sin β0

A − yO
)
− M(t) − FAAʹ sin βA ⋅

[

s(t)+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
0 −

(
yA − rA sin β0

A − yO
)2

√ ]

+ JO ⋅ ϕ̈1(t)=0 (9)  

where, MiO is the moment of the active force i on the collision point O of the groove cam (N m); FAAʹ is the collision force of the cam 
clearance pair (N); M(t) is the driven moment of the cam clearance pair (N m); JO is the moment of inertia of the groove cam about 
point O, JO = 0.0176 (kg m2). 

Taking the push rod as the object of study, the force analysis on the push rod can be obtained as follows: 

Fig. 10. Dynamical model of the transmission clearance of the groove cam. 1. Groove cam 2. Push rod 3. Left comb.  
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⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∑n

i=1
Fix = FAʹA cos βA − FG sin ϕ2 − FH sin ϕ1 − Fʹ

BBʹ cos βB = m2 ⋅ s̈(t)

∑n

i=1
Fiy = FAʹA sin βA + FG cos ϕ2 − FH cos ϕ1 − Fʹ

BʹB sin βB = 0

∑n

i=1
MiB =

[
− FAʹA sin βA ⋅ lAB ⋅ cos θAB − FG cos ϕ2 ⋅ (lGH + lHB) ⋅ cos θAB + FH cos ϕ1 ⋅ lHB ⋅ cos θAB

+FAʹA ⋅ cos βA ⋅ sin θAB ⋅ lAB − FG ⋅ sin ϕ2 ⋅ sin θAB(lGH + lHB) + FH ⋅ sin ϕ1 ⋅ sin θAB ⋅ lHB

]

= 0

(10)  

where, MiB is the moment of the active force i on the collision point B of the push rod (N m); FBBʹ is the clearance collision force of the 
slider pair (N); ϕ2 is the friction angle between the push rod and the linear bearing, ϕ2 = arctan μ2 (μ2 is the corresponding friction 
coefficient between the push rod and the linear bearing)(rad); FG is the force of the linear bearing on the push rod at the point G (N); FH 
is the force of the linear bearing on the push rod at the point H (N); m2 is the mass of the push rod (kg); lGH is the length between the two 
points G and H on the push rod AB (m); lHB is the length between the two points H and B on the push rod AB (m). 

As shown in Fig. 11, for the double-rocker transmission mechanism: the torque of the left comb around point D is zero, and the 
torque of the right comb to point E is zero. Then it can be obtained: 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∑n

i=1
MiD = − FBBʹ sin(θD − βB) ⋅ lBʹD + FCCʹ sin(θD − βC) ⋅ lCʹD + cos(θD − ϕ3) ⋅ Tl(t)|z=zl

− m3l23 ⋅ θ̈D +
m3l23

3
θ̈D = 0

∑n

i=1
MiE = FFFʹ ⋅ cos(βF − θE) ⋅ lFʹE + sin(θE − ϕ3) ⋅ Tr(t)|z=zr

+ m5l25 ⋅ θ̈E −
m5l25

3
θ̈E = 0

(11)  

where, MiD is the moment of the active force i on the collision point D of the left comb (N m); MiE is the moment of the active force i on 
the collision point E of the right comb (N m); θ̈D is the pendulum angular speed of the left comb (rad s− 2); θ̈E is the pendulum angular 
speed of the left comb (rad s− 2); m3 is the mass of the left comb (kg); m5 is the mass of the right comb (kg); zr is the position coordinate 
on the branch where the branch intersects with the right comb (m); zl is the position coordinate on the branch where the branch 
intersects with the left comb (m); Tl(t) is the load torque of the left comb j ∈ {r, l} (N m); Tr(t) is the load torque of the right comb j ∈
{r, l} (N m); l3 is the length of the left comb (m); l5 is the length of the right comb (m). 

Taking the connecting rod as the object of study, the force analysis on the connecting rod CF can be obtained as follows: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑n

i=1
Fix = FCCʹ cos βC + FFFʹ cos βF = m4 ⋅ a4x = 0

∑n

i=1
MiCF =

⎡

⎢
⎢
⎢
⎢
⎣

(FCCʹ cos βC − FFFʹ cos βF) ⋅
l4
2

sin θ4 + FCCʹ sin βC ⋅
l4
2

cos θ4

− FFFʹ sin βF ⋅
l4
2

cos θ4 +
m4l24
12

θ̈CF

⎤

⎥
⎥
⎥
⎥
⎦
= 0

∑n

i=1
Fiy = FCCʹ sin βC + FFFʹ sin βF = m4 ⋅ a4y = 0

(12)  

where, MiCF is the moment of the active force i on the connecting rod CF (N m); FCCʹ is the transmission clearance collision force at the 
hinge point of the connecting rod pair C (N); FFFʹ is the transmission clearance collision force at the hinge point of the connecting rod 

Fig. 11. Dynamical model of the transmission clearance of the double-rocker. 3. Left comb 4. Connecting rod 5. Right comb.  
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pair F (N); θ4 is the angle between the connecting rod and the X-Axis (rad); a4x is the acceleration component of connecting rod in the 
X-Axis direction (m s− 2); a4y is the acceleration component of connecting rod in the Y-Axis direction (m s− 2); ϕ3 is the friction angle 
between the left and right combs subjected to load force P(t), ϕ3 = arctan μ3 (μ3 is the corresponding friction coefficient between the 
combs and blueberry plant)(rad); m4 is the mass of the connecting rod (kg); l4 is the length of the connecting rod (m). 

Using θD, θ̇D, ̈θD, rA, ṙA, rB, ṙB, ω2, FG and FH as the unknowns, a one-dimensional unknown column vector X was obtained. To solve 
for the column vector X, Equations (5) and (6), (9) and (10) were combined and simplified to obtain the nonhomogeneous linear 
equation of the cam transmission device. The coefficient matrix of equations is a 10 × 10 non-singular square matrix. 

Using θE, θ̇E, ̈θE, θ4, θ̇4, ̈θ4, rC, ṙC, rF, ṙF, Tl(t) and Tr(t) as the unknowns, a one-dimensional unknown column vector Y was obtained. 
To solve for the column vector Y, Equations ((5), (7), (11) and (12) were combined and simplified to obtain the nonhomogeneous 
linear equation of the double-rocker transmission device. The coefficient matrix of equations is a 11 × 11 non-singular square matrix. 

Since both the cam transmission device and the double-rocker transmission device were the nonhomogeneous linear equations, the 
corresponding unknown column vectors X and Y were able to be solved. After solving for each transmission clearance of the harvesting 
device and the azimuth of each transmission clearance, the clearance collision force of each transmission pair and the load moment of 
the comb acting on the blueberry branch were calculated and obtained using Equation (8) and the MLSD model. 

Based on the fact that the radius of a blueberry branch (from the root to the end) gradually changes decreasingly as the length of the 
branch increases, the variation coefficient of the cross-section of the blueberry branch α is obtained and expressed as: 

α=
d0 − dm

d0
(13)  

where, α is the variation coefficient of the cross-section of the blueberry branch; d0 is the diameter of the bottom position of the 
blueberry branch, z = 0 (m); dm is the diameter of the end position of the blueberry branch, z = l (m). 

The length of the blueberry branch is assumed to be l, and the position of the blueberry branch is represented by the variable z. 
According to the Eulerian theory of material mechanics, the vibration equation of the blueberry branch under the action of the comb’s 
load moment Tl(t) and Tr(t) can be expressed as: 

∂2

∂2z

[

EI(z)
∂2f(z, t)

∂2z

]

+ ρA(z)
∂2f(z, t)

∂2t
=

Tj(t)|z=zj

lj
(14)  

where, z is the coordinate of any section of the blueberry branch on the Z-Axis, z ∈ [0, l] (m); I(z) is the moment of inertia on the any 
section of the blueberry branch z (m4); E is the elastic modulus of the plant (N m− 1); ρ is the density of the blueberry plant (kg m− 3); 
A(z) is the sectional area of any section of the branch z (m2); zj is the position coordinate of the intersection between the branch and the 
comb on the branch, j ∈ {r, l} (m); lj is the position of the intersection between the branch and the comb on the comb, j ∈ {r, l} (N m); 
Tj(t) is the load torque of the left and right combs, j ∈ {r, l} (N m). 

Since Equation (14) is a partial differential equation, the Bessel function is used as the kernel function, and Equation (14) is solved 
by Duhamel integral. Then, the dominant mode, regular mode, vibration weight function, vibration output response and fruit har-
vesting force of the blueberry branch are obtained and can be expressed as: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f ∗(ε, t) =
∑r

k=1
F∗

k(ε) ⋅ Ω∗
k(t)

Ω∗
k(t) =

F∗
k

(
1 − α zj

l

)

ωdklj

∫ t

0
Tj(τ)|z=zj

⋅ e− ξωnk(t− τ) ⋅ cos[ωdk(t − τ)]dτ

F∗
k(ε) =

1

a2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫ 1− α

1 ε2F2
k(ε)dε

√ ⋅ Fk(ε)

Fk(ε) = c1k
J2
(
2a ̅̅̅̅̅̅̅̅̅ωdkε√ )

4a2ωdkε + c2k
Y2
(
2a ̅̅̅̅̅̅̅̅̅ωdkε√ )

4a2ωdkε + c3k
I2
(
2a ̅̅̅̅̅̅̅̅̅ωdkε√ )

4a2ωdkε + c4k
K2
(
2a ̅̅̅̅̅̅̅̅̅ωdkε√ )

4a2ωdkε

(15)  

where, ε is the position function of the blueberry branch, the expression of which is ε = 1 − α z
l; a is the growth mechanical parameters 

of blueberry branches, the expression of which is a =
2lρ

1
4

αE
1
4d

1
2
0 

(s1/2 m− 3/4); ξ is the damping ratio of the blueberry plant due to structural 

damping; ωnk is the undamped intrinsic frequency of the blueberry plant (rad− 1); ωdk is the damped intrinsic frequency of the blueberry 
plant (rad− 1); Fk(ε) is the dominant mode of the blueberry branch (m); F∗

k(ε) is the regular mode of the blueberry branch (m); Ω∗
k(t) is 

the regular vibration weight function; J2
(
2a ̅̅̅̅̅̅̅̅̅̅ωdkε√ )

is the second order first kind Bessel function; Y2
(
2a ̅̅̅̅̅̅̅̅̅̅ωdkε√ )

is the second order 
second kind Bessel function; I2

(
2a ̅̅̅̅̅̅̅̅̅̅ωdkε√ )

is the second order deformation first kind Bessel function; K2
(
2a ̅̅̅̅̅̅̅̅̅̅ωdkε√ )

is the second order 
deformation second kind Bessel function; cik (i = 1,2, 3,4) is the dominant mode coefficient corresponding to the k order intrinsic 
frequency of the blueberry branch, which is determined by the boundary conditions. 

According to the above results, under the flapping action of the comb, the vibration harvesting force of blueberry fruit growing on 
the blueberry branch zm F(εm, t) can be expressed as: 
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F(εm, t)=m0 ⋅
∂2
[f ∗(ε, t)]

∂t2 |ε=εm ,z=zm
(16)  

where, zm is the coordinate of where the blueberry fruit grows (m); εm is the position function corresponding to the growth position of 
the blueberry fruit zmzm (m); m0 is the mass of the blueberry fruit that grows on the branches zm (kg); F(εm, t) is the fruit harvesting 
force (N). During the operation process of the harvesting machinery, the machine is required to pick the ripe fruit and retain the unripe 
one at the same time. Then the harvesting condition of the harvesting device meeting the target of the machine can be expressed as: 

Fa ≤ F(εm, t) ≤ Fb (17)  

where, Fa is the bonding force between the ripe fruit and the blueberry branch, Fa = 0.26 ∼ 0.3 N47,48; Fb is the bonding force between 
the unripe fruit and the blueberry branch, Fb = 1.0 ∼ 3.6 N47,48. 

2.4. Simulation setup of transmission clearance model of harvesting device in MATLAB 

Based on the structure diagram of the harvesting system shown in Fig. 3, the material of each component of the harvesting 
transmission device was set to steel, and the material of the end-execution elements (combs) was set to nylon, so that the dimensional 
parameters, mass parameters and working parameters of each kinematic part of the harvesting transmission device were obtained. 
After consulting the relevant references, the equivalent stiffness coefficient and equivalent damping coefficient of each transmission 
clearance pair of the harvesting device were set, and the summary of parameters was obtained, as shown in Tables 2 [46–49,53,54]. 

According to the mechanical structure of the harvesting transmission device, the transmission clearance values of each kinematic 
pair were set in MATLAB software. And the transmission clearance value table of the harvesting device was obtained as shown in 
Table 3. 

2.5. Simulation setup of transmission clearance model of harvesting device in ADAMS 

Based on the working principle of the blueberry harvester (as shown in Fig. 2), Pro/E software was used to design the structure and 
components of the machine. The components were imported into the multi-body dynamics analysis software ADAMS through Mech/ 
pro module. According to the harvesting system structure (as shown in Fig. 3), the connection relationship of each component of 
harvesting device was set as shown in Table 4. 

In the environment of ADAMS, the material of each component of the harvesting transmission device was set to steel and the 
material of combs was set to nylon. To analyze the effect of the transmission clearance on clearance collision force of the transmission 
pair, the cam roller, slider roller and the connecting rod on both sides of the rotating shaft were parameterized so that the size of the 
transmission clearance of the harvesting device was able to be adjusted. The transmission clearance values of the harvesting device 
under ADAMS were shown in Table 5. After setting the transmission clearance values of cam clearance pair A, slider clearance pair B, 
connecting rod clearance pair C and connecting rod clearance pair F, the data in lines 1 to 13 in Table 5 were obtained. In order to 
analyze the influence of different transmission clearance on the load moment of the harvesting device, the clearance values of each 
transmission pair were set and the data in lines 14–16 in Table 5 were obtained. 

Based on the connection relationship of the various components of the harvester in Table 4, the dimension parameters, mechanical 
parameters and the clearance values of each transmission pair of the harvesting transmission device model were set by referring to the 
parameters in Table 2 and Equation (8), and the mechanical model of the transmission clearance of the harvester was obtained, as 
shown in Fig. 12. In order to establish the flexible body (blueberry plant), the blueberry plant model was established in Pro/E software 

Table 5 
Transmission clearance value table of the picking device.  

Sequence 
number 

Transmission clearance of 
cam pair A/(mm) 

Transmission clearance of 
slider pair B/(mm) 

Transmission clearance of 
connecting rod pair C/(mm) 

Transmission clearance of 
connecting rod pair F/(mm) 

1 0 0 0 0 
2 0.25 0 0 0 
3 0.5 0 0 0 
4 1.0 0 0 0 
5 0 0.2 0 0 
6 0 0.4 0 0 
7 0 0.6 0 0 
8 0 0 0.1 0 
9 0 0 0.15 0 
10 0 0 0.2 0 
11 0 0 0 0.1 
12 0 0 0 0.15 
13 0 0 0 0.2 
14 0.25 0.2 0.1 0.1 
15 0.5 0.4 0.15 0.15 
16 1.0 0.6 0.2 0.2  
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based on Equation (13) and the plant’s growth parameters, which was imported into ANSYS software. Then, the root of the blueberry 
branch was set as the fixed end, and the end of the branch was set as the free end, according to the growth of the plant. The flexible 
body unit type was set as Solid Hex, the cross section of the branch was set as Elliptical. Blueberry plant mechanics parameters were set 
according to the parameters numbered 1–4 in Table 6. 

Then, after meshing the plant model, the corresponding finite element model of blueberry plant was gained and the corresponding " 
*.mnf " file was generated. The generated blueberry plant flexible body file was transferred to ADAMS software to obtain the final 
flexible body model (blueberry plant). Based on Equations (15) and (16), the connection between the root of the plant and the ground 
was set as a fixed pair, and the “impact function method” was selected to calculate the interaction force between the harvester and the 
blueberry plant. According to the picking collision theory [11] of the interaction between the picker and the blueberry plant, the 
rigid-flexible coupling connection between the plant model and the transmission clearance model was set, including the setting of 
mechanical parameters (E2, μ2, ρ2 and ξ) and contact parameters (μ1, ρ1, E1, dmax, e and q). Parameter values are shown in Table 6. The 
walking speed of the machine was set to 30 m min− 1, and the interaction model between the rigid body (picking machinery) and the 

Fig. 12. Transmission clearance model of the harvesting device in ADAMS.  

Table 6 
Setting parameter table of rigid-flexible coupling between blueberry plant and harvester.  

Sequence 
number 

Parameter Parameter name Unit Parameter name Literature 
resources 

Notes 

1 E2 Elasticity modulus of branch (MPa) 690 55  
2 μ2 Poisson’s ratio of branch  0.3 3  
3 ρ2 Density of branch (kg/ 

m3) 
0.9 × 103  Measured in the test 

4 ξ Damping ratio of branch  0.1 50  
5 m0 Fruit mass (g) 1  Measured in the test 
6 ρ1 Density of the combs Kg/m3 1.15 × 103  Measured in the test 
7 E1 Elasticity modulus of the combs (MPa) 30 × 103 55  
8 μ1 Poisson’s ratio of the combs  0.25 54  
9 dmax Maximum penetration depth at collision point (mm) 0.05 52, 53  
10 e Collision recovery coefficient  1 52, 53  
11 q Power exponent  1.5 11   
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flexible body (blueberry plant) with transmission clearance was obtained, as shown in Fig. 12. 

2.6. Design of picking field test 

In order to analyze the consequence of the transmission clearance of the harvesting device on the harvesting effect of the machine 
so as to obtain the optimal transmission clearance of each kinematic pair, the study on picking test was conducted using the self- 
developed blueberry harvester (Northeast Forestry University, Harbin, Heilongjiang, China) (as shown in Fig. 13). The test was 
conducted in mid-July 2022 at the product R&D center of Taizhou Gang Yang Co., Ltd. in Jiangsu Province, China. 

The field test was conducted in laboratory. The test subjects (blueberry variety) were "Bluecrop"; height of the tree was 1.5–1.7 m 
and tree-age was 7 years old (Although we carried out blueberry picking test with this variety of blueberries, the picking machine is not 
only suitable for picking blueberries of the " Bluecrop " variety. The machine is also suitable for highbush blueberries with the height of 
0.8m–1.8 m). The artificially planted blueberry plant was transplanted to the middle position of the combs of the harvester, and the 
spacing of blueberry plants was set as 1.5 m, which was consistent with the spacing of blueberry plant in the field. A plastic film was 
placed under the blueberry plant to collect the fruit that was vibrated by the machine, during the picking test process. Since the 
collision force of the clearance between each kinematic pair was difficult to be measured, the picked fruit ‘s quality and picking ef-
ficiency of the harvester were used as the test indexes to assess the working performance of the harvesting system under different 
transmission clearances of each kinematic pair of the machine. 

In the field picking test, cam roller, push rod roller and connecting rod of different sizes were replaced to set the transmission 
clearance value of each kinematic pair. The influence of four test factors (cam clearance A, slider clearance B, connecting rod clearance 
pair C and connecting rod clearance pair F) on the picked fruit’s quality and picking efficiency of the harvester was studied by using the 
orthogonal test method, in which three levels were set for each factor correspond to lines 14–16 in Table 5. Thus, a four-factor, three- 
level orthogonal table L9

(
34) was used as the test program. 

3. Results and discussion 

3.1. Analysis on transmission clearance collision force of harvesting device in different simulation environments 

3.1.1. Analysis on transmission clearance collision force in MATLAB 
By referring to the parameter setting of the simulation model in Table 2 in Section 2.3 and the transmission clearance values in 

Table 3, MATLAB software was used to program and calculate the transmission clearance model of the harvesting device according to 
Equations (4)–(11), and then the collision force curves of the clearance of each kinematic pair are shown in Figs. 14–17. 

According to the analysis of Figs. 14–17, the maximum clearance collision force of cam transmission pair is similar to that of slider 
pair; and the mean value of clearance collision force of cam transmission pair is greater than that of slider pair; the maximum clearance 
collision force values of the left and right hinged points of the connecting rod pair are similar, and the mean clearance collision force of 
the left hinged point is greater than that of the right hinge point. 

3.1.2. Analysis on transmission clearance collision force in ADAMS 
In order to compare and analyze the transmission clearance model of the harvester in different software environments, the har-

vesting transmission device was set according to the connection relationship in Table 4, and the size parameters and mechanical 
parameters of the harvester were set in ADAMS in accordance with the data in Table 2 in MATLAB software. The clearance of each 

Fig. 13. Blueberry harvesting machinery. 1. Walking system 2. Gantry frame 3. Right comb 4. Left comb 5. Driven elements 6. Groove cam 7. Cam 
roller 8. Push rod 9. Left side of connecting rod shaft 10. Connecting rod 11. Gathering device 12. Right side of connecting rod shaft 13. Push rod 
connecter 14. Slider 15. Push rod roller. 
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transmission pair was set with reference to the data in Table 3. After the dynamic simulation of the harvesting transmission device in 
ADAMS environment, the clearance collision force curves of each kinematic pair of the harvesting device were obtained, as shown in 
Figs. 14–17. 
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Fig. 14. Transmission clearance collision force curves of cam pair A (data in line 1, Table 3).  
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Fig. 15. Transmission clearance collision force curves of slider pair (data in line 2, Table 3).  

Fig. 16. Transmission clearance collision force curves of connecting rod pair (data in line 3, Table 3).  

X. Lyu et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e34740

18

After analyzing the simulation curves shown in Figs. 14–17, the following conclusions are shown as follows: the overall variation 
tendency of the simulation curves in ADAMS is consistent with that in MATLAB; the value of clearance collision force obtained by 
simulation analysis is similar to the programming curves in MATLAB; there are some differences between programming curves in 
MATLAB and simulation curves in ADAMS in details, which is related to integration step and integration accuracy set by ADAMS 
software simulation. Taking the data points of curves in ADAMS and curves in MATLAB shown in Figs. 14–17 as the research objects, 
F-test method was used to calculate the correlation between curves in ADAMS and curves in MATLAB. The equation of F-test method is 
as follows: 

Fxy =

∑m

i=1
(ai − a)2

∑n

j=1

(

bj − b
]2

b2
max

a2
max

(18)  

where, ai and bj are data points to be detected; a and b are the mean of the data points to be detected, amax =max{ai}, bmax = max
{
bj
}
; 

Fxy is the F-test for data point ai and data point bj. 
The test values of cures in ADAMS and MATLAB in Figs. 14–17 are respectively 2.3153, 2.5109, 2.1335 and 4.6904, which are 

smaller than the corresponding standard values of 3.20, 3.15, 3.089 and 3.092. There is no significant difference between the curves, 
indicating that: The curves in MATLAB programmed by equations (4)–(11) and ADAMS simulation curves with the same parameter 
Settings have a high degree of correlation and good fitting. It is concluded that the MLSD modeling and analysis method introduced in 
section 2.3 is suitable for the transmission clearance kinematics model of the picking device and can analyze the transmission clearance 
movement process of the picking device. 

Fig. 17. Transmission clearance collision force curves of connecting rod pair (data in line 4, Table 3).  

Fig. 18. Analysis of the effect of clearance collision force of cam pair A.  
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3.2. Analysis on clearance collision force of harvesting device under different clearances 

In order to research the consequence of transmission clearance on the collision force of transmission pair, the dynamics simulation 
analysis on the established transmission clearance model of the harvesting device was carried out by using the single factor method and 
referring to the data in lines 1 to 13 in Table 5. The clearance collision force curves of each kinematic pair under different transmission 
clearance were obtained, as shown in Figs. 18–21 (Note: The Rank value in Figs. 18–21 corresponds to the data row number in Table 5, 
indicating the clearance collision force of the harvesting device in this setting of data.). 

Comparing the curves from Figs. 18–21, it can be obtained that the clearance collision force of each kinematic pair is as follows: the 
clearance collision force of cam pair A > the clearance collision force of slider pair B > the clearance collision force of the connecting 
rod pair C > the clearance collision force of the connecting rod pair F. The reason is that the cam pair A is located in front of the 
transmission chain of the harvesting device, the cam not only does the transmission movement and uses the power to drive the 
harvesting system to work, but also drives the movement of other parts of the harvesting device. 

Therefore, the clearance collision force of the cam kinematic pair A is the largest. And with the continuation of the transmission 
chain, the kinematic parts driven by other kinematic pairs are gradually reduced, resulting in a gradual decrease in the clearance 
collision force. The final transmission pair of the transmission chain (connecting rod pair F) only drives the right comb to achieve 
reciprocating oscillation. Thus, the clearance collision force of the connecting rod pair F is the smallest. That is to say, the transmission 
collision force of each kinematic pair is related to the position of the transmission chain, and the transmission collision force of the 
kinematic pair located in front of the transmission chain is large, while the transmission collision force of the kinematic pair located 
behind the transmission chain is small. 

Comparing the transmission curves without clearance (Rank 1) and the transmission curves with the clearance (other curves) in 
Figs. 18–21, the interaction force of each kinematic pair in the transmission without clearance is obviously smaller than that of each 
kinematic pair in the transmission with clearance, which is due to the existence of the transmission clearance. There is a certain ki-
nematic space between each kinematic pair. When the harvester is working, each kinematic pair moves at a certain velocity and 
acceleration, and the existence of the transmission clearance makes each kinematic pair form extra velocity and acceleration after 
random motion in the kinematic space, which increases the clearance collision force. 

Comparing the transmission curves with clearance in Figs. 18–21, it can be obtained that: with the increase of the transmission 
clearance, the mutual kinematic space of each kinematic pair increases, and the value of random velocity and random acceleration 
generated by random kinematic increase. Thus, the value of random collision force also increases. Due to the existence of transmission 
clearance and clearance collision force, the friction wear between each component increases, accelerating the wear of the machine, 
which affects the swing angle and output force of the combs (end-execution elements of the harvesting system) and affects the working 
performance of the harvesting system of the harvesting machine. It is thus obtained that, under the premise of ensuring smooth motion 
of the harvesting system, the smaller the transmission clearance, the better, while paying attention to the friction between the ki-
nematic pair. In other words, due to the existence of the transmission clearance, the clearance collision force of each kinematic pair 
increases significantly, and the larger the transmission clearance, the greater the interaction clearance collision force of each kinematic 
pair. 

3.3. Analysis on load moment of harvesting device under different clearances 

When the blueberry harvester was in operation, the output load moment of the combs affected the fruit picking efficiency and the 
picked fruit’s quality. In order to research the effect of transmission clearance on the load moment of both combs, the transmission 
clearance of each kinematic pair of the blueberry harvester was set separately by referring to the data in line 1, lines 14–16 in Table 5. 
Then the analysis diagram of the influence of load moment on both combs were obtained as shown in Figs. 22–23 (Note: the rank 
values in Figs. 22–23 corresponding to the sequence number in Table 5, which represent the load moment of the combs of the har-
vesting device under this setting of data.). 

After analyzing Figs. 22 and 23, the output load moment on the left comb is larger than that on the right comb, the reason of which 

Fig. 19. Analysis of the effect of clearance collision force of slider pair B.  
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is that the left comb is at the front of the transmission chain compared to the right comb. Comparing Figs. 22 and 23, the load moment 
of the combs without clearance transmission is larger than that with the clearance transmission; as the clearance increases, the output 
load moment of the combs decreases. 

The reasons are as follows: when the harvester works, the combs on both sides run at a certain velocity and acceleration; since the 
combs have a certain mass, a certain load moment is needed to drive the combs for operation; there are transmission clearance in the 
cam pair A, slider pair B, connecting rod pair C and connecting rod pair F, which produce transmission error and error accumulation, 
and the larger the transmission clearance, the larger the error accumulation, and the larger the clearance collision force generated by 
the kinematic components, thus increasing the friction and damping force between the kinematic pair, consuming system energy and 
increasing the power dissipation of the system. Under the condition that the input power is certain, the increase of the power dissi-

Fig. 20. Analysis of the effect of clearance collision force of connecting rod pair C.  

Fig. 21. Analysis of the effect of clearance collision force of connecting rod pair F.  

Fig. 22. Analytical diagram of the effect of load moment on the left comb.  
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pation reduces the output load moment of the combs. 
In other words: the load moment of the transmission without clearance is greater than that of the transmission with clearance, and 

the larger the clearance, the greater the power dissipation of the system and the lower the output load moment of the combs. 

3.4. Analysis of fruit harvesting force under different clearances 

In order to study the consequence of the transmission clearance on the fruit harvesting force, the transmission clearance of each 
kinematic pair was set with reference to the data in the line 1, lines 14–16 of Table 5, respectively; and the kinetic simulation analysis 
of the established interaction model between the rigid body (the harvesting machinery) and the flexible body (blueberry plant) was 

Fig. 23. Analytical diagram of the effect of load moment on the right comb.  

Fig. 24. Blueberry fruit harvesting force curves at the root of the branch under different transmission clearances of the harvesting device. Note: 
Figures (a)–(b) correspond to the transmission clearance values in lines 1 and 14–16 of Table 5, respectively. 
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carried out. Based on the above operation, the measurement curves about fruit harvesting force at different growth positions of 
blueberry branches with different transmission clearance as shown in Figs. 24–26. 

In Figs. 24–26, the horizontal coordinates of the measurement curves are the distance between the running machine (the harvesting 
machinery) and the plant when interaction is generated, and the vertical coordinates are the corresponding blueberry fruit harvesting 
forces. Among them, Figs. 24–26 show the fruit harvesting forces on blueberry fruit growing at the root of the blueberry branch, 
growing in the middle of the blueberry branch and growing at the end of the blueberry branch under the action of the load moment of 
the harvester’s combs, respectively. 

Comparing the trends of the peak harvesting force curves from (a)–(d) in Figs. 24–26, the following conclusions can be drawn: with 
the increase of the collision clearance, the blueberry fruit harvesting force gradually decreases, which is due to the fact that the output 
load moment of combs in the harvesting machinery gradually decreases with the increase of the collision clearance; thus, the inter-
action force between the harvesting machine and the blueberry plant decreases, and the fruit harvesting force also gradually decreases. 
And with the change of blueberry fruit growth position (from the root to the end), the fruit harvesting force also gradually increases, 
which is due to the fact that under the action of the same load moment of the comb, the vibration output response of the blueberry 
branch gradually increases from the root to the end, and the vibration output response speed and acceleration also gradually increases. 
According to Equations (13)–(17), it can be obtained that with the change of blueberry fruit growth position, the fruit harvesting force 
gradually increases from the root to the end; the vibration output response gradually increases from the root to the end. 

After analyzing the fruit harvesting force values from (a)–(d) in Figs. 24–26, it can be concluded that under the different combi-
nations of transmission clearance, the fruit harvesting force ranges from 0.4 N to 0.25 N at the root of the blueberry branch; the fruit 
harvesting force ranges from 0.65 N to 0.9 N at the middle of the blueberry branch; the fruit harvesting force ranges from 0.8 N to 1.2 N 
at the end of the blueberry branch. 

The bonding forces between the ripe fruit and branches Fa ranged from 0.26 N to 0.3 N, and the bonding forces between unripe fruit 
and branch Fb ranged from 1.0 N to 3.6 N. Based on the above findings and the distribution of fruit harvesting forces in the simulation 
curves, the following results can be drawn: under different combinations of transmission clearance, a few ripe fruit were not picked by 
the machine at the root of the blueberry branch; the harvesting quality was best in the middle of the blueberry branch (in other words, 
the ripe fruit was harvested, while the unripe fruit remained on the branch); the fruit harvesting force was greatest at the end of the 
blueberry branch, where not only all the ripe fruit was picked, but also a few unripe fruit was picked by the machine. 

Fig. 25. Blueberry fruit harvesting force curves at the middle of the branch under different transmission clearances of the harvesting device. Note: 
Figures (a)–(b) correspond to the transmission clearance values in lines 1 and 14–16 of Table 5, respectively. 
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3.5. Results and analysis of the field test 

3.5.1. Picking results of the field test 
In the field test, the harvesting walking speed was set to 30 m min− 1, the cam shaft rational speed of the harvester was set to 120 r 

min− 1, and the time of each picking test was set to 10 s. In the field test, it was found that there were a few unripe fruits remained at the 
root of the blueberry branch after picked, and a few unripe fruits at the end of the branch were vibrated off, and some unripe fruits 
remained in the harvested blueberry fruits. The reason for the above conclusion was as follows: when the coactions between the combs 
of the machine and blueberry plant occurred, the blueberry fruit harvesting force at the root of the blueberry branch was small, while 
the force at the end of the branch was large. Thus, there was a small amount of blueberry fruit at the root of the branch, and some 
unripe fruits at the end were vibrated off and retained in the harvested fruits, which was consistent with the simulation analysis results 
in section 3.4. 

After the test, in order to study the results of the field picking test, the number of unripe fruit and the number of damaged fruit were 
counted from the picked fruit, and the quality of picked ripe fruit was measured by using precision electronic scales. The test indexes 
were defined as follows: the mass of picked fruit by the machine per minute was defined as the machine picking efficiency; the 

Fig. 26. Blueberry fruit harvesting force curves at the end of the branch under different transmission clearances of the harvesting device. Note: 
Figures (a)–(b) correspond to the transmission clearance values in lines 1 and 14–16 of Table 5, respectively. 

Table 7 
Statistical data of blueberry picking.  

Sequence 
number 

Cam clearance 
pair A/(mm) 

Slider clearance 
pair B/(mm) 

Connecting rod 
clearance pair 
C/(mm) 

Connecting rod 
clearance pair 
F/(mm) 

Picking 
efficiency/(kg 
m− 1) 

Shedding rate of 
unripe fruit/(%) 

Damaged fruit 
rate/(%) 

1 0.25 0.2 0.1 0.1 3.9 8.4 5.1 
2 0.25 0.4 0.15 0.15 3.86 7.6 4.6 
3 0.25 0.6 0.2 0.2 3.84 5.4 4.1 
4 0.5 0.2 0.15 0.2 3.85 5.8 4.5 
5 0.5 0.4 0.2 0.1 3.83 5.2 3.5 
6 0.5 0.6 0.1 0.15 3.82 4.2 3.2 
7 1.0 0.2 0.2 0.15 3.78 3.4 2.9 
8 1.0 0.4 0.1 0.2 3.79 3.6 3.1 
9 1.0 0.6 0.15 0.1 3.71 3.2 2.9  
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percentage of the mass of unripe fruit among the picked fruit to the mass of total picked fruit was defined as the rate of unripe fruit; the 
percentage of the mass of fruit damaged by picking to the mass of picked fruit was defined as the damage rate of picked fruit. The raw 
data obtained from the picking test were processed according to the above definitions to obtain the statistical data of picking test as 
shown in Table 7. 

Comparison analysis of the 1st, 4th and 7th groups of test data in Tables 6 and it can be obtained that, with the increase of the 
collision clearance of the harvesting device, the picking efficiency of the harvester gradually decreases, the shedding rate of unripe 
fruit and damaged fruit rate gradually decrease. This is due to the fact that as the collision clearance increases, the load moment on the 
combs of the harvesting device gradually decreases, and the interaction force between the harvesting machinery and the plant 
gradually decreases; then the blueberry fruit harvesting force gradually decreases, the number of picked blueberry fruit gradually 
decreases, the number of unripe fruit shed and the number of damaged fruit decrease, which is consistent with the simulation analysis 
consequences in section 3.4. The transmission clearance of the picking device was set as the independent variable xi (i = 1 ∼ 4) , and 
the picking efficiency, shedding rate of unripe fruit and damaged fruit rate are set as the dependent variable yi (i = 1 ∼ 3) . The 
regression relationship between the dependent variable yi (i = 1 ∼ 3) and the independent variable xi (i = 1 ∼ 4) of the picking 
test was established by using the least squares method: 

yi =

(
ai0 + ai1x1 + ai2x2 + ai3x3 + ai4x4 + ci1x2

1 + ci2x2
2 + ci3x2

3 + ci4x2
4

+bi1x1x2 + bi2x1x3 + bi3x1x4 + bi4x2x3 + bi5x2x4 + bi6x3x4

)

(19)  

where, xi (i = 1 ∼ 4) is independent variable corresponding to the clearance of the transmission pair of the picking device (mm); 
yi (i = 1 ∼ 3) is independent variable corresponding to the picking efficiency of the machine, shedding rate of unripe fruit and 
damaged fruit rate (mm); aij (j = 1 ∼ 4) is the linear regression coefficient; bij (j = 1 ∼ 6) is the cross-correlation regression co-
efficient; cij (j = 1 ∼ 4) is the autocorrelation regression coefficient. 

According to the test data in Table 7, the regression equation parameters in equation (19) were obtained by using DPS software, and 
the regression surface of the influence of transmission clearance of the picking device on the picked fruit quality and picking efficiency 
of the machine was obtained by MATLAB programming, as shown in Figs. 27–29. 

Analysis of Figs. 27–29 (a) shows that: With the increase of the movement clearance of the slider pair, the picking efficiency of the 
machine increases at first and then decreases. The reason is that the vibration picking effect is presented by the composition between 
the swing frequency of the combs on both sides of the machine and the clearance value of the different slider clearance pair. When the 
swing frequency of the combs, the frequency response of the machine picking system and the natural frequency of the blueberry plant 
match, the picking vibration of the blueberry plant is near the resonance peak, resulting in the highest picking efficiency of the 
machine when the slide clearance pair is 0.4 mm. With the increase of the transmission clearance of the cam clearance pair, the 
clearance force gradually increases. Under the action of the clearance force, the motion hysteresis of the transmission element affects 
the output torque of the end executive element of the picking device, which reduces the fruit picking force and the picking efficiency of 
the machine. 

As shown in Figs. 27–29 (b), as the transmission clearance of connecting rod pairs increases, the clearance collision force keeps 
increasing, the output torque of the combs decreases, the fruit picking force decreases, and the picking efficiency of the machine 
gradually decreases. This is the same as the simulation results obtained in Section 3.2, that is, as the clearance of the transmission pair 

Fig. 27. Linear regression surface of picking efficiency.  
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increases, the clearance force increases, the output torque of the combs decreases, and the blueberry fruit picking force decreases under 
the composition between the picking device and the blueberry plant. 

By analyzing the test data in Table 6, (a)-(b)in Figs. 27–29 and Equation (19) the values of various coefficients in the expression of 
dependent variable yi (i = 1 ∼ 3) corresponding to the picked fruit quality and picking efficiency were compared and analyzed: the 
conclusion can be obtained: The interaction of transmission clearance of the picking device does have certain effects on the picking 
efficiency and picked fruit quality (shedding rate of unripe fruit and damaged fruit rate), but the effects are very small. This is because 
the above four clearances only affect the performance of different structures of the picking system (groove cam mechanism, roller-slide 
reciprocating linear motion mechanism, left rocker swing mechanism and right rocker swing mechanism). And there is a certain in-
dependence between the mechanisms, the interaction between which is small and can be ignored. Therefore, the influence of inter-
action among test factors is not considered in the design and study of blueberry picking orthogonal test, as shown in Table 8. 

3.5.2. Analysis of the field test results 
According to the test data in Table 7, the orthogonal test table for blueberry picking was calculated, as shown in Table 8. 

Fig. 28. Linear regression surface of the shedding rate of unripe fruit.  

Fig. 29. Linear regression surface of the damaged fruit rate.  
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Analysis of the range value Ri(i= 1∼ 3) in Table 8 of the orthogonal test yielded that cam clearance A had the greatest effect on 
picking efficiency and harvesting rate of ripe fruit; the shedding rate of unripe fruit and the damaged fruit rate. 

The following conclusions are obtained after analyzing and calculating Kij(i = 1∼ 3): the transmission clearance combination that 
can achieve the best picking efficiency of the harvester is A1B1C1F3; the transmission clearance combination that can achieve the 
lowest shedding rate of unripe fruit is A1B1C2F1; the transmission clearance combination that can achieve the lowest fruit damage rate 
is A1B1C2F3.In blueberry fruit harvesting operation, picking efficiency is the most important test index, followed by the damaged fruit 
rate and shedding rate of unripe fruit, thus the weight sequence of test indexes is obtained as follows: Y1 > Y3 > Y2. 

After analyzing the test factors A and B by combining the frequency of occurrence and Kij(i = 1∼ 3), A1B1 are the best transmission 
clearances for the cam clearance A and slider clearance B. Since Y1 > Y3 > Y2, C1 is the best transmission clearance for the left 
clearance B;and as the corresponding weight Y2 is the lowest, F3 is selected to be the best transmission clearance for the right clearance 
F. 

Thus, the transmission clearance combination to achieve the best quality of harvested fruit and picking efficiency is: A1B1C1F3, in 
other words, cam clearance A is 0.25 mm, slider clearance B is 0.2 mm, left clearance C is 0.1 mm and right clearance F is 0.2 mm. 

In order to realize the optimal design of the harvesting device parameters and give full play to the working performance of the 
machinery, blueberry picking test was conducted with the best combination of transmission clearance. 

The picking efficiency and picked fruit’s quality of the machine with the best combination of parameters were obtained: picking 
efficiency is 3.93 kg min− 1, shedding rate of unripe fruit is 3.1 % and fruit damage rate is 2.8 %, which was better than the test data of 

Table 8 
Orthogonal test analysis table for blueberry picking. 
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groups in Table 7, and the results of the orthogonal test analysis could be used as the final design parameters of the harvester. 

4. Conclusions 

Firstly, the working principle of the blueberry picker and the mechanical structure of the picking system were analyzed, and the 
transmission clearance of the picking device was modeled by MLSD method. The collision force of transmission clearance of the 
picking device was analyzed in ADAMS and MATLAB respectively. And the dynamic simulation curves in ADAMS and the pro-
gramming curves in MATLAB were obtained through comparison and analysis by F-test method. There was no significant difference 
between the two methods. The MLSD method used in this paper was suitable for modeling and analyzing the transmission clearance of 
blueberry picking device. 

Secondly, ADAMS software was used to analyze the clearance force, the output torque of the combs and the fruit picking force 
under different transmission clearances. The results showed that the clearance force was proportional to the size of the transmission 
clearance; the output torque of the combs and the picking force of the blueberry fruit were inversely proportional to the transmission 
clearance. A self-developed blueberry picker was used for the field picking test. The influence of transmission clearance on picked fruit 
quality and picking efficiency of the machine and the software simulation results were enriched and improved were analyzed by linear 
regression method. With the increase of the transmission clearance of the slider clearance pair B, the picking efficiency of the machine, 
the shedding rate of unripe fruit and the damaged fruit rate showed a trend of increasing and then decreasing. And the maximum was 
reached when the clearance of the slider clearance pair B was 0.4 mm. The transmission clearance of other motion pairs is proportional 
to the picking efficiency of the machine, the shedding rate of unripe fruit and the damaged fruit rate. 

Orthogonal test method was used to analyze the influence of different transmission clearance combinations on the picking effi-
ciency and picked fruit quality of the machine. The optimal transmission clearance combinations of the device were as follows: cam 
clearance pair A was 0.25 mm, slider clearance pair B was 0.2 mm, left connecting rod pair C was 0.1 mm and right connecting rod pair 
F was 0.2 mm. The picking efficiency of the machine was 3.93 kg min− 1, the shedding rate of unripe fruit was 3.1 %, and the fruit 
damage rate of was 2.8 %. 

The research results of this paper can provide a theoretical basis for the design of fruit picking machinery, so as to promote the 
development of China’s blueberry picking mechanization. 
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