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 12 

ABSTRACT 13 

At present, due to the shortage of tea picking labour force, realizing the mechanized picking of famous 14 

tea is urgent. Using negative pressure guidance is a feasible method, which can compensate the 15 

localization error of machine vision. In this paper, tea shoot with one bud and two leaves is taken as the 16 

study object, and a ‘Y-type’ tea physical model is established according to its physical properties. 17 

Moreover, the deformation characteristic of tea shoot under negative pressure guidance is studied by 18 

using the immersed boundary–lattice Boltzmann method. The purpose is to analyse the effects of pressure 19 

P, vertical deviation H and horizontal deviation W on the deformation characteristics of tea shoot 20 

quantitatively. The effectiveness of the numerical calculation method is verified by simulation tests. 21 

Results show that P determines fluid velocity, and the difference of steady leaf span (ds) is small when P 22 

is less than 0.990. In addition, setting P = 0.990, when H = 0 and W = 8, ds achieves a minimum value of 23 

1.78. According to the above findings, this paper provides useful data and insights into the picking 24 

technology of famous tea based on negative pressure guidance. 25 

Keywords: famous tea, tea shoot model, negative pressure guidance, IB-LBM 26 

1. Introduction 27 

The tea industry is a traditional advantageous business in China, which has played an important role 28 

in promoting economic development and rural revitalization. Famous tea has high drinking value and 29 
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economic benefits, and is an important economic pillar of the tea industry (Wang et al., 2021). At 30 

present, the existing tea picking machinery in the world is only suitable for the production of ordinary 31 

tea (Han et al., 2019), whereas the famous tea still relies on manual picking. In recent years, a large 32 

number of rural labour force has been lost, the picking of famous tea has fallen into labour shortage and 33 

the development of tea industry has been seriously restricted (Li et al., 2021). In this predicament, 34 

realizing the mechanized picking of famous tea is imperative. 35 

Owing to the different shapes, small size and complex growth environment of tea shoots, accurately 36 

obtaining the posture and spatial position of tea shoots with the current identification and location 37 

technology is very difficult (Tian et al., 2021). Therefore, picking end effectors are prone to problems, 38 

such as picking omission and picking error. At present, relatively few studies on the picking end effector 39 

of famous tea are conducted. Qin et al. (2014) developed a picking claw, which is driven by a steering 40 

gear, and the intact rate of tea shoots picked was approximately 76.6%. Hao et al. (2018) proposed a 41 

bionic picking finger that can imitate the artificial ‘hand-picking’ movement, and the picking success rate 42 

in the preliminary indoor test was nearly 70%. Motokura et al. (2020) used a three-finger gripper on the 43 

end of the Kinova Jaco robotic arm to complete the tea picking action, but the field test was not carried 44 

out. These existing picking end effectors adopt simple mechanical structures, which have insufficient 45 

compensation ability for localization error, resulting in low picking success rate and intact rate of tea 46 

shoots. In response to this problem, a tea shoot picking method based on negative pressure guidance was 47 

proposed (Zhu et al., 2021). The principle is to guide the tea shoot into a pipe through negative pressure 48 

and then cut the tea shoot. This method involves the scientific field of gas–solid two-phase flow. 49 

Gas–solid two-phase flow is one of the frontier problems in agriculture and has been widely applied 50 

in agricultural production, such as pneumatic seeding (Han et al., 2018), pneumatic fertilization (Zheng 51 

et al., 2019), pneumatic screening (Ma et al., 2019) and pneumatic conveying (Kuang et al., 2018). 52 

Accurately predicting the deformation characteristics and motion trajectories of agricultural materials in 53 

multiphase flow is of great importance to the development of agricultural machinery. At present, relevant 54 

studies mainly focus on near-spherical agricultural materials such as droplet spray (Zhu et al., 2019) and 55 

seed (Guzman et al., 2020). To reduce complexity, near-spherical materials are usually simplified as 56 

spherical particles, and then the commercial software of computational fluid dynamics (CFD) and the 57 

discrete element method are used for numerical calculation. This method is difficult to apply to tea 58 

because tea is a flexible, flaky material, and the spheroidization treatment may lead to large calculation 59 

errors. 60 

The immersed boundary–lattice Boltzmann method (IB-LBM) has the advantages of scalability, 61 

parallel computing, high model accuracy and calculation efficiency, and is regarded an effective 62 



 

 

alternative to traditional CFD in calculating material deformation and movement (Xiong et al., 2019; 63 

Tao et al., 2019;). Many studies have shown that the IB-LBM method has unique advantages in the gas–64 

solid coupling numerical computation of flexible material, such as filament (Wang et al., 2018), flag 65 

(Wang et al., 2019a) and flake plate (Tang et al., 2016). At present, the application of the IB-LBM method 66 

in the field of tea is rarely reported. Wang et al. (2019b) used the IB-LBM method to study the fluid–67 

structure coupling technology between tea and viscous fluid. The tea was simplified to a circle and 68 

assumed elliptical after deformation. The motion trajectories and deformation characteristics of tea in the 69 

air flow were numerically calculated. In the study of tea sorting, simplifying tea into a circle is feasible, 70 

but to study the deformation characteristics of a single tea shoot, establishing a new tea shoot model for 71 

more specific tea shoot morphology is necessary.  72 

In this paper, a ‘Y-type’ tea shoot model is established according to the physical characteristics of 73 

tea shoot, and the gas–solid two-phase coupling characteristics of tea shoot under negative pressure 74 

guidance is studied by using the IB-LBM method. The purpose is to clarify the mechanism of negative 75 

pressure guidance, which can be used to guide and optimize the design of picking end effector. This paper 76 

has important theoretical importance and application value for the development of picking end effector 77 

with high success rate, low damage and good deviation tolerance performance, and can provide reference 78 

for other similar pneumatic picking equipment. 79 

The remainder of this paper is organized as follows. In Section 2, the numerical method, tea shoot 80 

model and boundary conditions are briefly introduced. In Section 3, the detailed results of numerical 81 

simulation are presented, and the effects of pressure and position deviation on the deformation of tea 82 

shoot are discussed. Finally, the main conclusions of this paper are given in Section 4, and the future 83 

study is discussed. 84 

2. Numerical method for deformation of tea shoot 85 

2.1. Immersed boundary–lattice Boltzmann method 86 

In this paper, the code based on IB-LBM is developed. The basic idea of IB-LBM is solving two 87 

equation systems: lattice Boltzmann evaluation system on Eulerian fluid points and artificial correction 88 

system on Lagrangian boundary points. The lattice Boltzmann evaluation system is solved by lattice 89 

Boltzmann equation (Wu et al., 1992), which can be written as 90 
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where f  is the density distribution function at direction e , e is the discretized velocity, x is the fluid 91 

point,  t is the time interval,  is the single relaxation parameter, 
eq

f  is the equilibrium function and 92 



 

 

F  is the discrete force term. In the commonly used D2Q9 model (Qian et al., 1992), e  is given as 93 
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The equilibrium function is given as 94 
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where w  is the weight coefficients, and s
c  is the speed of sound. Parameters in D2Q9 model are given 95 

as 96 
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The relation between single relaxation parameter   and kinematic viscosity   is 97 
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A commonly used discrete force term proposed by Guo (Guo et al., 2002) is given as 98 
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In this mesoscopic system, the macroscopic variables, local density, velocity and pressure can be 99 

calculated by 100 
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   (7) 

 
1 1

,
2

u e f
t

f 




   
 
  (8) 

 
2 .
s

p c   (9) 

The artificial correction system is solved by coupling equation, and the schematic diagram of the 101 

immersed boundary method is shown in Fig. 1. 102 



 

 

 103 

Fig. 1 Schematic diagram of immersed boundary method 104 

The force density of the Eulerian point is calculated from the force density of the Lagrangian point 105 

by Eq. (11). Similarly, the velocity of the Lagrangian point on the immersed boundary is updated based 106 

on the velocity of Eulerian point, as shown in Eq. (12). 107 

       , , , ,f x F x Xt s t s t ds
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where  ,f x t  is the force density of the Eulerian point,  ,F s t is the boundary force density of the 108 

Lagrangian point,  ,U s t  is the velocity of a Lagrangian point and  ,u x t  is the fluid velocity of the 109 

Eulerian point. The velocity density or density distribution function at Lagrangian position can be 110 

obtained from Eulerian points by using Dirac delta function. 111 

      ,x x y     (13) 

where  x  is defined as 112 
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2.2. Method for tea shoot model established 113 

Fig. 2(a) shows that the study object is a tea shoot with one bud and two leaves. To explore the 114 

deformation law of tea shoot under negative pressure guidance, a ‘Y-type’ tea shoot model is established, 115 

as shown in Fig. 2(b), according to the physical characteristics of tea shoot. The tips of the first leaf (FL) 116 

and the second leaf (SL) are marked as Q1 and Q2, respectively. The nodes of FL and SL are marked as 117 



 

 

Q3 and Q4, respectively. The horizontal spacing between Q1 and Q2 is defined as leaf span d. Moreover, 118 

θ10 is the initial included angle between FL and the vertical direction, θ20 is the initial included angle 119 

between SL and the vertical direction and θ10 = −30°and θ20 = 30°. Under negative pressure guidance, 120 

FL and SL rotate around Q3 and Q4, respectively, but the bending deformation is very small. Therefore, 121 

in this paper, the FL and SL of the tea shoot model are defined as rigid bodies, and the deformed tea shoot 122 

model is shown in Fig. 2(c). θ1 is the included angle between FL and the vertical direction in the current 123 

time step. θ2 is the included angle between SL and the vertical direction in the current time step. 124 

 125 

Fig. 2. Schematic diagram of tea shoot model: (a) fresh tea shoot, (b) tea shoot model before 126 

deformation, (c) deformed tea shoot model 127 

In this paper, the functional expression of the tea shoot model is given. The ‘Y-type’ tea shoot model 128 

is discretized into N particles, and the x–y coordinate expression of the nth particle is shown in Eqs. (15) 129 

and (16). 130 
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where  0 0,x y  is the centre of the tea shoot model (tea centre), 0 / 3 1n N    indicates the particle 131 

is on SL, 5 / 6N n N   indicates the particle is on FL and the rest indicates the particle is on the stem. 132 

Under the driven fluid, the total torque T1 of the particles on FL and total torque T2 of the particles 133 

on SL are defined as 134 
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where fx and fy are the forces in the x and y directions given by the fluid to the particles, respectively. 135 

Reset torque T3 on FL node and reset torque T4 on SL node are defined as 136 

  3 1 1 10 ,T k     (19) 

  4 2 2 20 ,T k     (20) 

where k1 and k2 are the rotational stiffness of FL and SL, respectively; k1 = 0.04 and k2 = 0.12. Moreover, 137 

the angular velocity 
1  of FL and the angular velocity 

2  of SL can calculated by Eqs. (21) and (22), 138 

respectively. 139 
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where J1 and J2 are the rotational inertia of FL and SL, respectively. The calculation results can be used 140 

to update the tea position of the next time step. 141 

2.3. Boundary and initial conditions 142 

Fig. 3 illustrates the negative pressure guidance scheme and computational domain, the 143 

computational grid consists of 300  300 points and the tea shoot model is placed at the centre of the 144 

computational domain. A negative pressure guide pipe with an inner diameter of 15 and a length of 100 145 

is arranged at the top of the flow field. (153,178) is selected as the reference point because it is on the 146 



 

 

central axis of the negative pressure guiding pipe and close to the pipe mouth whilst ensuring that the tea 147 

does not touch the pipe. 148 

 149 

Fig. 3. Computational domain and boundary conditions in the 2D domain 150 

The horizontal and vertical deviations between the tea centre and the reference point are W and H, 151 

respectively. W and H are defined as 152 

 , .    reference potea centre te n oa centint refere cere p int
W x x H y y     (23) 

In this paper, the bounce-back scheme, the nonequilibrium extrapolation scheme and the immersed 153 

boundary method are applied. The bounce-back scheme is executed for the solid boundary. The idea of 154 

bounce-back scheme is expressed by the following expressions. 155 

    , , ,x xsf sff t t f t t       (24) 

    0,1,2,3,4,5,6,7,8 , 0,3,4,1,2,7,8,5,6 ,    (25) 

where f  is the density distribution function after collision, and x
sf

 is fluid point around the solid 156 

boundary. 157 

The nonequilibrium extrapolation scheme is executed for the pressure boundary and the infinite 158 

boundary. The idea of nonequilibrium extrapolation scheme boundary is expressed by the following 159 

expressions. 160 

 ( , ) ( , ) ( , ) ( , ) ,x x
eq eq

b b bf bf bf bff t f u f t f u          (26) 

where x
b  is the point on the pressure boundary or the infinite boundary; b

  is the density of x
b ; x

bf  161 

is the fluid point next to x
b  along the boundary normal vector; bf

  and bf
u  are the density and 162 

velocity of x
bf , respectively. 163 



 

 

The immersed boundary method is used to solve the coupling problem between the tea shoot model 164 

and the fluid. The external force of the fluid point and the velocity of the Lagrange point on the tea shoot 165 

model can be updated through Eqs. (11) and (12), respectively. 166 

2.4. Simulation test scheme 167 

To study the effects of pressure P and position deviation (H and W) on the deformation of tea shoot, 168 

41 groups of simulation tests are conducted, and 100,000 steps are calculated for each group. During 169 

calculation, the overall data are recorded once every 1,000 steps, which includes leaf span d, x 170 

coordinates of Q1 and Q2 (X1 and X2, respectively), half-life period T, velocity and vorticity of fluid. d 171 

reflects the deformation degree, and T reflects the deformation efficiency. Moreover, df is defined as the 172 

d at step 100,000 (final leaf span), and ds is defined as the d in stable state (steady leaf span). In addition, 173 

to study the fluid–tea interaction, the final velocity of fluid points on three sets of horizontal lines (A, B 174 

and C) expressed in Eq. (27) are counted. Finally, most current studies based on IB-LBM are 175 

dimensionless (Wang et al., 2022). Therefore, to simplify the calculation, the above parameters are also 176 

dimensionless and will be dimensionalized in future study. 177 
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Fig. 4 illustrates the simulation scheme for studying the effect of P. During the simulation, the tea 178 

centre is located at the reference point (153,178), and P is set to decrease from 0.999 to 0.984 with a 179 

decrement of 0.003, that is, six simulation tests are carried out. 180 

 181 

Fig. 4. Schematic diagram of simulation scheme for studying the effect of P 182 

To explore the effects of horizontal deviation W and vertical deviation H on the deformation of tea 183 

shoot, a simulation scheme is developed, as shown in Fig. 5. The uniformly distributed blue point is the 184 

test point, and the distance between adjacent points is 4. In the simulation, the pressure P is set to 0.990, 185 



 

 

and 36 simulation tests are conducted. The setting of pressure P is based on that when P is less than 0.990 186 

and continues to decrease. The total deformation of tea has a minimal difference. 187 

 188 

Fig. 5. Schematic diagram of simulation scheme for studying the effects of W and H 189 

3. Results and discussions 190 

In this section, the deformation of tea shoot is shown by discussing the details of velocity and 191 

vorticity of fluid. In addition, the effects of a single factor (P or H or W) and multiple factors (H and W) 192 

on the deformation of tea shoot are clarified. 193 

3.1. Effect of pressure P on deformation of tea shoot 194 

3.1.1. Time evolution of velocity, vorticity and tea shoot under different pressures 195 

Fig. 6(a) shows the time evolution of velocity, vorticity and tea shoot at P = 0.984. Fig. 6(a1) shows 196 

that in the initial period, two flow channels are in the flow field, and the left flow channel is remarkably 197 

larger than the right flow channel. Moreover, some vortices are formed near the pipe mouth and tea shoot, 198 

amongst which the positive vortex at Q1 and the negative vortex at the left side of the pipe mouth are 199 

larger. Fig. 6(a2) shows that under negative pressure guidance, the velocity of airflow in the pipe 200 

increases, and FL and SL gradually rotate towards the centre of the pipe mouth. Furthermore, the positive 201 

vortex at Q1 extends and merges with the positive vortex at the right side of the pipe mouth. Fig. 6(a3) 202 

shows that SL continues to rotate, and the positive vortex at the left of SL merges with the positive vortex 203 

at the right side of the pipe mouth. Fig. 6(a4) shows the final calculation results. At this time, the rotation 204 

angle of FL is smaller than that of SL. However, due to the large rotation angle of SL, the distance 205 

between SL and the right side of the pipe mouth increases, making the right flow channel evident, and 206 

the size of the vortices near the flow channels on both sides is approximate. Moreover, in the left flow 207 

channel, the vorticity of the positive vortex at Q1 decreases, whereas the vorticity of the positive vortex 208 



 

 

at Q2 increases. 209 

 210 

Fig. 6. Time evolution of velocity, vorticity and tea shoot under different pressures: (a) P = 0.984, 211 

(b) P = 0.996, (c) P = 0.999 212 

Fig. 6(b) illustrates the time evolution of velocity, vorticity and tea shoot at P = 0.996. Velocity and 213 

vorticity are less than those at P = 0.984. Fig. 6(b1) shows that the right flow channel is not evident. 214 

Moreover, a positive vortex is formed at Q1, and a negative vortex is formed at Q2. Similar to Fig. 6(a2), 215 

in Fig. 6(b2), the velocity of airflow in the pipe increases, and d gradually decreases. In addition, the 216 

positive vortex at Q1 merges with the positive vortex at the right side of the pipe mouth, and a new 217 

negative vortex is generated at the right side of Q1. Fig. 6(b3) shows that as SL continues to rotate, the 218 

positive vortex between Q1 and the right side of pipe mouth extends towards Q2. Fig. 6(b4) shows that 219 

in the final state, SL has a large rotation angle, and the right flow channel appears. Compared with Fig. 220 

6(a4), in addition to the smaller velocity and vorticity, df becomes larger. 221 



 

 

Fig. 6(c) describes the time evolution of velocity, vorticity and tea shoot at P = 0.999. Its velocity 222 

and vorticity are very small. Fig. 6(c1) shows that observing the flow phenomenon is difficult, and only 223 

a small negative vortex appears at the left side of the pipe mouth. Fig. 6(c2) shows only the left flow 224 

channel. The negative vortex at the left side of the pipe mouth expands, and a positive vortex is formed 225 

at Q1. The difference between Figs. 6(c2)–6(c4) is mainly reflected in the morphological changes of tea, 226 

and no evident difference in velocity and vorticity is observed. Comparing the deformation of tea shoot 227 

in Figs. 6(a4) and 6(b4) shows that the df in Fig. 6(c4) is larger. 228 

Based on the above analysis, with the decrease of P, fluid velocity increases, making the final 229 

deformation of tea shoot larger. Comparing the deformation of tea shoot under these three pressures, the 230 

effect of decreasing pressure on the deformation of tea shoot decreases gradually. 231 

3.1.2. Velocity distribution under different pressures 232 

To analyse the fluid–tea coupling properties, exploring the velocity distribution of the fluid around 233 

the tea shoot is necessary. Fig. 7 shows the final velocity of fluid points on three groups of horizontal 234 

lines (A, B and C) under six different pressures, and Fig. 4 shows the horizontal lines (A, B and C). 235 

Waveform comparison reveals that the trends of the polylines in Figs. 7(b)–7(f) are similar, mainly 236 

showing two mountains and one valley, in which the left peak is higher than the right peak. The reason 237 

is that the gap between SL and the pipe mouth is relatively small, which hinders the inflow of air, causing 238 

the fluid velocity on the left side of the tea to be higher than that on the right side at the same horizontal 239 

line. Furthermore, the right peak of the polyline in Fig. 7(a) is not substantial. The reason is that as shown 240 

in Fig. 6(c), the gap between SL and the right side of the pipe mouth is very small, which limits the entry 241 

of airflow. Therefore, the velocity of the fluid point on the right side of tea shoot is very small, which is 242 

reflected in that when X ≥ 160, the velocity U of the fluid point on the three groups of horizontal lines is 243 

close to zero. With the decrease of P, the gap between SL and the right side of the pipe mouth increases 244 

gradually, which makes more air flow into the pipe from the right side of the tea. Therefore, the fluid 245 

velocity on the right side of the tea gradually increases, which is reflected in the fact that the right peak 246 

of the polyline begins to highlight. The overall trend displays that when pressure is constant, the closer 247 

the horizontal line is to the pipe mouth, the greater the average velocity of the fluid point. For the same 248 

horizontal line, the lower the pressure is, the greater the average velocity of the fluid point. 249 



 

 

 250 

Fig. 7 Velocity distribution on three groups of horizontal lines (A, B and C) under different 251 

pressures: (a) P = 0.999, (b) P = 0.996, (c) P = 0.993, (d) P = 0.990, (e) P = 0.987, (f) P = 0.984 252 

Taking the velocity polyline corresponding to A as an example, data analysis exhibits that P is 253 

negatively correlated to the increment of velocity peak value. When P decreases from 0.999 to 0.996, the 254 

left peak value increases from 0.00922 to 0.01594 with an increment of 0.00672, and the right peak value 255 

increases from 0.00064 to 0.00707 with an increment of 0.00643. However, when P decreases from 0.987 256 

to 0.984, the left peak value increases from 0.02275 to 0.02401 with an increment decreasing to 0.00126, 257 

which is 18.75% of the original increment. The right peak value increases from 0.01468 to 0.01609 with 258 

an increment of 0.00141, which is 21.93% of the original increment. In addition, the ratio of the left peak 259 

value to right peak value is defined as i, and P is also positively correlated to i. When P = 0.999, i is 260 

14.45, and when P = 0.984, i decreases to 1.49. 261 



 

 

 262 

Fig. 8. Schematic diagram of valley in Fig. 7(b) 263 

The velocity of the surrounding fluid point is very low due to the blocking effect of tea, so a valley 264 

is in the polyline. When the position of the tea centre remains unchanged, its own deformation is the 265 

main factor affecting the position of the valley. Taking P = 0.996 as an example, the valley in Fig. 7(b) 266 

is shown in Fig. 8. The valley in the polylines corresponding to B and C have one maximum (points 3 267 

and 6) and two minimums (points 2, 4, 5 and 7). However, the valley in the polyline corresponding to A 268 

has only one minimum value (point 1), which is caused by the different positional relationship between 269 

the three sets of horizontal lines and the tea leaves. Figs. 4 and 8 show that the tea shoot model is ‘Y-270 

type’. The horizontal line C intersects FL and SL, and the x coordinates of the intersection point are 152.3 271 

and 153.8, respectively. Therefore, the minimum values appear near the intersection point, which are 272 

points 5 and 7. However, fluid point remains between the two points, which are relatively largely affected 273 

by the peripheral airflow, resulting in a maximum point 6. The horizontal line B also intersects with FL 274 

and SL, and the x coordinates of the intersection point are 150.9 and 154.4, respectively. Therefore, the 275 

minimum values appear near the intersection point, which are points 2 and 4. Moreover, fluid points with 276 

large velocity are between the two points, resulting in a maximum point 3. The horizontal line A only 277 

intersects with SL, and the x coordinate of the intersection point is 154.9. Therefore, the minimum value 278 

appears near the intersection point, which is point 1. The above analysis of the valley will not be repeated 279 

later due to the same principle. 280 

3.1.3. Temporal evolution of tea span and leaf tip x coordinates under different pressures 281 

To reflect the deformation of tea intuitively, the time evolution of tea span and leaf tip x coordinates 282 

under six different pressures are drawn, as shown in Fig. 9. Figs. 9(a)–9(f) illustrate that when pressure 283 



 

 

remains unchanged, with the passage of time, X1 increases first and then decreases, and X2 gradually 284 

decreases, which together lead to the decrease of the d. The reason for the decrease of X1 is that the flow 285 

velocity of the fluid around FL is reduced due to the enlargement of the right flow channel. In addition, 286 

over time, the deformation amount of the same time interval becomes smaller, and tea gradually stabilizes. 287 

Figs. 9(b)–9(f) show that after 100,000 steps of calculation, the three parameters (d, X1 and X2) remain 288 

unchanged, indicating that the flow field has reached a stable state and the deformation of tea shoot has 289 

ended. At this time, d is a stable value, which means df = ds. However, Fig. 9(a) shows that the flow field 290 

has not reached a stable state after 100,000 steps of calculation, and ds needs to be calculated through 291 

linear fitting. Considering the overall trend, the pressure decreases, df becomes smaller and the 292 

deformation speed becomes faster. 293 

 294 

Fig. 9. Temporal evolution of tea span and leaf tip x coordinates under different pressures: (a) P = 295 

0.999, (b) P = 0.996, (c) P = 0.993, (d) P = 0.990, (e) P = 0.987, (f) P = 0.984 296 

To analyse the relationship between P and ds quantitatively, the polyline of ds changing with P is 297 

plotted, as presented in Fig. 10. The decrement of ds is smaller. When pressure P decreases from 0.999 298 

to 0.996, the decrement of ds is 5.8. However, when P decreases from 0.987 to 0.984, the decrement of 299 

ds decreases to 0.15. This phenomenon has two main reasons. Firstly, FL is far from the pipe mouth, so 300 

it is less affected by pressure. Therefore, the velocity increment of the fluid at this position is small, 301 



 

 

resulting in the small rotation angle increment of FL. Secondly, the rotation angle of SL is large, which 302 

is approximately vertical. The increment of torque provided by the fluid becomes smaller, so the rotation 303 

angle increment of SL also becomes smaller. 304 

 305 

Fig. 10. Steady leaf span changing with pressure 306 

To explore the relationship between P and T, a polyline of T changing with P is drawn. Fig. 11 307 

shows that with the decrease of P, T is gradually shortened. It means that the smaller the P is, the higher 308 

the deformation efficiency of tea shoot. T is 23,394 at P = 0.999, which indicates that under this condition, 309 

23,394 steps need to be calculated for every 50% decay of d. However, when P = 0.984, T decreases to 310 

2,177, which is only 9.3% of the former. 311 

 312 

Fig. 11. Half-life period changing with pressure 313 

3.2. Effect of vertical deviation H on deformation of tea shoot 314 

3.2.1. Time evolution of velocity, vorticity and tea shoot under different vertical deviations 315 

Fig. 12(a) illustrates the time evolution of velocity, vorticity and tea shoot at H = −20. Fig. 12(a1) 316 

shows only one flow channel in the flow field, and a negative vortex and a positive vortex appear at the 317 

left and right sides of the pipe mouth, respectively. Moreover, the velocity of the fluid around tea shoot 318 

is extremely small, and only a small negative vortex is found at Q2 around the tea. However, as described 319 



 

 

in Fig. 12(a2), the negative vortex at the second tip disappears over time. Comparison reveals no 320 

remarkable difference in velocity, vorticity and tea shoot in Figs. 12(a2)–12(a4), which indicates that 321 

when H is small, fluid has a minimal effect on tea. 322 

 323 

Fig. 12. Time evolution of velocity, vorticity and tea shoot under different vertical deviations: (a) 324 

H = −20, (b) H = −8, (c) H = 0 325 

Fig. 12(b) describes the time evolution of velocity, vorticity and tea shoot at H = –8. Fig. 12(b1) 326 

shows two evident flow channels in the flow field, and the left flow channel is larger than the right flow 327 

channel. In addition, a positive vortex is formed at Q1, and a negative vortex is formed at Q2. Fig. 12(b2) 328 

shows that over time, the velocity of the fluid in the pipe increases, and the vorticity of the vortex at the 329 

pipe mouth increases. In addition, d decreases, and the size of the positive vortex at Q1 increases. Fig. 330 

12(b3) shows that FL and SL continue to rotate towards the middle, and the negative vortex at Q2 extends 331 

outward. In the final state, SL continues to rotate to the middle, and the rotation angle of FL is very small 332 



 

 

in comparison, as shown in Fig. 12(b4). Furthermore, a positive vortex is formed at the left side of Q2. 333 

Compared with Fig. 12(a4), df is smaller. 334 

Fig. 12(c) shows the time evolution of velocity, vorticity and tea shoot at H = 0. At this time, the tea 335 

is at the reference point. Fig. 12(c1) shows that in the initial period, the right flow channel is small. A 336 

positive vortex and a negative vortex appear at the left and right sides of Q1, respectively. Moreover, the 337 

positive vortex is clearly greater than the negative vortex. Similar to Fig. 6(a), as shown in Fig. 12(c2), 338 

the positive vortex at Q1 extends outward and merges with the positive vortex at the right side of the pipe 339 

mouth. In addition, the positive vortices appear at the left side of SL. In Fig. 12(c3), the positive vortices 340 

at the left side of SL also merge with the positive vortex at the right side of the pipe mouth. Fig. 12(c4) 341 

shows that the right flow channel becomes larger, the fusion of these vortices is destroyed and the 342 

vorticity of the vortices at Q2 increases. In addition, the deformation of tea shoot is greater than that in 343 

Fig. 12(b4). 344 

In summary, with the increase of H, the velocity and vorticity of the fluid around tea shoot gradually 345 

increase, and df decreases. 346 

3.2.2. Velocity distribution under different vertical deviations 347 

To analyse the relationship between the velocity of the fluid around the tea and the deformation of 348 

tea shoot further, Fig. 13 is plotted. It shows the final velocity of fluid points on three groups of horizontal 349 

lines (A, B and C) under six different vertical deviations, and the horizontal lines (A, B and C) are 350 

expressed as Eq. (27). 351 

Waveform comparison clearly shows that the trends of the polylines in Figs. 13(a)–13(f) are similar, 352 

mainly showing two mountains and one valley, in which the left peak is higher than the right peak. 353 

Moreover, with the increase of H, the valley of the velocity polyline becomes narrower. The main reason 354 

is that when H increases, df decreases, and the area blocked by tea shoot on the horizontal line shrinks. 355 

Finally, considering the overall trend, for the same horizontal line, the greater the vertical deviation H is, 356 

the greater the average velocity of the fluid point. 357 

Taking the velocity polyline corresponding to A as an example, data analysis reveals that H is 358 

positively correlated with the increment of velocity peak value. When H increases from −20 to −16, the 359 

left peak value increases from 0.00477 to 0.00616 with an increment of 0.00139, and the right peak value 360 

increases from 0.00267 to 0.00308 with an increment of 0.00041. However, when H increases from −4 361 

to 0, the left peak value increases from 0.0154 to 0.02117 with an increment increases to 0.00577, which 362 

is 4.15 times of the original increment. The right peak value increases from 0.00739 to 0.013 with an 363 

increment of 0.00561, which is 13.68 times the original increment. In addition, € increases first and then 364 



 

 

decreases with the increase of H. When H = −20, i is 1.79, and when H = −8, i reaches the maximum of 365 

2.48. When H = 0, i decreases to 1.63. 366 

 367 

Fig. 13. Velocity distribution on three groups of horizontal lines (A, B and C) under different 368 

vertical deviations: (a) H = −20, (b) H = −16, (c) H = −12, (d) H = −8, (e) H = −4, (f) H = 0 369 

3.2.3. Temporal evolution of tea span and leaf tip x coordinates under different vertical deviations 370 

The quantitative analysis of the deformation characteristics of tea shoot in each time period is of 371 

great importance to clarify the mechanism of negative pressure guidance. Fig. 14 shows the time 372 

evolution of tea span and leaf tip x coordinates under six different vertical deviations. Comparison reveals 373 

that the development trend of each polyline in Fig. 14 is similar to that in Fig. 9. Figs. 14(f) and 9(d) 374 

correspond to the same simulation test. The polyline trend displays that after 100,000 steps, the flow field 375 

corresponding to Figs. 14(e) and 14(f) has reached a stable state, whereas the flow field corresponding 376 

to Figs. 14(a)–14(d) is not stable yet, so the stable value needs to be obtained through linear fitting. In 377 

addition, the law can be determined: As H increases, df becomes smaller, and the deformation speed is 378 

faster. 379 



 

 

 380 

Fig. 14. Temporal evolution of tea span and leaf tip x coordinates under different vertical 381 

deviations: (a) H = −20, (b) H = −16, (c) H = −12, (d) H = −8, (e) H = −4, (f) H = 0 382 

Fig. 15 demonstrates the polyline of ds changing with H. The decrement of ds first increases and 383 

then decreases with the increase of H. When H increases from −20 to −16, the decrement of ds is 0.95. 384 

When H increases from −12 to −8, the decrement of ds increases to 2.57. However, when H increases 385 

from −4 to 0, the decrement of ds decreases to 1.37. The main reason is that when 
2  is large, the airflow 386 

velocity has a great influence on d, and the increment of the fluid velocity around the tea increases with 387 

the increase of H. Therefore, at the beginning, the decrement of ds is positively correlated with H. When 388 

H ≥ −8, 
2  is small enough to reduce the increment of torque provided by fluid. Therefore, when H 389 

continues to increase, the decrement of ds begins to decrease. 390 



 

 

 391 

Fig. 15. Steady leaf span changing with vertical deviation 392 

Fig. 16 is a polyline graph of T changing with P. Fig. 16 shows that with the increase of H, T first 393 

increases and then decreases. The data show that T is 22,655 at H = –20, increases to 24,197 at H = −16 394 

and decreases to 3,068 at H = 0, which means that when H = 0, the deformation efficiency of tea shoot 395 

is the highest. 396 

 397 

Fig. 16. Half-life period changing with vertical deviation 398 

3.3. Effect of horizontal deviation W on deformation of tea shoot 399 

3.3.1. Time evolution of velocity, vorticity and tea shoot under different horizontal deviations 400 

Fig. 17(a) illustrates the time evolution of velocity, vorticity and tea shoot at W = −8. Fig. 17(a1) 401 

displays that tea is located on the left under pipe mouth. Two flow channels with similar sizes are in the 402 

initial period. A positive vortex is formed at Q1 and the left side of Q2, and a negative vortex is formed 403 

at the right side of Q2. In the process of negative pressure guidance, the left flow channel gradually 404 

shrinks, and the right flow channel gradually expands. Fig. 17(a2) shows that the positive vortices at Q1 405 

and the left side of Q2 are connected. Fig. 17(a3) illustrates that SL continues to rotate counter clockwise, 406 

and the vorticity of the positive vortex at the left side of Q2 increases. Finally, Fig. 17(a4) displays that 407 

the right flow channel is remarkably larger than the left flow channel, and the negative vortex at the right 408 



 

 

side of Q2 is connected to the negative vortex at the left side of the pipe mouth. 409 

Fig. 17(b) describes the time evolution of velocity, vorticity and tea shoot at W = 8. Fig. 17(b1) 410 

describes that tea is located on the right under pipe mouth. Two flow channels are in the initial period, 411 

and the left channel is considerably larger than the right flow channel. Furthermore, a negative vortex is 412 

formed at the right side of Q1 and Q2, and a positive vortex is formed at the left side of Q1. In the process 413 

of negative pressure guidance, the left flow channel first increases and then decreases, and the right flow 414 

channel first decreases and then increases. Fig. 17(b2) shows that the positive vortex at the left side of 415 

Q1 extends and connects to the positive vortex at the right side of the pipe mouth, and the size of the 416 

negative vortex at Q2 decreases. When SL rotates to the position shown in Fig. 17(b3), the right flow 417 

channel disappears, and until SL continues to rotate to the position shown in Fig. 17(b4), the right channel 418 

reappears. At this time, SL has rotated to the left of the tea centre. 419 

 420 

Fig. 17. Time evolution of velocity, vorticity and tea shoot under different horizontal deviations: 421 

(a) W = −8, (b) W = 8, (c) W = 12 422 



 

 

Fig. 17(c) describes the time evolution of velocity, vorticity and tea shoot at W = 12. In Fig. 17(c1), 423 

two flow channels are in the initial period, and the left flow channel is remarkably larger than the right 424 

flow channel. Moreover, a positive vortex and a negative vortex are formed on the left and right sides of 425 

Q1, respectively, and a negative vortex is formed at Q2. Over time, the left flow channel gradually 426 

increases, and the right flow channel gradually decreases. Figs. 17(c2)–17(c4) show the positive vortex 427 

at the left side of Q1 expands gradually, the negative vortex at Q2 expands first and then shrinks, and the 428 

negative vortex at the right side of Q1 gradually shrinks. In the final state, the right flow channel almost 429 

disappears. In addition, the positive vortex at the left side of Q1 connects to the positive vortex at the 430 

right side of pipe mouth. 431 

Finally, based on the above discussion, with the increase of W, df first decreases and then increases. 432 

3.3.2. Velocity distribution under different horizontal deviations 433 

By analysing the velocity distribution of the fluid around the tea shoot, the fluid–tea coupling 434 

characteristics can be studied better. Fig. 18 illustrates the final velocity of fluid points on three groups 435 

of horizontal lines (A, B and C) under six different horizontal deviations, and Fig. 5 shows the horizontal 436 

lines (A, B and C). 437 

 438 

Fig. 18. Velocity distribution on three groups of horizontal lines (A, B and C) under different 439 

horizontal deviations: (a) W = −8, (b) W = −4, (c) W = 0, (d) W = 4, (e) W = 8, (f) W = 12 440 



 

 

Waveform comparison reveals that the polyline in Fig. 18 has two mountains and one valley. Taking 441 

the velocity polyline corresponding to A as an example, with the increase of W, the left peak value and 442 

the x coordinate of the left peak first increases and then decreases, the right peak value gradually 443 

decreases, and the x coordinate of right peak gradually increases. Moreover, the valley gradually shifts 444 

to the right because when W increases, the whole tea shoot shifts to the right, and the area blocked by tea 445 

shoot on the horizontal line also shifts to the right. In summary, W has no remarkable effect on the average 446 

velocity of the fluid point but influences the magnitude and location of the velocity peak value. 447 

Data analysis finds that the decrement of the right peak value increases first and then decreases with 448 

the increase of W. When W increases from −8 to −4, the right peak value decreases from 0.01768 to 449 

0.01594, and the decrement is 0.00172. When W increases from 4 to 8, the right peak value decreases 450 

from 0.00872 to 0.00302, and the decrement increases to 0.0057. However, when W increases from 8 to 451 

12, the right peak value decreases from 0.00302 to 0.00104, and the decrement decreases to 0.00198. In 452 

addition, W is positively correlated to i. When W = −8, i is 0.73, and when W = 12, i increases to 18.94. 453 

3.3.3. Temporal evolution of tea span and leaf tip x coordinates under different horizontal deviations 454 

Fig. 19 describes the time evolution of tea span and leaf tip x coordinates under six different 455 

horizontal deviations. As W increases, the whole tea moves to the right, so the initial X1 and X2 gradually 456 

increase. Moreover, the polyline trend reveals that after 100,000 steps, the flow field corresponding to 457 

Figs. 19(a)–19(d) has reached a stable state, whereas the flow field corresponding to Figs. 19(e) and 19(f) 458 

is not stable yet, and a linear fitting method is required to obtain stable values. In addition, with the 459 

increase of W, df decreases first and then increases, the final rotation angle of SL first increases and then 460 

decreases, and the final rotation angle of FL becomes smaller. 461 



 

 

 462 

Fig. 19. Temporal evolution of tea span and leaf tip x coordinates under different horizontal 463 

deviations:(a) W = −8, (b) W = −4, (c) W = 0, (d) W = 4, (e) W = 8, (f) W = 12 464 

To make the change of ds more intuitive, Fig. 20 is plotted to show the polyline of ds changing with 465 

W. When W ≤ 8, ds decreases with the increase of W, and the decrement is similar. However, when W 466 

increases from 8 to 12, ds increases from 1.78 to 4.48. The main reason is that when W ≤ 8, SL is not far 467 

enough from the pipe mouth, and the velocity of the surrounding fluid point is large, so that it can still 468 

rotate greatly. When W = 12, SL is far enough from the pipe mouth, resulting in a decrease in the rotation 469 

of SL. 470 

 471 

Fig. 20. Steady leaf span changing with horizontal deviation 472 



 

 

To make the deformation efficiency of tea shoot more intuitive, Fig. 21 is drawn to show the polyline 473 

of T changing with W. With the increase of horizontal deviation W, T decreases first and then increases, 474 

which means the deformation efficiency of tea shoot increases first and then decreases. Based on the data, 475 

T is 9,413 at W = −8, decreases to 3,068 at W = 0 and increases to 45,489 at W = 12, which is much larger 476 

than 7,079 steps at W = 8. 477 

 478 

Fig. 21. Half-life period changing with horizontal deviation 479 

3.4. Effect of position deviation (H and W) on deformation of tea shoot 480 

Fig. 22 shows ds variation under different position deviations (H and W) by isoline map. The isoline 481 

is concave. Therefore, when W is constant, the greater H is, the smaller ds is. When H is constant, ds 482 

decreases first and then increases with the increase of W. Furthermore, when ds is the minimum, the 483 

whole tea is located below the right side of the pipe mouth, that is, the side where SL is located. The 484 

reason is that SL is longer and is greatly affected by the fluid. In addition, the lowest point of each isoline 485 

is defined as the minimum point, and the point–line diagram is drawn. With the increase of ds, the vertical 486 

deviation H at the minimum point gradually decreases, whereas the horizontal deviation W at the 487 

minimum first decreases, then increases and finally decreases. When ds is 2, the W at the minimum point 488 

is 7.66. When ds increases to 3, the W at the minimum point decreases to 6.39. When ds increases to 4, 489 

the W at the minimum point increases to 6.61. Finally, as ds continues to increase, the W at the minimum 490 

point gradually decreases to 0.77. 491 



 

 

 492 

Fig. 22 Effect of position deviation (H and W) on steady leaf span 493 

Fig. 23 illustrates variation law of T obtained by statistical 36 groups of simulation test results. The 494 

distribution of T is asymmetrical because tea itself is asymmetrical. Fig. 23 is divided into five areas (R1, 495 

R2, R3, R4, R5) from large to small according to T. The T of area R1 is short, all within 10,000 steps because 496 

area R1 is near the pipe mouth, the velocity of the surrounding fluid point is large and the deformation 497 

efficiency of tea shoot is high. Two main reasons explain the gradual lengthening of T in areas R2 and R3. 498 

Firstly, some locations are far from the pipe mouth, where the velocity of the fluid around the tea is low, 499 

and the deformation speed is slow. Secondly, some locations are close to the pipe mouth, where the 500 

deformation of tea shoot is large, thus lengthening T. In addition, areas R4 and R5 are located at the right 501 

side of the pipe mouth. The main reason for the gradual lengthening of T is the decrease of fluid velocity. 502 

 503 

Fig. 23. Effect of position deviation (H and W) on half-life period 504 



 

 

4. Conclusions 505 

In this paper, a new ‘Y-type’ tea shoot model is established according to the physical properties of 506 

tea shoot, which can be used to study the deformation of single tea shoot. Moreover, the deformation 507 

law of tea shoot under negative pressure guidance is studied by using IB-LBM. The effectiveness of the 508 

tea shoot model is verified by simulation test, and the effect of pressure and position deviation on the 509 

deformation of tea shoot is quantitatively analysed. The conclusions are as follows: 510 

Firstly, pressure P determines the velocity of the fluid in the flow field. When the tea centre is fixed 511 

at the reference point and P decreases, the velocity of the fluid in the flow field increases, leading to the 512 

decrease of ds. In addition, the polylines of ds and T changing with P are analysed, and the results show 513 

that T and the decrement of ds also decrease with the decrease of P. When P = 0.984, ds and T achieve 514 

minimum values of 3.81 and 2,177, respectively. 515 

Secondly, when P is fixed, with the increase of the vertical deviation H, the ds decreases, and T 516 

increases first and then decreases. When H = 0, ds and T achieve minimum values of 4.17 and 3,068, 517 

respectively. Moreover, with the increase of the horizontal deviation W, ds and T decrease first and then 518 

increase. When W = 8, ds achieves a minimum value of 1.78, and T achieves a minimum value of 3,068 519 

at W = 0. 520 

Finally, the combined effect of H and W is considered. When P is fixed, with the decrease of H, W 521 

needs to decrease first, then increase and finally decrease again to minimize ds. In addition, the area with 522 

small T are concentrated near the pipe mouth and shows an asymmetric distribution. 523 

The effects of pressure P, vertical deviation H and horizontal deviation W on the deformation of tea 524 

shoot have been preliminarily revealed. Leaf bending deformation and negative pressure dynamic 525 

guidance will be further studied. The current study results show that the ‘Y-type’ tea shoot model can 526 

better reflect the deformation characteristics of a single tea shoot, and a numerical calculation method is 527 

expected to be developed further to optimize the picking end effector of famous tea. 528 
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Biosystems Engineering 

Numerical simulation for deformation characteristic of tea shoot under negative pressure guidance  

by the immersed boundary–lattice Boltzmann method 

 

1. Apart from what is mentioned in subsection 2.2, are there no other properties of tea 

leaves that is included in the simulation software?  i.e. leaf weight, etc. 

 

2. in Figure 3, 20D is there a separate standard, or is there a certain reason for using the 

existing size? 

 

3. Do the numbers in Figure 4 have certain units? Perhaps P and others 

 

4. Can you mention anything that proves that your numerical calculations are in accordance 

with the simulation test? and if so, what error value did you obtain? 

 

5. To make it easier for readers, the Legend in Figures 6, 12, 17, should be enlarged, and the 

image quality should be improved. 

 

6. In Figures 6, 12, and 17 there are two contour views (Top and Bottom), what does each 

of these contours show? 

 

7. In your opinion, what might happen if the position of the pipe mouth is not parallel to the 

position of the leaf? (in this case, if there is a certain angle) 

 

8. In Line 26, you mention one of the abstract keywords of the IB-LBM, while there is no 

explanation of the IB-LBM in the Abstract itself. 

 

9. Did you make up your own terms for “Y-type” Tea Shoot model, or are there several 

other types? If there are any, mention them and give a brief explanation. 

 

10. In Row 120 you mentioned the angle of the first and second leaf to be 30
o
, where did you 

obtain that value? 

 

11. What type of CFD simulation are you using, Steady or Transient? and explain the 

purpose of using it? 
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