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ABSTRACT

Automatic orientation and conveying are critical to enhancing the operational efficiency of postharvest cabbage
commercial processing (e.g., trimming), reducing labor input costs, and boosting commodity added value. To
address this demand, this study presents the optimal design of an automatic orientation and conveying device
for postharvest cabbages based on conical treads, leveraging the moment of inertia principle. Through
dynamic modeling and analysis, the key structural parameters governing orientation performance and their
feasible ranges were quantified. Furthermore, the orientation reliability of the proposed structure was validated
via ADAMS-based motion simulation. A prototype of the postharvest cabbage orientation and conveying device
was fabricated, and parameter optimization experiments were conducted to determine the optimal operating
conditions. The results indicate that the device achieves superior operational performance when the orientation
roller angle is set to 20°, the axial clearance is 60 mm, and the conveying chain linear speed is 300 mmys.
Under these optimal parameters, the orientation success rate of postharvest cabbages reaches 98.67 £ 1.05%,
with an orientation angle deviation of 5.18 + 0.39°. This design remarkably improves the orientation and
conveying precision of postharvest cabbages, laying a solid theoretical foundation and providing technical
support for subsequent commercial processing operations such as root cutting.
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INTRODUCTION

Cabbage is one of the most widely cultivated and consumed vegetables in China. In 2024, its cultivation
area amounted to 1.03x10° hectares with a total yield of 3.68x107 tons (FAO, 2026). Commercial processing
represents an effective means to elevate the commodity added value of postharvest cabbage, and automatic
orientation and conveying constitutes a pivotal procedural step in this workflow (Du et al., 2019, Xiong et al.,
2025). Specifically, this process entails adjusting randomly arranged cabbages into a standardized posture via
external force intervention, thereby facilitating subsequent postharvest operations including trimming, grading,
packaging and storage (Cui et al., 2023).
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Currently, scholars at home and abroad have conducted extensive relevant research in the field of
automatic orientation and conveying for postharvest fruit and vegetable processing. Nevertheless, the majority
of these studies focused on small and medium-sized spherical fruits and vegetables.

Bennedsen et al., (2005), developed an apple orientation and rotation device based on the differences
in physical characteristics between apple stalks and calyxes. On this basis, Li et al., (2009), added freely
rotatable positioning wheels to adapt to apples of different diameters. Moreover, Lefcourt et al., (2008, 2009),
proposed an automatic apple orientation method based on two parallel tracks, which relies on the rotational
inertia effect.

Mizushima and Lu., (2013), found that the orientation of apples could also be achieved using a double-
cone roller structure. Li et al., (2014), utilized the offset center-of-gravity position of lychees and the structural
characteristics of curved rollers to realize automatic posture adjustment and single-row oriented conveying of
lychees through counter-rotating rollers.

Kang et al., (2017, 2018), employed the rolling friction effect to keep jujubes in a stable state with
minimum momentum during rotation, thereby gradually achieving sequential oriented arrangement of
individual jujubes.

Zheng et al., (2015), adopted a pair of rollers with different diameters and a certain inclination angle to
realize the oriented conveying of peppers. Considering the significant differences in the three-axis dimensions
of fresh apricots and their symmetry along the suture plane, Liu et al., (2012, 2016), proposed a differential
belt-type dynamic orientation and conveying method based on the minimum action principle of space geometry.

Lin et al., (2017), optimized the design of a strawberry guiding roller with an hourglass-like geometric
structure; strawberries completed the orientation process at the depressions between two adjacent rollers.

Wang et al., (2020), designed an oriented arrangement vertical and horizontal cutting machine suitable
for large-scale processing of potato seed tubers, whose orientation arrangement device can effectively adjust
the position and posture of seed tubers. However, unlike the aforementioned small and medium-sized quasi-
spherical fruits and vegetables, cabbage presents structural characteristics of non-homogeneous mass
distribution and axial offset of the mass center (Cui et al., 2020). Conventional cylindrical rollers fail to satisfy
the automatic orientation requirements of cabbage. Hence, a novel orientation device is proposed, which can
counteract the eccentric effect of cabbage’s mass center through lateral friction torque.

To further enhance the orientation and conveying performance of postharvest cabbage, this study
proposed an automatic orientation and conveying method for postharvest cabbage based on conical treads,
building on previous research findings (Cui et al., 2020; Zheng et al., 2021; Wang et al., 2021). Conical rollers
feature tapered surfaces with variable diameters. The constraint space formed by such rollers generates lateral
friction torque on cabbages to counteract the influence induced by the axial offset of cabbage’s mass center.
Under the combined effect of the moment of inertia and the principle of minimum action, cabbages are guided
to rotate stably around their minimum inertia axis, delivering superior automatic orientation performance.
Through dynamic analysis, the key structural parameters and their feasible ranges affecting the orientation
effect were determined, followed by the implementation of ADAMS motion simulation. Subsequently, a
prototype of the postharvest cabbage orientation and conveying device was fabricated, and parameter
optimization experiments were conducted to obtain the optimal combination of operating parameters. This
research provides a solid theoretical basis and technical support for subsequent commercial processing
operations of postharvest cabbage, such as root cutting.

MATERIALS AND METHODS

Automatic orientation and conveying device for postharvest cabbage based on conical treads

Automatic orientation and conveying device for postharvest cabbage based on conical treads was
simplified as illustrated in Figure 1. It is composed of a frame, a drive motor, a chain transmission mechanism,
a conical tread orientation roller group, a rack-and-pinion pair, an image detection mechanism, and other
auxiliary components. Among these components, the conical tread orientation roller group comprises
orientation rollers symmetrically fixed on the roller shaft. Gears engaged with the rack for transmission are
symmetrically installed on the outer side of the roller shaft. Both ends of the roller shaft are connected to the
chain transmission mechanism through couplings. Both the rack and the chain transmission mechanism are
fixedly mounted on the frame.
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b) Top view
Fig.1 - Schematic diagram of the structure of an automatic orientation conveying device for
postharvest cabbage based on conical treads
1 — Rack; 2 — Drive motor; 3 — Chain transmission mechanism; 4 — Conical tread orientation roller group;
5 —Postharvest cabbage; 6 — Rack and pinion pair; 7 — Image detection mechanism.

Specifically, the drive motor drives the chain transmission mechanism to operate backward at a constant
speed. Through the couplings, the conical tread orientation roller group is also driven to move backward at a
constant speed. Meanwhile, under the drive of the rack-and-pinion pair, the conical tread orientation roller
groups rotate passively, and adjacent conical tread orientation roller groups form a stable orientation space.
According to the kinematic transmission relationship, a conversion relationship exists between the linear
velocity of the conveying chain and the angular velocity of the rollers, as expressed in Eq. (1).

v=owr (1)
where v is the linear velocity of the conveying chain, [m/s]; o is the angular velocity of the rollers, [rad/s]; r is
the pitch radius of the pinion in the rack-and-pinion pair, [m].

When postharvest cabbages fall into this orientation space, the conical tread orientation rollers exert
forces on them, enabling the cabbages to achieve automatic orientation under the combined action of rotational
inertia and the principle of minimum action, and then be conveyed backward under the drive of the chain
transmission mechanism. When the gears leave the action area of the rack, no external force acts on the
conical tread orientation rollers. Under the action of gravity and friction, the conical tread orientation rollers
form a stable state with the oriented cabbages and continue to be conveyed backward. Finally, the cabbages
reach the area of the image detection mechanism, where pose images are collected to evaluate the orientation
effect, providing data support for subsequent commercial processing such as trimming.

Kinematics analysis of postharvest cabbage orientation

The conical tread possesses excellent self-centering and curve-guiding capabilities (Zhong et al., 2016;
Ren et al., 2010). Furthermore, the orientation movement of postharvest cabbage on this structure conforms
to the principles of moment of inertia and least action. Therefore, the orientation kinematics of postharvest
cabbage was analyzed, as illustrated in Figure 2, and the structure was optimized to enhance the orientation
and conveying performance of postharvest cabbage. At this point, the postharvest cabbage on the conical
tread orientation roller group is subjected to the combined action of its own gravity, as well as the supporting
force and frictional force from each conical tread orientation roller rotating in the same direction at the same
speed. As a result, it gradually achieves stable rotational motion around its central axis, and the circumferences
of the trajectories of the two contact points formed between the cabbage and the conical tread orientation
rollers are equal.
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Fig. 2- Force analysis of postharvest cabbage movement on the conical tread orientation roller groups
Note: F, denotes the support force exerted by the conical tread-oriented roller on postharvest cabbage, while f;represents the frictional

force exerted by the roller wheel on postharvest cabbage. Fi, Fj, and F;; denote the component forces of the support force along the x,
y, and z axes respectively, whereas fy, fy,, and f;, denote the component forces of the frictional force along the x, y, and z axes
respectively. G denotes the gravitational force of the postharvest cabbage itself, w represents the rotational angular velocity of the
roller, w; denotes the rotational angular velocity of the postharvest cabbage, a;, B, yi; denote the angles between the support force and
the planes of the three coordinate axes respectively, 6 denotes the taper angle of the roller, 5 denotes the angle between the central
axis of the postharvest cabbage and the roller axis, T, and T, denote the motion trajectories of contact points between the postharvest
cabbage and the conical tread-oriented roller, and O represents the center of mass of the postharvest cabbage.

In this state, the postharvest cabbage moves dynamically and stably on the conical tread orientation
rollers; that is, the force system within its rigid-body inertial force system reaches equilibrium. Therefore, it can

be concluded that:
DM =>M,+> M, =0 2)
where: M, is the torque generated by postharvest cabbage rotating about the x-axis at angular velocity wx,

[N-m]; M. is the torque produced by external forces when postharvest cabbage rotates about its central axis,
[N-m]; My is the principal moment of inertia of postharvest cabbage in the inertial coordinate system, [N-m].

As shown in Figure 2, the instantaneous forces acting on the postharvest cabbage in all directions have
reached equilibrium. Furthermore, the angle between the support force exerted by the conical tread orientation
roller on the postharvest cabbage and the component force at its point of contact is equal to the taper angle of
the conical tread orientation roller. Therefore, when the postharvest cabbage rotates about its central axis, the
torque generated by the external force is:

uum um
M, = Z A2 :,uOZFi cos y,L, =,uOZF; cosOL, (3)

where: fi,and fi. are the components of the friction force exerted by the conical tread-oriented roller on the
postharvest cabbage along the y and z axes respectively, [N]; L; is the perpendicular distance from the contact
point between the postharvest cabbage and the roller to the rotational axis, [m]; o is the coefficient of friction
between the roller and the postharvest cabbage; F; is the support force exerted by the roller on the postharvest
cabbage, [N]; y: is the angle between the support force and the component force at the contact point's cross-
section, [°]; @ is the taper angle of the roller, [°].

Meanwhile, based on the theorem of motion of the center of mass and D'Alembert's principle in the
center-of-mass frame, the rigid-body inertial force system of postharvest cabbage is simplified. The calculation
methods for the principal vector of the inertial forces of the particle system and the principal moment of the

inertial forces about the central axis are given in Eq. (4).
uur uu uw

F, =ZF. =—ma,

1i
where: Fjyis the principal vector of the inertial force of the particle system, [N]; FJ; is the inertial force of the

center of mass of the postharvest cabbage, [N]; m is the mass of the postharvest cabbage, [kg]; ao is the
acceleration of the center of mass, [m/s]; F;" is the normal component of the inertial force of the center of mass

(4)
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of the postharvest cabbage, [N]; F is the tangential component of the inertial force of the center of mass of
the postharvest cabbage, [N].

Among these, the magnitudes of the various components of the inertial forces acting on the postharvest
cabbage pith are as follows

FII = mz’az‘t =mra
()

Flzn = miain = miria)lz
where: m; is mass of any particle in the postharvest cabbage, [kg]; a/ is tangential component of acceleration
for that particle, [m/s]; r; is perpendicular distance from a given particle in the postharvest cabbage to the
rotational axis, [m]; a is angular acceleration of the postharvest cabbage rotating about its central axis, [rad/s?];
a/" is normal acceleration component of the particle, [m/s]; w: is angular velocity of the postharvest cabbage
around the x-axis under slight disturbance, [rad/s].

As previously established, postharvest cabbage undergoes stable rotational motion about its central
axis on the conical tread orientation roller group assembly, with its center of gravity positioned along the central
axis. Therefore, it follows that:

F_=0
{w 6

2 M (F)=0
According to the simplified mathematical model of postharvest cabbage, the moments of inertia in the
three directions of the x, y, and z axes can be calculated, and it can be obtained that:

1 1
lx:_sz(b2+cz)+EVl(pl_p2)r2
I =lp V(a2+cz)+lV(p -p,) l(3r2+hz)+2(a—ﬁj2 7)
rosn 2 M e 2

1 1 1 hY
I zgsz(a2+b2)+§Vl(pl -p,) g(3r2+h2)+2(a—5)

where: Ix, Iy, and Iz are moments of inertia of postharvest cabbage along the x, y, and z axes respectively,
[kg-m?]; V is volume of postharvest cabbage, [m3]; V: is volume of the central column, [m?]; p; is density of the
central column, [kg/m?3]; p- is density of the head, [kg/m?®]. The density of the above two tissue structures was
calculated following the method proposed by Zheng et al., 2021, and their volumes were measured via the
water displacement method; r is radius of the central column, [m]; % is length of the central column, [m], a, b

and c are radii of the postharvest cabbage along the x, y, and z axes, respectively, [m].
By combining Egs. (4) to (7), the following expression is obtained:

1 1

My, =3 M (F) = =2 Fyn == (e =1 = —[gsz(lf +e)+hle, —pz)rﬂa ®)

By combining Egs. (2) to (8), the following expression is obtained:

10/,[021*—; cosOL.
a:

2,02V(b2 +cz)+5V1 (o —p,)r
In addition, for the conical tread orientation roller set to achieve orientation operation, it should meet the
basic geometric position relationship and have no assembly interference. That is, postharvest cabbage in
random orientations should not fall off during transport. Meanwhile, to ensure smooth execution of subsequent
rhizome cutting, the rhizomes of postharvest cabbage must be positioned outside the conical tread orientation

roller group. Therefore, the structural design and spatial arrangement of the conical tread orientation roller
must meet these functional requirements:

min(D,,D))> D, >D,—D,
min(H) > C, + 2T, > min(D,,D,) > C, (10)
D,>D,+2T,tan@

(9)
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where: D, is the postharvest cabbage transverse diameter, [nm]; D, is the postharvest cabbage longitudinal
diameter, [mm]; D...» is the minimum diameter of the contact point trajectory between postharvest cabbage and
roller, [mm]; D, is center distance between axes of conical tread-oriented rollers, [mm]; Dr is Inner diameter of
roller, [mm]; H is plant height of postharvest cabbage, [mm]; C, is axial clearance of roller, [mm]; Tr is thickness
of roller, [mm].

Calculated from Eq. (10):

min(D_,D
0 < arctan {M}

2T,

R

(11)
min(D,,D,)—-2T, <C, <min(H)-2T,

Egs. (9) and (11) demonstrate that during postharvest cabbage orientation on the conical tread
orientation roller assembly, its motion state is influenced not only by the physical parameters of the cabbage
itself but also by structural parameters such as the taper angle of the conical tread orientation roller and its
positional relationship. This provides a theoretical basis for selecting factors in subsequent experiments aimed
at optimizing the automatic orientation parameters for postharvest cabbage.

Simulation and Analysis of Orientation Movement of Postharvest Cabbage Based on ADAMS

Firstly, SolidWorks software was employed to establish a three-dimensional simulation model for the
orientation motion of postharvest cabbage. By integrating the physical parameters of postharvest cabbage with
the results of orientation kinematic analysis, the inner diameter of the conical tread orientation roller was
determined to be 70 mm, with a taper angle of 20° and a thickness of 30 mm. The structural parameters of the
roller were derived from the optimal parameter combinations reported in previous studies (Cui et al., 2020;
2021), with the radial and axial clearances set at 50 mm and 60 mm, respectively. Furthermore, postharvest
cabbage was modeled as an isotropic elastic body (Duet et al., 2019) and simplified into two components: a
central stem solid and a head solid. Both the physical parameters and material properties were kept consistent
with the settings in Cui et al., (2020), to better verify the orientation performance of the conical tread orientation
roller assembly. Subsequently, this three-dimensional model was converted into the universal IGS format and
imported into ADAMS software. The simulation model for the orientation movement of postharvest cabbage is
shown in Figure 3.

W

Fig. 3 - Postharvest cabbage automatic orientation simulation model
1 — Conical tread orientation roller 1; 2 — Conical tread orientation roller 2; 3 — Blade ball; 4 — Central column; 5 —
Conical tread orientation roller 3; 6 — Conical tread orientation roller 4; 7 — Support shaft.

The simulation analysis workflow for postharvest cabbage orientation essentially followed that of Cui et
al., 2020, with the specific steps outlined below:

(1) Material definition. The material properties of key components, including the orientation roller, leaf
head, central stem, and support shaft, were set.

(2) Motion constraint conditions. Constraints were added to the conical tread orientation roller model,
including fixed pairs, rotating pairs, drive mechanisms, and contact forces. The impact function method was
adopted to define the contact forces between the central stem and head of postharvest cabbage and the roller.
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The stiffness coefficient, collision index, maximum damping coefficient, static friction coefficient, and dynamic
friction coefficient were set to 278 N/mm, 1.5, 0.3 N-s/mm, 0.5, and 0.48, respectively (Zheng et al., 2021).

(3) Marker point addition. One marker point was selected at the center of the base of the central stem
and another at the center of the head, designated as point A (X4, Y1, Z1) and point B (X, Y2, Z,), respectively.
Both marker points are located along the central axis of postharvest cabbage.

(4) Motion parameter configuration. The initial pose of postharvest cabbage was divided into 26 distinct
configurations (Cui et al., 2020) for simulation testing. The drive parameters were set to 12.00 rad/s, 15.00
rad/s, and 18.00 rad/s, respectively. The simulation duration was uniformly set to 10.0 seconds, with 500
simulation steps for each configuration.

(5) Orientation metric calculation method. In this study, orientation was analyzed solely based on the
angle between the central axis of postharvest cabbage and the axis of the conical orientation roller, which was
calculated according to Eq. (12).

2 2 2
lAB + ZAC — IBC

2lAClAB

O = arccos

le =04 = %)+ (3= 2,) + (2 + k= 2,)° (12)
Lyc :\/()c1 —,) +(, =) +(z,+k-2z) =k

lip = \/(xl _xz)z +(y _yz)2 +(z, _22)2

where: ¢ is angle between the central axis of the postharvest cabbage and the roller axis, [°]; Isc, lic and Lss

are lengths of line segments BC, AC, and AB respectively, [mm]; wherein the parameter k of the marked point
C (x4, y1, Z; + k) is a constant value set at 150 (Cui et al., 2020).

Automatic orientation performance optimization test based on conical treads

Based on the aforementioned kinematic and simulation analyses of the automatic orientation of
postharvest cabbage using conical treads, a conical tread orientation conveying device for postharvest
cabbage was designed and trial-manufactured, as illustrated in Figure 4. A total of 120 postharvest cabbages
of the "Zhonggan 15" variety were selected as test samples. Their transverse diameters ranged from 114 to
128 mm, longitudinal diameters from 108 to 124 mm, plant heights from 132 to 155 mm, masses from 527 to
795 g, and sphericities from 87% to 94%.

Fig. 4 - Prototype of a Postharvest Cabbage Cone-Tread Oriented Conveying Device
1 — Frame; 2 — Rack and pinion assembly; 3 — Chain drive mechanism; 4 — Laptop computer; 5 — Image acquisition system;
6 — Motor control system; 7 — Power supply.

In addition, the test equipment included a digital vernier caliper (accuracy: 0.01 mm, measuring range:
0-300 mm, manufactured by AIRAJ, Germany) and an AR926 laser tachometer (accuracy: £0.05%, measuring
range: 2.5-99999 r/min, manufactured by Dongguan Wanchuang Electronic Products Co., Ltd., China).

In this experiment, an orthogonal test was carried out with the taper angle of the conical tread orientation
roller, the axial clearance, and the linear velocity of the conveyor chain as experimental factors, and the
orientation angle of postharvest cabbage and the orientation success rate as experimental indicators, with
details shown in Table 1.
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The taper angle of the conical tread orientation roller was adjusted by replacing custom-made rollers
with different taper angles, where the inner diameter and thickness of the rollers were fixed at 70 mm and 30
mm, respectively. The axial clearance was measured and adjusted using a digital vernier caliper, while the
linear velocity of the conveyor chain was regulated by measuring the angular velocity of the sprocket with a
laser tachometer. Each experimental group consisted of 30 cabbages, and each group was repeated three
times; the average value was taken as the final experimental result.

Table 1
Orthogonal Test Factors and Levels for Conical Tread Orientation
Factors
Axial clearance
Levels Taper angle (°) (mm) Linear velocity of chain (mm/s)
1 10 40 225
2 20 50 300
3 30 60 375

The experimental indicators, including the orientation angle and orientation success rate of postharvest
cabbage, were calculated based on the calibration results of the angle between the central axis of postharvest
cabbage and the axis of the rollers, which were obtained from the top-view and side-view images using
Photoshop software. This measurement method was consistent with that reported by Cui et al., (2020), as
illustrated in Figure 5.
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(a) Included angle from top-view J, (b) Included angle from side-view d,

Fig. 5 - Method for determining the orientation angle of postharvest cabbage on a conical tread orientation roller

The calculation methods for the cabbage angle and orientation success rate are shown in Egs. (13) and
(14).

.| tan®& +tan’ S
& = arcsin - = (13)
1+tan” o, +tan” &,

ngz%xlOO% (14)

where: 7, is postharvest cabbage orientation success rate, [%]; n, is number of postharvest cabbage achieving
successful orientation (rotating around their central axis at a relatively small and stable angle), [heads]; N is
total number of postharvest cabbage, [heads].

RESULTS

Analysis of the Simulation Results on the Orientation Movement of Postharvest Cabbage on
Conical Tread Surfaces

The pattern of angular variation during the automatic orientation of postharvest cabbage on the conical
tread orientation roller group is illustrated in Figure 6.
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(c) Roller angular velocity: 18.00 rad/s
Fig. 6 - Pattern of Angular Movement Between the Central Axis of Postharvest Cabbage and the Axis
of the Conical Orientation Roller
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Specifically, as shown in Figure 6(a), the angle stabilizes at 6.62 £+ 0.12° when the roller's angular
velocity is 12.00 rad/s. The longest time required for angular stabilization is 3.52 seconds (for initial pose Aa).
For initial poses A1z and As, the time required for angular stabilization decreases gradually, while the remaining
postharvest cabbage poses take no more than 2.50 seconds to achieve angular stabilization.

Similarly, as shown in Fig. 6(b), the orientation angle of postharvest cabbages stabilized at 5.90 + 0.07°
when the angular velocity reached 15.00 rad/s. The maximum stabilization time was 5.42 s, which was
observed for the initial pose Ai2. For the initial poses A1 and As, the stabilization time decreased in turn,
whereas the orientation angles for all other initial poses stabilized within 2.08 s. As depicted in Fig. 6(c), at an
angular velocity of 18.00 rad/s for the conical tread orientation roller group, the orientation angle of postharvest
cabbages stabilized at 5.74 + 0.13°. The maximum stabilization time was 3.76 s for the initial pose Ao; the
stabilization time for A1z was relatively shorter, and that for all other initial poses did not exceed 1.44 s.

It is worth noting that in the above cases, the initial poses of postharvest cabbages (A4, A12 and A9)
that required the longest angular motion stabilization time all corresponded to rotational motion about a
principal axis of inertia other than the central axis. Nevertheless, no orientation failure was observed, and all
initial poses were successfully oriented. In comparison with the orientation accuracy of cylindrical orientation
rollers (6.72 £ 1.23°; Cui et al., 2020), the conical tread-based automatic orientation and conveying structure
for postharvest cabbages thus exhibits superior orientation performance and efficiency.

Analysis of the experimental results on the performance optimization of automatic orientation
based on conical treads

As shown in Table 2, range analysis indicated that the experimental factors affecting the orientation
angle of postharvest cabbages were ranked by significance as follows: axial clearance > taper angle > linear
velocity of the conveyor chain. The optimal parameter combination for achieving the target orientation angle
was determined as A,B;C;. Similarly, for the orientation success rate, the factors were ranked by significance
in the order of taper angle > axial clearance > linear velocity of the conveyor chain, with the optimal parameter
combination identified as A,B;C,.

Table 2
Results of Postharvest Cabbage Cone Tread Orientation Orthogonal Experiment
Test Orientatio Orientation success rate
number A B ¢ n(a;\;1gle (%)
1 1 1 1 8.39 80.00
2 1 2 2 7.54 81.11
3 1 3 3 5.51 87.78
4 2 1 2 6.63 94.44
5 2 2 3 6.78 90.00
6 2 3 1 6.17 96.67
7 3 1 3 7.72 82.22
8 3 2 1 7.07 90.00
9 3 3 2 5.88 92.22
ka1 7.15 7.58 7.21
ks2 6.53 7.13 6.68
ka3 6.89 5.85 6.67
R; 0.62 1.72 0.54
ket 82.96 85.56 88.89
k2 93.70 87.04 89.26
k3 88.15 92.22 86.67
Ry 10.74 6.67 2.59

Note: A is the taper angle of conical roller, B is the axial clearance, C is the linear velocity of the chain.

A comparison of the optimal parameter combinations for the orientation angle and orientation success
rate of postharvest cabbages shows consistency in the operational parameters for the taper angle and axial
clearance of the conical orientation rollers: specifically, the taper angle at A, and axial clearance at Bs;. In
contrast, a variation was observed in the linear velocity of the conveyor chain.
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Notably, the orientation success rate was relatively high at conveyor chain linear velocity C,, and the
orientation angle achieved at this velocity was essentially identical to that obtained at C;. For this reason,
conveyor chain linear velocity C, was selected, yielding the overall optimal parameter combination of A,B;C,
for the conical orientation of postharvest cabbages.

Meanwhile, analysis of variance (ANOVA) was performed on the test results to judge whether the effect
of each factor possessed statistical significance. Specifically, the ANOVA results for orientation deflection
angle are listed in Table 3. The F-values of the three factors followed the order axial clearance > taper angle >
linear velocity of the conveyor chain, which was entirely consistent with the factor sequence obtained from
range analysis. Nevertheless, all F-values were far lower than the critical value at the significance level of 0.05.
This indicated that within the parameter range selected for the test, none of the three factors induced
statistically significant differences in the orientation angle. This phenomenon could be attributed to the
compensation effect among different factor levels a smaller axial clearance can make up for the insufficient
lateral friction torque for automatic orientation generated by rollers with a small taper angle, which restrains
drastic fluctuations of cabbage orientation deflection angle as a whole and ultimately weakens the statistical
discrimination ability of a single factor.

Table 3
ANOVA Results of Orientation Angle
Factors Sum of squares Freedom F value
A 0.582 2 0.293
B 4.814 2 2.421
C 0.569 2 0.286
Error 5.965 6

The ANOVA results for orientation success rate are presented in Table 4. The sequence of F-values
follows taper angle > axial clearance > linear velocity of the conveyor chain, consistent with the ranking derived
from range analysis. The surface structure of conical rollers directly determines the lateral friction torque for
automatic orientation that corrects the posture of cabbages, so the roller taper angle always acts as the
dominant control variable to achieve stable orientation. However, the F-values of all factors remain below the
critical value corresponding to the significance level of 0.05. This implies that within the parameter range set
in this study, none of the factors exhibited a significant regulatory effect. Subsequent research can
appropriately expand the value interval of factor levels and add more gradient levels to further explore their
underlying influence rules.

Table 4
ANOVA Results of Orientation Success Rate
Factors Sum of Freedom F value
squares
A 173.091 2 2.009
B 73.591 2 0.854
C 11.786 2 0.137
Error 258.468 6

Optimal parameter combination trial validation

Sixty randomly selected Zhonggan 15 cabbages were used as experimental samples to verify the
postharvest orientation performance of the conical tread orientation and conveying device for postharvest
cabbages, which was operated at a taper angle of 20°, an axial clearance of 60 mm, and a linear velocity of
300 mm/s for the conveyor chain. The experimental results are summarized in Table 5.

Table 5
Postharvest Cabbage Cone Tread Orientation Validation Test Results

Number of cabbage successfully Orientation success Orientation angle
Test number

orientated (piece) rate (%) (°)
1 59 98.33 5.37
2 59 98.33 5.14
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Number of cabbage successfully Orientation success Orientation angle
Test number

orientated (piece) rate (%) (°)
3 60 100 4.53
4 59 98.33 5.39
5 59 98.33 5.92
6 60 100 4.81
7 60 100 5.47
8 59 98.33 5.04
9 58 96.67 5.2
10 59 98.33 4.89
Standard 59.20 98.67 5.18
Deviation 0.63 1.05 0.39

The results demonstrate that under this optimal parameter combination, the orientation success rate of
postharvest cabbages reaches 98.67+1.05%, with the orientation angle at 5.18+0.39°. Further analysis on the
processing capacity of the prototype indicates that the rack length of the rack-and-pinion pair is 1 m, namely
the actual effective length of the orientation section is 1 m. At the optimal chain linear velocity of 300 mm/s,
the corresponding cabbage residence time for orientation section is approximately 3.33 s, which provides
sufficient duration to complete automatic orientation. For individual cabbages with occasional orientation failure,
they can be identified, rejected and circulated back into the orientation mechanism for secondary posture
adjustment. Meanwhile, the uniform feeding spacing between adjacent cabbages is set to 150 mm, and the
calculated theoretical hourly throughput reaches 7200 cabbages per hour, which satisfies the demand for
large-scale commercial processing of cabbages. There exists a trade-off between orientation performance and
processing capacity. If higher production efficiency is required in practical application, the conveying speed
can be moderately increased at the cost of reduced orientation accuracy. For precision rhizome cutting
scenarios with extremely strict requirements on trimming quality, the chain conveying speed can be reduced
to extend the residence time for orientation, sacrificing partial throughput to acquire more stable orientation
performance. These findings further enhance the orientation performance of postharvest cabbages and
provide more favorable technical conditions for subsequent commercial processing operations, such as root
and stem trimming.

CONCLUSIONS

(1) Based on the moment of inertia and the principle of minimum action, this study develops an automatic
conveying and orientation device for postharvest cabbages equipped with conical tread rollers. The axially
variable-diameter tread surfaces of conical rollers generate lateral friction torque acting on cabbages,
counteracting orientation deviation caused by non-homogeneous mass distribution and axial offset of the mass
center, and guiding cabbages to rotate steadily around their minimum inertia axis to achieve automatic
orientation. Meanwhile, ADAMS dynamic simulation results reveal that cabbages with 26 types of initial poses
can all complete automatic orientation on this device, with the maximum posture stabilization convergence
time reaching 5.42 s, which further verifies the superiority and feasibility of the conical tread orientation
mechanism.

(2) Range analysis and analysis of variance (ANOVA) of orthogonal tests indicate that the significance
order of experimental factors affecting the orientation deflection angle of postharvest cabbages is axial
clearance > taper angle > linear velocity of the conveying chain. The significance order of factors influencing
orientation success rate is taper angle > axial clearance > linear velocity of the conveying chain. Within the
parameter range set in this study, none of the experimental factors exerted a statistically significant regulatory
effect on the orientation deflection angle or orientation success rate of postharvest cabbages. Future research
can appropriately expand the value range of factor levels and add more gradient levels to further explore their
underlying influence rules.

(3) The optimal combination of operating parameters was determined as follows: taper angle of 20°,
axial clearance of 60 mm, and conveying chain linear velocity of 300 mm/s. Under this working condition, the
orientation success rate reaches 98.67+1.05%, the average orientation deflection angle is 5.18+0.39°, and the
theoretical processing throughput is 7200 cabbages per hour, which can basically meet the requirements of
postharvest commercial treatment of cabbages. Nevertheless, all performance tests in this paper were only
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carried out with the cabbage cultivar "Zhonggan No.15" as the research object, which brings certain limitations
to this study. Follow-up research will investigate the automatic orientation adaptability of flatter, elongated and
highly asymmetrical cabbage cultivars.

(4) Test results of the prototype performance reveal that occasional orientation failures are inevitable
during long-term continuous orientation operation. Excluding failures caused by cabbage jamming due to
oversized dimensions or cabbage slipping through roller gaps, all remaining failures stem from insufficient
residence time for orientation. Cabbages rotating around non-central principal axes with large moments of
inertia cannot complete automatic orientation within the limited available duration. To address the above
problems, our research team plans to conduct follow-up studies on cabbage size grading and orientation
posture recognition based on machine vision. Specifically, cabbages will be classified by size grading prior to
orientation and delivered to dedicated orientation production lines matching their respective dimensions, so as
to eliminate orientation failures induced by mismatches between cabbage size and structural parameters of
the orientation device. After orientation, machine vision posture recognition will judge the orientation quality.
Cabbages identified as orientation failures will be separated and recirculated into the orientation mechanism
for secondary adjustment, thereby improving the orientation success rate for cabbages of various sizes.
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