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ABSTRACT

To address the low level of standardization in cassava planting and the poor operational performance of
existing harvesting machinery in China, this study proposes a wide-ridge, double-row cassava planting pattern
that integrates current agronomic practices with harvesting requirements. Based on this planting pattern, a
double-row vibrating cassava harvester was designed, and its overall structure and key parameters were
determined. Using analytical methods, the displacement equation and motion-trajectory equation of the
digging-shovel tip were established, and the corresponding motion-trajectory plots were generated using
MATLAB. The cutting, lifting, and impact interactions between the digging shovel and the soil/cassava—soil
complex were theoretically analyzed. Field tests of the prototype showed that its pure working productivity
reached = 0.52 hm#%h, the clean-root rate was = 97.33%, the damaged-root rate was < 1.43%, and the total
loss rate was < 2.67%. The results demonstrate that the double-row vibrating cassava harvester operates
stably and reliably. The vibrating digging shovel exhibits strong soil-breaking ability and enables rapid and
effective separation of cassava from the soil. All performance indicators meet or exceed the design
specifications.
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INTRODUCTION
Cassava, originated from Brazil, is one of the main edible and feeding plants in the world. It is also a

typical food crop in tropical and subtropical poverty-stricken areas. It is listed as the world's three largest potato
crops together with potato and sweet potato (Ferraro et al., 2016, He et al., 2020; Otun et al., 2023). Cassava
is widely planted in tropical and subtropical areas, and was introduced to coastal provinces and cities in
southern China in the early 19th century (Tan et al., 2018). Cassava harvesting is the most intensive and labor-
occupied process in cassava production, accounting for 61% of the whole cassava production (Huang et al.,
2012). With the increase of cassava planting area and the continuous reduction of rural labor force, the labor
cost increases rapidly, accelerating the research and development of applicable cassava harvesting machinery
and improving the mechanized operation rate of cassava harvesting link have become the primary task for the
research on cassava harvesting machinery in China (Yang et al., 2024).
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Brazil and Thailand have higher degree of cassava mechanized harvesting. However, due to different
soil conditions, cassava varieties and planting modes, the applicability of foreign cassava harvesting machinery
in China remains to be studied (Agbetoye et al., 1998; Singhpoo et al., 2023), and there are problems such as
high costs of machine transportation and later maintenance. The research on cassava harvesting machinery
in China began in 2008 and is still at the primary stage of research (Huang et al., 2012; Yang et al., 2024).
Drawing on foreign cassava harvesting machinery and through the imitation and modification of related
equipment such as potato harvesters (Awuah et al., 2023; Johnson et al., 2023; Blok et al., 2025), Chinese
researchers have developed a variety of cassava harvesters (Liu et al., 2014; Ju et al., 2023; Yang et al.,
2023). Among these, the digging-loosening and elevating chain-type cassava harvester is currently the most
widely used in China. Although this type of machinery has significantly reduced manual labor intensity, various
problems encountered during its operation—such as high power consumption, excessive roots damage rate,
and short service life of the chain screen—remain unresolved effectively. Consequently, the further promotion
and application of cassava harvesters in China have been severely hindered.

In view of the problems existing in the current cassava mechanized harvesting process in China, this
paper developed a large-ridge double-row cassava planting mode through preliminary research and combined
with the existing cassava planting agronomy in China, and designed a double-row vibrating cassava harvester
based on this. According to the designed harvesting scheme, the structural design of key components such
as special gear box, dynamic vibration device and excavator shovel assembly was completed. Through the
analysis of the whole machine motion, the functional relationship between the structural parameters and the
motion parameters of the harvester is established. The research results have certain practical value for
realizing the whole process mechanization of cassava production.

MATERIALS AND METHODS
Overall structure and main technical parameters

Structure and working principle

The double-row vibrating cassava harvester adopts a left-right symmetrical structure and is mainly
composed of the frame, special gearbox, dynamic vibration device, digging shovel assembilies, struts, shields,
and depth-limiting device. The dynamic vibration device consists of the eccentric connecting rod assembly,
bearing seat assembly, connecting rod shaft, and universal coupling. The digging shovel assembly includes
three sections: the left shovel assembly, the middle shovel assembly, and the right shovel assembly. Each
section is composed of two parts: the digging shovel and the pull rod. The main structure of the machine is
shown in Figure 1. Note that the right shield is obscured in the design drawing of Figure 1a.

a. Design diagram b. Physical diagram

Fig. 1 - Double-row vibrating cassava harvester
1.Depth limiting device; 2.Middle tie rod; 3.Left tie rod; 4.Left strut; 5.Frame; 6.Left shield; 7.Special gearbox; 8.Universal coupling;
9. Eccentric connecting rod assembly; 10.Connecting rod shaft; 11.Bearing seat assembly; 12.Right tie rod; 13.Right digging shovel;
14.Separation lever; 15.Right strut; 16.Middle digging shovel; 17.Left digging shovel

The double-row vibrating cassava harvester is designed to operate with a supporting tractor rated at
55.2~66.2 kW. During harvesting, the machine is mounted on the rear three-point hitch and pulled forward by
the tractor. Power from the tractor’s rear PTO is transmitted to the dynamic vibration device through the special
gearbox after two-stage speed reduction, which then drives the digging-shovel assemblies to reciprocate about
their pivot points on the frame. During operation, the depth-limiting device first breaks the surface of the
cassava ridge.
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The digging shovels then penetrate beneath the cassava root-soil complex and lift it upward.
Simultaneously, the reciprocating motion of the digging shovels impacts and agitates the root-soil complex,
accelerating the disintegration of soil clods. As the harvester moves forward, the lifted cassava root-soil
complex continues to undergo soil breakup on the separation rods welded behind the digging shovels; the
loosened soil falls through the gaps between the rods, thereby completing the cassava root-soil separation
process. After separation, the cassava roots are laid flat on the ground behind the machine.

Main technical parameters

The main technical parameters of the designed double-row vibrating cassava harvester are shown in
Table 1 in combination with the agronomic requirements of cassava planting and the growth characteristics of
cassava roots.

Table 1
Main technical parameters of double-row vibrating cassava harvester

Project Values

Boundary dimensions

1 940%1 750%x1 670
(lengthxwidthxheight)/mm

Total mass / kg 780
Required tractor power / kW 55.2~66.2
Digging depth (5-level adjustable) / mm 252 ~ 350
Effective working width / mm 1330
Pure working productivity / (hm?/h) 20.3
Number of rows 2

Design of supporting planting pattern

The main impacts of the existing planting methods on cassava mechanized harvesting operations are
as follows: (1) most of the cassava planting areas in China are heavy soil, and because the cassava is deeply
rooted and the harvest period is in the southern rainy season, the cassava planting land is seriously dry and
hardened, which brings great difficulties to the harvesting machinery operations (Amponsah et al., 2014); (2)
The roots and stems of cassava grown in the ground grow disorderly. When the cassava straw is crushed and
returned to the field, it is difficult to distinguish the growth position of cassava on the ground, resulting in the
unit being unable to go down or work in the opposite direction; (3) The current row spacing of cassava planting
in ridge cultivation is not uniform, and the matching with tractor track and harvester operation width is poor,
resulting in the crushing of cassava by tractor or the inability of the harvester to operate effectively.

Through literature review and field investigations, the research team developed and defined a “large-
ridge, double-row” cassava planting mode. The main technical points are as follows: the shape of the ridge is
trapezoid, the ridge-bottom width L2 is about 120 cm, the ridge-top width L3 is about 90~100 cm, the height h
is about 25~30 cm, and the on-ridge row spacing L4 is about 50 cm; each ridge is planted in two rows, the
inter-ridge row spacing Ls is about 60~70 cm, the distance between the rows Ls is about 100~110 cm, and the
plant distance is about 60~70 cm. When the tractor’s supporting power is 55.2-66.2 kW, taking the domestic
Dongfanghong LX series tractor as an example, the corresponding outer tractor wheel spacing L is less than
220 cm, the inner tractor wheel spacing L, is greater than 120 cm, and the minimum ground clearance meets
the requirements of the “large-ridge, double-row” cassava planting mode. This planting mode effectively
reduces the working resistance of the harvester during cassava harvesting and resolves operational issues
such as the tractor’s inability to travel between adjacent rows, root damage caused by wheel loading, and
mismatches between tractor wheel spacing and harvester working width. The research team, in collaboration
with relevant institutions, has carried out promotion trials of the “large-ridge, double-row” cassava planting
mode in Guangdong, Guangxi, Hainan, and Jiangxi since 2017, achieving favorable comprehensive economic
benefits (Deng et al., 2019). The structural layout of the “large-ridge, double-row” cassava planting mode is
shown in Figure 2.
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Cassava-root ‘ L Ridge top

Tractor wheel Ridge furrow

Fig. 2 - Schematic diagram of the "large-ridge, double-row" cassava planting model
Note: L is the outer tractor wheel spacing, cm; L, is the inner tractor wheel spacing, cm;, L, is the ridge-bottom width, cm;
Ls is the ridge-top width, cm; L, is the on-ridge row spacing, cm; Ls is the inter-ridge row spacing, cm;
Le is the ridge-furrow width, cm; H is the ridge height, cm.

Structural design and parameter determination of key components of harvester

Special gearbox design

The power is transmitted from the rear output shaft of the tractor to the input shaft of the special gearbox
through the universal joint. After secondary deceleration, the output shaft drives the middle eccentric
connecting rod assembly to rotate. At the same time, it is transmitted to the connecting rod shafts on both
sides of the machine through the universal couplings on the left and right sides of the output shaft to drive the
eccentric connecting rod assemblies on both sides to rotate. The power transmission route of the whole
machine is shown in Figure 3.

Fig. 3 - Road map of harvester power transmission
1. Bearing seat assembly; 2. Connecting rod assembly; 3. Special gearbox; 4. Universal coupling

Most existing agricultural gearboxes provide power output either from both ends or from a single end of
the output shaft. To eliminate the over-constraint problem of the shovel assemblies in the harvester and to
achieve a more compact overall structure, a three-output gearbox was designed. The special gearbox adopts
a two-stage transmission: the first stage uses a straight bevel gear pair, and the second stage uses a straight
cylindrical gear pair. The front horizontal shaft functions as the input shaft, while the rear vertical shaft serves
as the output shaft. Power output terminals are arranged at the left end, right end, and center of the output
shaft, as shown in Figure 4.
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a. Main view b. Top view

Fig. 4 - Structure diagram of special gearbox
1. Box cover; 2. Box body; 3. Large spur bevel gear; 4. Input shaft; 5. Small spur bevel gear; 6. Small spur gear;
7. Intermediate shaft; 8. Large spur gear; 9. Connecting rod assembly; 10. Output shaft
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Since the output bearing carries all the torque output of the harvester, the preliminary calculation of the
shaft diameter is carried out according to the torsional strength criteria. The torsional strength conditions of the

transmission torque shaft are (Sun et al., 2021):
=L = 9.55x10°P

=0 = ozan <11 [MPa] (1)
In equation: 7 - torsional shear stress on the shaft, [MPa];

T - shaft torque, [N-mm];

W~ torsional section modulus of shaft, [mm?];

P - maximum power transmitted by the shaft, [kW];

d - shaft diameter, [mm];

n - shaft rotational speed, [r/min];

T - allowable shear stress of the shaft material, [MPa].
From the above formula, the diameter of the shaft is:

3l9.55x1063 (P _ 3P
dz |=om \/;— C\/;[mm] (2)

where: C - coefficient determined by the shaft material and allowable shear stress, defined as, C = 3/9'5)5;[;06.

According to the “Agricultural Machinery Design Manual” and the field test of similar machinery (Sun et
al., 2016), the power transmitted by the shaft is taken as p = 10 kW, the output shaft speed n is about 400
r/min after two-stage deceleration, the shaft is made of 45 steel, the load on the shaft is mainly torque and the
soil in cassava planting area is sticky, so C is taken as 120. By substituting the data into formula (2), it can be
obtained that d > 35.09 mm. Because there are two keyways on the shaft, the shaft diameter should be

increased by 7~10 % . Combined with the inner diameter of the bearing inner ring of the output shaft, d = 40
mm.

Structural design of dynamic vibration components

Figure 5 is the structural diagram of the dynamic vibration device, which is mainly composed of bearing
seat assembly, eccentric connecting rod assembly, connecting rod shaft and universal coupling. The bearing
seat assembly is composed of a bearing seat, a single side sealed deep groove ball bearing, a sealing ring
and a right angle grease fitting. The eccentric connecting rod assembly is mainly composed of connecting rod,
left (right) end cap, eccentric shaft sleeve, NUP cylindrical roller bearing and spherical plain bearing. The two
bearing seat assemblies are symmetrically installed. The eccentric connecting rod assembly is supported by
the connecting rod shaft, and the articulated bearing at the lower end is connected with the pull rod pin seat
through the connecting rod pin shaft. Since the dynamic vibration device is subjected to substantial vibration

and impact loads, and considering both the speed factor (dn, where d is the inner diameter of the rolling
bearing, mm; n is the bearing rotational speed, r/min) and the circumferential speed of the shaft (Sun et al.,

2021), the bearings in the bearing-seat assembly and the eccentric connecting-rod assembly are designed
with contact-type seals and lubricated with grease.

=

a. Assembly drawing b. Half section

Fig. 5 - Structure diagram of power vibration components
1. Bearing seat 2. Single-side-sealed deep-groove ball bearing 3. Left end cover 4. Connecting rod 5. Paper pad 6. Right end cover 7.
Connecting-rod shaft spacer 8. Grease nipple 9. Connecting-rod shaft 10. Circlip for hole 11. Joint bearing 12. Eccentric shaft sleeve 13.
Connecting rod sealing ring 14. NUP cylindrical roller bearing 15. Circlip for shaft 16. Flat key 17. Bearing seat sealing ring
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The severe vibration during the harvesting operation of three groups of shovels of cassava harvester
will reduce the service life of the whole machine. According to the relevant literature research, the adverse
impact of vibration on the machine can be greatly reduced by adopting the "small amplitude, large vibration
frequency" motion of the vibrating parts combined with the self-balancing relationship between multiple groups
of shovels in the process of vibration utilization. Based on the previous research results and considering the
spatial size of the dynamic vibration device (Sun et al., 2016), the eccentricity of the eccentric shaft sleeve is
designed to be 5 mm, the center distance of the connecting rod is 275 mm, and the diameter of the connecting
rod shaft is the same as that of the rear output shaft of the gearbox, which is 40 mm.

Design and motion analysis of excavator shovel assembly

Structure design and key parameters of excavator shovel assembly

The digging shovel is the key component that directly affects the operation quality of the rhizome
harvester. Because cassava roots grow deep in the soil and the digging resistance is high during harvesting,
the digging shovel must have a simple structure and operate reliably. The excavator shovel assembly of this
machine consists of three units: the left shovel assembly, the right shovel assembly, and the middle shovel
assembly. Each assembly contains two components - the digging shovel and the pull rod. The digging shovel
is mounted on the shovel-mounting seat located behind the pull rod and is secured with bolts and nuts. The
pull rod is connected to the frame and to the eccentric connecting-rod assembly through the pull-rod pin shaft
and the connecting-rod pin shaft, respectively. Each digging shovel is mainly composed of a shovel seat,
shovel surface, and shovel tip. The shovel seat is a welded component formed by joining the shovel handle,
base, support plate, separation rod, reinforcing plate, and the side plate (the side plate is unique to the left and
right shovel seats). The primary soil-engaging parts - the shovel tip and shovel surface - are replaceable
components made of high-quality carbon steel with good hardenability and subjected to overall quenching
treatment. The upper surfaces of all cutting edges are overlaid with wear-resistant electrode material to
enhance the working performance and service life of the digging shovels. The structure of the digging shovel
assembly is shown in Figure 6.
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Fig. 6 - Assembly structure diagram of the excavating shovel
1. Left lever; 2. Middle lever; 3. Middle shovel handle; 4. Right lever; 5. Side shovel handle; 6. Support plate;
7. Separation rod; 8. Middle shovel surface; 9. Middle base; 10. Shovel tip; 11. Side shovel surface;
12. Side base; 13. Strengthening rod; 14. Side panel

The middle shovel adopts a double-wing symmetrical structure, while the left and right digging shovels
are single-wing structures arranged symmetrically to each other. The specific structure and main working
parameters are shown in Figure 6. To prevent the shovel handle from cutting or damaging the cassava roots,
the handle is designed with a broken-line profile, ensuring that the bottom of the digging shovel enters beneath
the cassava roots first. This allows the cassava root-soil complex to move into the space between the middle
shovel and the left (or right) shovel. The middle digging shovel operates slightly ahead of the left and right
shovels, and its horizontal excavation and screening distance is slightly shorter than that of the side shovels.
This arrangement enables the two rows of cassava roots to converge behind the middle shovel after
excavation, thereby preventing the tractor wheels from pressing on the harvested cassava roots when the
machine proceeds to the adjacent ridge.
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According to the ridge-shape parameters of the “large-ridge, double-row” cultivation mode and the
planting row spacing of cassava on the ridge, combined with the root-growth characteristics of cassava and
verified through preliminary prototype tests, the following structural parameters were determined: the digging-
shovel penetration angle is 27°; the spacing between the middle digging shovel and the left (right) digging
shovel is 665 mm; the effective working width is 1330 mm; and the horizontal distance between the middle
shovel tip and the left (right) shovel tip is 120 mm. The middle digging shovel has a horizontal wingspan of 625
mm, a digging-and-screening horizontal distance of 1080 mm, and a vertical height of 282 mm. The left (right)
digging shovel has a horizontal wingspan of 312.5 mm, a digging-and-screening horizontal distance of 1300
mm, and a vertical height of 290 mm.

Analysis of motion characteristics

The soil disturbance generated by different motion patterns of the digging shovel during harvesting
directly affects the operational performance of the harvester. To analyze the shovel’s behavior in the soil, the
motion characteristics of the digging shovel were examined using the middle shovel assembly as a
representative example.

The front end of the pull rod of the middle shovel assembly is connected to the frame through the pull-
rod pin shaft, while the middle and upper sections of the pull rod are connected to the lower end of the eccentric
connecting-rod assembly through the connecting-rod pin shaft. Driven by the eccentric connecting-rod
assembly, the middle shovel assembly oscillates at a small angle about its mounting point on the frame, and
its motion can be simplified as that of a crank-rocker mechanism. A fixed coordinate system xQy is established
with the center of the cylindrical surface of the pull-rod pin shaft on the frame as the origin O. The horizontal
direction is taken as the x-axis (positive to the right), and the vertical direction as the y-axis (positive upward).
A dynamic coordinate system x;0,y; is established with the center of the cylindrical surface of the gearbox
output shaft as the origin O;; the line O,0 serves as the horizontal axis, and the vertical line through O; serves
as the vertical axis. The positive orientations of the axes in the dynamic coordinate system are shown in Figure
7. The projections of the moving-system origin O; onto the x- and y-axes of the fixed coordinate system are
denoted xo, and yo,, respectively. Point 4 is the center of the cylindrical surface of the eccentric-shaft sleeve,
point B is the center of the cylindrical surface of the connecting-rod pin shaft, O: is the tip of the middle digging
shovel, C; is the perpendicular projection of O, onto the x;-axis of the dynamic coordinate system, and D; is
the perpendicular projection of O onto the y;-axis.
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Fig. 7 - Motion analysis diagram of the middle excavating shovel
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In the "crank rocker mechanism"”, O;A4 is the "crank", that is, the eccentricity of the eccentric shaft sleeve
e, AB is the "connecting rod", that is, the center distance of the connecting rod in the machine L4p, OB is the
"rocker", that is, the center of the cylindrical surface of the pull rod pin shaft to the center of the cylindrical
surface of the connecting rod pin shaft Log, OO is the "fixed frame", that is, the center distance from the
cylindrical surface center of the pull rod pin shaft to the center point of the gearbox output shaft Loo,. The
included angle between the crank 04 and the x; axis of the dynamic coordinate system (fixed frame OQ;) is
o. For the convenience of calculation, the initial position of the crank O;4 is parallel to the x axis of the fixed
coordinate system, and the initial value of the angle « is ap; The included angle between the rocker OB and
the x; axis of the moving coordinate system is 0, the included angle with OQO: is a fixed value, and the size is
n; connecting point A and point O, the distance between A0 is L0, the included angle between 40 and the
X axis of the moving coordinate system is /3, and the included angle with rocker OB is y; connecting point O
and point O, the distance between OQ: is Loo., and the included angle between OO: and the x; axis of the
moving coordinate system is d. @ is the angular velocity of crank O;A4, and the rotation direction is clockwise;
Vy is the forward speed of the harvester, and the forward direction is horizontally left.

As shown in Figure 8, the "crank rocker mechanism" of the machine is separated from the dynamic
coordinate system x,0,y;, and its motion is analyzed using the analytical method (Qin et al., 2019):

(1) Angular displacement analysis

The angular displacement of crank O;4 is:

a=ay+ w-t[rad] (3)
In equation:

a - angle between crank O;4 and x; axis of dynamic coordinate system, [rad];
a,- initial value of angle a, [rad];

w - angular velocity of crank 04, [rad/s];

t - time, [s].

In triangle 0140, the sine theorem can be used to obtain:
B = tan™" <% [rad] (4)
loo,
In equation:
B - angle between crank AO and x; axis of dynamic coordinate system, [rad];
w - length of crank O;A, [mm];
loo, - length of fixed frame OO}, [mm].

In triangle O;40, the cosine theorem can be used to obtain:
lio = e* + 15, + 2elyo, cos a [mm] (5)
In equation:
Lo - distance between point A and point O, [mm].

In triangle AOB, the cosine theorem can be used to obtain:

e2+13,, +13p—14g+2elpp, COS @
-1 001 7'0BT'AB 001 [rad] (6)

y = cos
2laolos
In equation:
y - angle between connecting line AO and rocker OB, [rad];
lop - length of rocker OB, [mm];

1,5 - Length of connecting rod AB, [mm].
From above equations, the angular displacement equation of rocker OB is:
0 =p +y[rad] (7)

In equation: g - included angle between rocker OB and fixed frame OO, [rad].
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The angular displacement equation of line OQO: is:

6 =0 +n[rad] (8)
In equation:

B - included angle between line OO; and fixed frame OO, [rad];
n - included angle between rocker OB and line O02, [rad].

By substituting equation (4), equation (6) and equation (7) into equation (8) the final angular-
displacement equation of line OO is obtained as follows:

e2+150, +l3p—15p+2elpo, cosa

+ 7 [rad] (9)

_q esina —
8 =tan 1l—+cos 1

004 2laolos

>

X1

Fig. 8 - Schematic diagram of crank rocker mechanism and dynamic coordinate system

(2) Analysis of shovel tip trajectory
The relative trajectory equation of point O2 in the moving coordinate system x;0;y; is:

{XCI = 1001 - looz - cosd
yD1 = looz -siné

(10)
In equation:
lpo, - Distance between point O and point Oz, [mm].

The motion of the moving coordinate system x;0,y; relative to the fixed coordinate system xOy can be
fully described by the following three equations:

X0, =Xo, = Vo -t
{}’o1 =Y, (11)
=T+ a,
In equation:
V, - forward speed of harvester, [mm/s];

Xo,- initial abscissa of point O, in the fixed coordinate system xQOy, [mm];
Yy, - Initial ordinate of point O, in the fixed coordinate system xQOy, [mm];
@ - the rotation angle from the horizontal axis of the fixed coordinate system xOy to the

horizontal axis of the moving coordinate system x;0,y; is positive in the counter-
clockwise direction, [rad].

The coordinate transformation relationship between the moving coordinate system x;0;y; and the fixed

coordinate system xQy is (Harbin Institute of Technology Theoretical Mechanics Teaching and Research
Section, 2023):
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(12)

X = Xg, +Xxc, "COSQ —yp, *sing
{y =Yo, T X¢,* sin ¢ + yp, " cos¢@
Using the coordinate transformation relationship between the moving coordinate system x,;0,y; and the

fixed coordinate system x(y, the relative motion trajectory equation formula (10) of point O in the moving
coordinate system x;0,y, is substituted into formula (12), and the absolute motion trajectory equation of point
O: can be obtained as follows:

(13)

{x = Xo, — loo, *cosag — Vo - t + lgg, * cos(8 — ap)
y =Yy, —loo, *sinag — log, - sin(8 — )

When the forward speed V' and the rear output shaft speed @ of the gearbox are given, it can be seen
from formula (9) that angle ¢ is a variable related to time ¢, that is, there is only a unique variable time ¢ in
formula (13). When the forward speed V) of the harvester is given to be 1000 mm/s, the rear output shaft
speed of the special gearbox is w = 13.22 rad/s (the corresponding rear output shaft speed of the tractor is
540 r/min), and the motion time is = 0.5 s, the absolute motion trajectory of the shovel tip O2 point in the fixed

coordinate system x(Jy can be obtained through MATLAB software programming, which is similar to a wave
shape (Shahgoli et al., 2009; Shahgoli et al., 2010). The curve is shown in Figure 9.

-800 T T T T

-900 - b
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-200 -100 0 100 200 300
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Fig. 9 - Absolute trajectory of the shovel tip 0: in the fixed coordinate system xOy

It can be seen from the movement track shown in Figure 9 that the working process of the shovel
assembly in the soil includes three stages: cutting the soil, throwing up the cassava roots-soil complex and
impacting cassava roots-soil complex. The throwing up and impact process of the digging shovel on the
cassava roots-soil complex plays an important role for the crushing of soil in the cassava roots-soil complex.
Therefore, in order to ensure the separation effect of cassava roots and soil during the operation of the
harvester, it is necessary to make the shovel component throw and impact the cassava roots-soil complex for
a certain number of times within the forward unit distance of the harvester. According to the swing law of the
excavator shovel assembly, the harvester advances a certain distance, that is, the ridge of unit length. The
impact times of the excavator shovel on the ridge are:

= Lo (14)
21V,

In the equation: 1 - impact times of digging shovel on ridge per unit length;

L,- ridge distance per unit length, [mm].

According to the research results of literature [30], the existing tractor rear output shaft speed is mostly
adjustable by two parties. The design values of gearbox rear output shaft speed (crank O;A4 angular speed)
w are 13.22 m and 17.64 1 rad/s, and the corresponding excavator vibration frequencies are 6.61 and 8.82
Hz respectively. The reasonable ratio between harvester forward speed V' and gearbox rear output shaft two
speeds w can be determined through field test.
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RESULTS
Field test conditions

After the prototype of the double-row vibrating cassava harvester was manufactured, the research team
conducted a field harvest performance test of the prototype in the cassava production mechanization test
demonstration base of the Institute of Agricultural Machinery, Chinese Academy of Tropical Agricultural
Sciences, Zhanjiang, Guangdong Province. The planting mode of cassava in the experimental plot was "large-
ridge and double-rows" planting mode, and the variety was "Nanzhi 199", with a planting area of about 2 hm?;
Before the experiment, the average ridge spacing was 1655 mm, the plant spacing on the ridge was 650 mm,
the row spacing was 600 mm, and the cassava roots setting depth was 220~300 mm; the soil type was latosol,
the soil moisture content was 15.9~19.9 %, and the soil firmness was 1.86~3.02 MPa. The tractor brand and
model for the harvester test was Dongfanghong LX-904, with a power of 66.2 kW, the rear output shaft speed
of 540/720 r/min, two gears were adjustable, and the track width and ground clearance met the operation
requirements. One or two days before harvest, the cassava stalks in the test site were mechanically crushed
and returned to the field. After treatment, there was no vertical cassava stalk residue on the top surface of the
ridge. Killing seedlings in advance and drying the plot reduced the soil moisture content, which was conducive
to the separation of cassava root and soil during harvest. The field operating conditions of the test site and the
performance of the prototype after the pre-harvest mechanical straw crushing treatment are shown in Fig.10.

a. Test site

d. Operation effect
Fig. 10 - Test site and prototype field test

c. Field trial

Test plan and results

Determination of test parameters

Before the test, through trial excavation, the damage of cassava roots excavated by the harvester at
different gears of the depth limiting wheel was compared. Cassava roots were occasionally cut off by the
digging shovel at the first gear depth (252 mm), while cassava roots were not cut off by the digging shovel at
the second gear depth (282 mm) and the third gear depth (312 mm). In this experiment, the excavation depth
of the second gear was selected, that is, the excavation depth was 282 mm. The working conditions of the
tractor and the harvester were compared when the rear output shaft speed of the tractor was 540 r/min and
720 r/min. It was found that when the speed was 720 r/min, although the soil crushing effect was increased,
the degree of cassava root buried by the soil crushing was also increased, and the operating noise and
vibration amplitude of the harvester were significantly increased. Therefore, after this test, the output shaft
speed was 540 r/min, and the vibration frequency of the excavator was about 6.61 Hz.
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After adjusting the gear of the depth limiting wheel and the rear output shaft speed of the tractor, the
tractor pulled the harvester through the three-point suspension for field test.

According to the test procedures and relevant mechanical test methods specified in the national industry
standard for potato harvesters (Wei et al., 2023; Lv et al., 2024), Technical Specification for Quality Evaluation
of Potato Harvesters (NY/T 648-2002), each measurement section in this test was set to a length of 20 m. A
10 m preparatory section was arranged before each measurement section to allow for fine adjustment of the
operating state of the tractor and harvester, ensuring that both machines reached a stable working condition
before entering the measurement area. The test mainly measured the performance of four working
performance indexes of the harvester, including total loss rate, clean cassava roots rate, damaged cassava
roots rate and pure working-hour productivity, when the rear output shaft speed of the tractor was 540 r/min,
in two different forward gears of "low-speed third gear" and "medium-speed first gear" (each gear tested twice).
During each trial, the travel time through the measuring area was recorded separately. After the operation, the
harvested cassava tubers from each test area were collected, classified, and weighed for data recording.

Test results
The test results of this field test are shown in Table 2.

Test results of the main working performance indexes of the prototype at different forward speedsTable 2
Performance indicators D_esign Forward gear
requirements | | ow.speed third gear | Medium-speed first gear
Total loss rate/% <5 4.05 1.29 0.65 1.99
Clean cassava roots rate /% =295 95.95 98.71 99.35 98.01
Damaged cassava roots rate /% <5 1.77 1.08 0.93 1.30
Pure working hour productivity /(hm?/h) 20.30 0.52 0.52 0.65 0.65

During the tests, the unit exhibited good mobility and no noticeable vibration transfer to the tractor. All
components of the harvester operated smoothly and reliably, soil flow during the harvesting process was
unobstructed, and the cassava root-soil separation performance was satisfactory. When the tractor rear PTO
speed was 540 r/min (corresponding to a digging-shovel vibration frequency of 6.61 Hz) and the forward
speeds were 0.87 m/s and 1.10 m/s, the prototype achieved average pure working productivities of 0.52 hm?/h
and 0.65 hm2/h, respectively. The average clean-root rates were 97.33% and 98.68%, the average damaged-
root rates were 1.43% and 1.12%, and the average total loss rates were 2.67% and 1.32%, respectively.
Therefore, under optimal operating conditions, the recommended forward speed of the harvester is

Vo=1.10m/s, with a rear PTO speed of w=540r/min.

CONCLUSIONS

(1) The research team developed the “large-ridge, double-row” cassava planting mode.

(2) Based on this planting mode, a double-row vibrating cassava harvester was designed. The structures
of the key operating components - including the special gearbox, dynamic vibration device, and digging-shovel
assemblies - were designed, and the overall machine parameters were determined. The harvester completes,
in a single operation, the excavation and conveyance of two rows of cassava, cassava root-soil separation,
and the final laying of cassava roots. The machine features a simple and compact structure. The tractor rear
PTO provides the driving torque for the power vibration device, which alternately drives the three digging
shovels to vibrate during operation. This improves cassava root-soil separation, reduces digging resistance,
and enables self-balancing of the harvester, significantly decreasing vibration transmission to the tractor via
the rear suspension.

(2) Taking the motion of the shovel tip of the middle shovel assembly as an example, the functional
relationship between structural parameters and motion parameters was established using analytical methods.
MATLAB was used to obtain the absolute motion trajectory of the shovel tip. Combined with this trajectory, the
micro-movement process of the digging shovel in the soil was analyzed, providing a theoretical basis for the
future optimization of structural and operational parameters of the machine.
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(3) Field tests showed that under optimal operating conditions, the clean-root rate reached 99.35%, the

damaged-root rate was 0.93%, the total loss rate was 0.65%, and the pure working productivity was 0.65
hm2/h. All operational performance indicators meet the relevant requirements, and the machine achieved the
intended design objectives.
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