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Abstract

To address the poor adaptivity and blockage of straw round balers, a cone frustum-steel roll baling mechanism was designed. Through
stress analysis in the frustum-wheat straw interaction process, the conicity of the frustrum was determined to be 32° to 63.4°. To
expound the winding and axial migration law of wheat straw layers, EDEM 2024 was adopted to simulate the baling process of the
cone frustum-steel roll baling mechanism. Taking the rotation speed of rolling-pressing steel rolls, frustum conicity, and axial clear-
ance as test factors and formation time of rotating straw core as evaluation index, three-factor three-level horizontal regression
response surface experiments were conducted. The regression equation was established to analyze influences of various factors on the
index, the optimal parameter combination was determined: when the axial clearance, rotation speed of rolling-pressing steel rolls, and
frustum conicity are 3.935 cm, 261.9 rpm, and 44.767°, the predicted formation time is 5.237 s. The parameter combination was ver-
ified by tests, in which the formation time of a rotating straw core is 5.42 s, the formation time is 3.58 s shorter than that during oper-
ation of steel-roll baling mechanism. The research results provide a theoretical basis for the innovative design of round balers.
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Introduction

In recent ten years, the annual straw yield in China has stabi-
lized at about 800 m (Liu, 2025; Zhang, 2021; Zhao, 2021), while
straw is difficult to collect, store, transport, and utilize due to its
scattered distribution, fluffiness, and strong seasonality. Crop
straw was once burnt ad arbitrium, which not only wasted the
resource but also polluted the environment. Straw baling machines
have been used to compress fluffy straw into compact straw bales.
Using these machines to achieve mechanized baling and harvest is
a premise for promoting the more comprehensive utilization of
straw (Cundiff et al., 2024; Guo et al., 2025; Li, 2022).

Existing straw baling machines mainly include square and
round baling machines (square and round balers). The round baler
developed in the mid-20th century has benefitted from significant
developments due to its simple structure, low support power, and
high efficiency. However, due to the lack of the systematic baling
theory and support of comprehensive scientific experiments (Zhao
et al., 2019), existing round straw balers are often jammed when
used to collect straw (Tang, 2007). This has necessitated action by
Chinese researchers to develop efficient and applicable straw
round balers. Foreign researchers have mainly studied the
improvement of the baling mechanism and the application of
round balers. For example, Josef Horstmann proposed a round
baler with a pre-pressing chamber, in which the combination of a
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pre-pressing chamber and a rod-link baling mechanism achieves
the continuous picking and baling (Horstmann, 2014). Biziorek
and Delphigué (2011) invented an electrical steel-roll round baler
that uses a motor to drive various steel rolls, obviating the need for
chain transmission between steel rolls and showing advantages
including a variable speed, reliable performance, and an optimized
structure. Do Canto et al. (2011) evaluated the straw-collecting
performance of cutting/chopping and pickup steel-roll round
balers. Senthilkumar ef al. (2016) assessed the performance of rice
straw round balers. Chinese researchers mainly improved the bal-
ing mechanism of round balers. Wang et al. (2022) designed a
round baler with a variable bale chamber and conducted finite ele-
ment and kinematic simulation analysis to verify that material jam
and accumulation do not occur during operation of the baler. Du et
al. (2010) theoretically analyzed the rear chamber and optimized
the baling mechanism of quasi-helically arranged steel rolls. Wang
et al. (2010) improved the round baler and added a roll-type feed-
ing device at the feed inlet. Tests show that the addition of that roll-
type feeding device can significantly improve the feeding perform-
ance of round balers. Li ef al. (2016) studied the baling mechanism
of a roll-disk round baler, and replaced the sidewall panel at the
axial end with a rotary disk, which improves the baling perform-
ance and reduces energy consumption. Researchers worldwide
have exerted much effort to improve the round baler and its baling
mechanism, while such innovative baling mechanisms are rarely
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applied in practice. To address the aforementioned problem, the
authors designed a cone frustum-steel roll baling mechanism for
the steel-roll round baler. By installing a frustum-shaped core tube
in one axial side of the bale chamber, the rolling-pressing pressure
can be applied continuously to the straw just entering the bale
chamber in the space formed by the circumferential steel rolls and
the axial frustum in the baling process. Then, a large tractive force
driving the winding of straw is formed on the outer surface of the
straw core. The resulting torque ensures the straw to roll rapidly,
wind, and ascend to form a rotating straw core, thus avoiding
blockage. Through stress analysis, discrete element method simu-
lation, and bench testing, the optimal combination of key structural
and operating parameters of the baling mechanism was determined
and verified by conducting comparative tests. The research pro-
vides theoretical support for the structural innovation of the steel-
roll round baler.

Materials and Methods
Overall structure and working principle

Overall structural composition

The cone frustum-steel roll baling mechanism comprises
rolling-pressing steel rolls, a frustum-shaped core tube, a front
chamber, and a rear chamber. A schematic of the test apparatus is
shown in Figure la. Twelve steel rolls are arranged circumferen-
tially to form a cylindrical bale chamber with both sidewalls. The
bale chamber with a diameter of 570 mm and a width of 820 mm
can be divided into the front and rear chambers that are hinged by
the end axle of the No. 9 rolling-pressing steel roll (Figure 2). The
frustum-shaped core tube comprises key components including a
spindle, a circular base plate, and a frustum, as displayed in Figure
1b. The frustum is fastened to the ribbed circular base plate by
bolts, and then connected to the spindle installed on the sidewall
external frame via a deep-groove ball bearing and a backstop ring.
The frustum-shaped core tube must remain horizontal along the
axis of the bale chamber.

Working principle

The working process of a round baler includes four sequential

stages, namely, the formation of rotating straw core, circular
rolling-pressing of straw, package of straw bales with a rope-wind-
ing and net-winding mechanism, and release of round straw bales
(Sun et al., 2022; Wang et al., 2024; Shang et al., 2021). The focus
herein lies in clarifying the working principle of the cone frustum-
steel roll baling mechanism (Figure 2). When the mechanism
works, a driving motor drives the module of steel guide rolls and
the rolling-pressing steel rolls to undergo relative rotation at a cer-
tain speed ratio. Straw on the conveyor enters the bale chamber
from the feeding inlet. With the rotation of the rolling-pressing
steel rolls, some of the wheat straw layer ascends and is wound
along cross-sections with different radii on the side face of the
frustum. Under the joint action of the feed force of steel rolls and
the tractive force exerted by the frustum-shaped core tube for
straw, the straw rotates around the center of the bale chamber. At
that moment, the frustum-shaped core tube begins to rotate pas-
sively, which produces a force that pushes wheat straw towards the
other sidewall of the bale chamber. This enables faster accumula-
tion of a small amount of straw, which facilitates the formation of
a rotating straw core. As the rest of the straw is fed, circular
rolling-pressing and then baling processes are finished, followed
by the winding of straw bales with the rope-winding and net-wind-
ing mechanism and the final release of straw bales when lifting the
rear chamber using a hydraulic mechanism.

Design of key components

Design of the frustum-shaped core tube

The frustum-shaped core tube is the key component required to
accelerate the formation of rotating straw cores, and main factors
influencing the straw winding and climbing performance include
the angle 6 between the frustum and the circular base plate (i.e., the
frustum conicity). The range of 6 can be determined by stress
analysis, which lays the foundation for subsequent multi-factor
parameter optimization experiment.

Frustum design

According to the actual spatial arrangement of the bale cham-
ber, the height L of the frustum is 120 mm. Considering the
requirement that the circular base plate fixed with the frustum can-
not collide with rolling-pressing steel rolls in the bale chamber, the
radius R of the large end of the frustum is 230 mm. The other struc-

Figure 1. Schematic of the apparatus used to test the baling mechanism of the round baler. a) 3D model of the test apparatus. b) 3D model

of the frustum-shaped core tube.
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tural dimensions of the frustum are determined by taking the straw
of Triticum aestivum (wheat straw). A random wheat straw element
(mass m) on the side face of the frustum was taken as the object
under analysis and its stress analysis is shown in Figure 3. The
rightward direction, vertically upward direction, and vertically
inward direction of the frustum axis can be defined as the positive
directions of the X, Z, and Y-axes, respectively (Xie et al., 2025;
Zhang et al., 2025a; Zhang et al., 2025b).

Based on the theorem of momentum, the following equilibri-
um relationship between the rate of change in momentum and the
normal support force is derived:

N=gq-v, (Eq. D
where:

q=Am/At (Eq. 2)
v, =vsiné (Eq. 3)
qg=Am/At (Eq. 4)

The following constraints are obtained according to the equilibri-
um in the direction of the Z-axis:

(b)

(a)

Nsin6>mg (Eq. 5)
where:

m = qAt (Eq. 6)
At=L/v (Eq. 7)

Substituting Egs. (2), (3), and (4) into Eq. (1) yields:

N =gqvsin@ (Eq. 8)
By substituting Egs. (8), (6), and (7) into Eq. (5):
- 2
vsin 62(Lfv)g (Eq. 9)

The following constraints are deduced according to the equi-
librium in the direction of the X-axis:
fsin@=Ncos8 (Eq. 10)

The critical condition for the gliding of wheat straw is:

Figure 2. Schematic for the operation process of the cone frustum-steel roll baling mechanism of the steel-roll round baler. a) Feeding
stage. b) Formation stage of rotating straw cores. ¢) Circular rolling-pressing stage.
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f<uN (Eq. 11)
By combining Egs. (10) and (11):

cosf _

sing ~ (Eq. 12)
Based on the geometric constraints of the frustum:

r=R—L:.cotd>0 (Eq. 13)

where: N is the support force of the frustum (N); 0 is the feed
amount of wheat straw, which is 1.2 kg/s; v, is the component of
the feeding rate of wheat straw along the direction of support force
(m/s); v is the feeding rate of wheat straw (m/s); 6 is the frustum
conicity (°); Am indicates the changes in the mass of wheat straw

(kg); At is the retention time of wheat straw in the frustum (s); d
is the diameter of rolling-pressing steel rolls, which is 150 mm; n
is the rotation speed of rolling-pressing steel rolls, which is 260
rpm; m is mass of a wheat straw element (kg); g is the acceleration
due to gravity, which is 9.81 m/s% L is the height of the frustum
(mm); f is the frictional force of rolling-pressing steel rolls on
wheat straw (N); u is the coefficient of static friction between
wheat straw and 45# steel, which is 0.50; r is the radius of the
small end of the frustum (mm); R is the radius of the large end of
the frustum (mm). By substituting the known parameters into Eqs.
(9) and (12), and into Eq. (13) for geometric constraints, it is found
that the frustum conicity is such that 32° < 6 < 63.4°. The radius of
the small end of frustum also varies with the angle.

Design of the spindle and circular base plate

The spindle is designed to have a diameter of 40 mm, with a
total length of 930 mm in the left core. To achieve coordinative
connections with the backstop cylinder, a slotted hole with the
width of 8 mm and length of 400 mm was cut.

The bottom plate of a variable chamber is prepared by welding
a circular steel plate and a metallic cylinder, as shown in
Supplementary Figure 1. Six uniformly distributed slotted holes
are cut circumferentially on the circular steel plate through laser
cutting, which supports installation of side plates of variable cham-
bers with different sizes. A circular hole with a diameter of 52 mm
is set at the center of the circular steel plate. The metallic cylinder
has an external diameter, an internal diameter, and a height of 80
mm, 62.2 mm, and 80 mm, the metallic cylinder is coaxially weld-
ed with the hole with the diameter of 52 mm on the circular steel
plate, around which six trapezoidal rib plates are set to enhance the
resistance of the frustum to axial load.

Structural design of rolling-pressing steel rolls and
steel guide rolls

The rolling-pressing steel rolls and steel guide rolls are both
prepared with cold-rolled plain carbon steel sheets. The module of
steel guide rolls (composed of three steel guide rolls having an
angle of 30° with the horizontal plane) and the rolling-pressing
steel rolls separately promote pickup and rolling-pressing. To
intensify the action of steel rolls on the straw, prismatic protrusions
are set on the surface. During operation, all steel rolls need to
rotate synchronously, so an appropriate clearance should be left
between steel rolls, and the prismatic protrusions cannot interfere
with each other. Therefore, the prismatic protrusions of different

Left wall

Rolling-pressing steel roll

the large end of frustum

Small end of frustum

Right wall

X

Spindle

(54 Frustum

Rolling-pressing steel roll

Figure 3. Stress analysis of the frustum.
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steel rolls are axially misaligned. The rolling-pressing steel rolls
with a diameter of 150 mm (including the prismatic protrusions),
are prepared with steel sheets of 4 mm thick. Eight prismatic pro-
trusions are uniformly distributed along the axial direction with the
height of a single protrusion being 8 mm. The steel guide rolls have
a diameter of 120 mm (including the prismatic protrusions), also
with eight, 8-mm high, prismatic protrusions uniformly distributed
along the axial direction. The fit clearances of the rolling-pressing
steel rolls and the steel guide rolls are separately 25 and 20 mm.

Simulation tests of the baling process

Establishment of the discrete element model

The discrete element model of hollow flexible straw

The discrete element model of hollow flexible straw built pre-
viously by the research team was used (Huang et al., 2025), as
illustrated in Figure 4. It is characterized by formation of a P1-type
fiber by connecting P1 in series and a P2-type fiber by connecting
P2 in series. Twelve P1-type and P2-type fibers are interleaved cir-
cumferentially to form a wheat straw model formed by 24 fibers.
P1 and P2 foundational particles are represented by Bonding V2-
B, and Bonding V2-B,, which separately approximately simulate
the bonding strength between fibers along the circumferential
direction and that of the fibers themselves (Ma et al., 2023; Xie et
al., 2024; Zhang et al., 2018).

Establishment of the model for the cone frustum-steel roll
baling mechanism

To ensure correctness and efficiency of virtual simulations, the
3D model of the testing apparatus of cone frustum-steel roll baling
mechanism designed using software SolidWorks 2024 was saved
as an .stl file, imported into EDEM 2024 software and simplified
(Liu et al., 2024; Mei et al., 2025; Zhao et al., 2018),as shown in
Supplementary Figure 2.

Setting of simulation parameters

To explore the trends in migration of wheat straw during the
formation of rotating straw cores in the bale chamber of the cone
frustum-steel roll baling mechanism, the structural and motion
parameters were selected for the simulation process. These includ-
ed a frustum conicity of 40°, a clearance of 30 mm between the cir-
cular base plate of the frustum-shaped core tube and the sidewall
(shortened as axial clearance), rotation speed of steel guide rolls of
300 rpm, rotation speed of rolling-pressing steel rolls of 270 rpm,
and a conveyor speed of 1.2 m/s. Meanwhile, the feeding amount
of particle factory in the pre-processing stage of simulation was set
to 0.8 kg/s, and the total mass of wheat straw fed was 24 kg. In the
first 1.5 s, the frustum-shaped core tube is stationary to simulate

Table 1. Setting of other simulation parameters.

the friction between the initial small amount of wheat straw with
the side face of the frustum; between 1.5 and 3.5 s, the frustum
undergoes motion around the axis of the spindle at a uniform angu-
lar acceleration of 210 deg/s* with an initial acceleration of 0, to
simulate the process in which the friction between wheat straw and
the side face of the frustum gradually increases; after 3.5 s, the
frustum undergoes uniform motion at an angular velocity of 420
deg/s, during which a rotating straw core is formed and rotated (Li
et al., 2025; Yang et al., 2025). Setting of other simulation param-
eters is as listed in Table 1.

Results

Result analysis of simulations

To improve the simulation efficiency and verify the correct-
ness of preliminary theoretical analysis, a work station (I9-
14900K, RTX 4090 24Gx*1) was used to conduct comparative tests
on virtual baling of the cone frustum-steel roll and steel-roll baling
mechanisms. After simulation tests, a simulation post-processing
module shows that in the period from 0 to 12 s, the rotating straw
core has been rotated continuously. Therefore, relevant parameters
in the first 12 s were ascertained and analyzed.

Analysis of flow trajectories of wheat straw

To investigate the flow and migration laws of wheat straw in
the bale chamber, a wheat straw element was selected at the same
position on the sidewall of the steel-roll and cone frustum-steel roll
baling mechanisms. The post-processing module was adopted to
export data pertaining to the spatial coordinates of the wheat straw
within 5 s. Origin 2025b software was used to plot flow trajectories
of the wheat straw in the two baling mechanisms, as illustrated in
Figure 5. After winding and climbing the frustum for a cycle, the
wheat straw marked in red shows axial migration with spiral wind-
ing towards the other sidewall; while the wheat straw marked in
blue shows pure in-situ winding motion. Furthermore, the winding
and formation path of the red wheat straw more resembles a circle
along the diametral direction of the bale chamber than the blue
one. This indicates that the introduction of the frustum-shaped core
tube can not only drive wheat straw to wind and climb but also
induces axial motion, allowing faster accumulation of wheat straw
and contact with more rolling-pressing steel rolls. This is con-
ducive to accelerating the formation of rotating straw cores.

Analysis of the wheat straw velocity
The post-processing function of EDEM was adopted to ana-

Type Parameter Value
45# steel (frustum and steel rolls) Density, p (kg'm™) 7850
Poisson’s ratio, v, 0.3

Shear modulus, Gs (P,) 4x106

Wheat straw-wheat straw Coefficient of restitution, e, 0.479
Coefficient of static friction, u, 0.227

Coefficient of rolling friction, x, 0.136

Wheat straw-45# steel Coefficient of restitution, e 0.482
Coefficient of static friction, 0.271

Coefficient of rolling friction, u, 0.093
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lyze the velocity of wheat straw fed, which is in five ranges: 0 to
0.4,041t00.8,0.8t0 1.2, 1.2 to 1.6, and 1.6 to 2.0 m/s. The corre-
sponding colors are shown in Supplementary Figure 3.

Eight times (1.8, 2.0, 2.2, 2.5, 3.0, 3.5, 4.0, and 5.0 s) were
selected for comparison (Figure 6).

As shown in Figure 6, the wheat straw moves at an initial
velocity of 0.7 m/s in the simulation and is pushed into the bale
chamber by the conveyor at 1.2 m/s. The velocity of wheat straw
stabilizes between 0.8 and 1.2 m/s before coming into contact with

rolling-pressing steel roll G1. Both the cone frustum-steel roll and
steel-roll baling mechanisms can preliminarily form a rotating
straw core within the first 3.0 s. The period from 1.8 to 2.0 s is the
initial throwing stage, as shown in Figure 6 a-d. The wheat straw
velocity at the center of the two baling mechanisms decelerates
significantly and blockages are likely to occur if wheat straw is not
fed continuously. From 2.2 s to 3.0 s (Figure 6 e-j), wheat straw in
the cone frustum-steel roll baling mechanism comes into contact
with rolling-pressing steel rolls G1 to G7 (along with slight friction

Right wall

Z
Rolling-pressing steel roll
Left wall
N
the large end of frustum
X
FG Small end of frustum
| —| == e = —
Spindle
17 Frustum

Rolling-pressing steel roll

Figure 3. Stress analysis of the frustum.

P1I type fiber
P2 type fiber

Bonding V2-B:

Bonding V2-B,

P2

P2

Bonding V2-B:

Bonding V2-B,

Figure 4. Discrete element model of a wheat straw.
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with G12 after 2.5 s and contact with G11 at 3.0 s), while that in
the steel-roll baling mechanism only makes contact with rolling-
pressing steel rolls G1 to G6 (along with slight friction with G7
and G12 at 3.0 s). This indicates that the cone frustum-steel roll
baling mechanism is better than the steel-roll system in expanding
the contact area with rolling-pressing steel rolls. Between 3.5 and
5.0 s (Figure 6 k-p), the cone frustum-steel roll baling mechanism
has a smaller low-velocity area (dark and light blue) and a larger
high-velocity area (red and orange) of wheat straw, than the steel-
roll baling mechanism. A straw core is formed in layers at 5.0 s,
and the cone frustum-steel roll baling mechanism shows better lay-
ering integrity than the steel-roll one, which exhibits obscure lay-
ering and significant of its axis.

Stress analysis of rolling-pressing steel rolls

To explore the circular winding of wheat straw driven by
rolling-pressing steel rolls, changes in the total force on each
rolling-pressing steel roll with time were plotted using Origin
2025b software based on data from the first 12 s extracted using
the post-processing module of EDEM (Lv and Xiong, 2018), as
shown in Figure 7. The force acting on rolling-pressing steel roll
G1 is greater than those on other rolling-pressing steel rolls. This
is mainly because G1 is in the locus of intersection of the inclined
plane formed by steel guide rolls C1, C2, and C3 with the tangent
of rolling-pressing steel rolls to the circumference of the bale
chamber, and it needs preliminary to roll the fed wheat straw.

Figure 7 a,b shows that the stress on rolling-pressing steel rolls
follows a consistent trend in both baling mechanisms, albeit with a
significant discrepancy in the order of magnitude. By referring to
the stress condition of rolling-pressing steel rolls G2~G12 in the
period from 11 to 12 s: the stress on rolling-pressing steel rolls in
the cone frustum-steel roll baling mechanism is mainly between
3000 and 5000 N, while that in the steel-roll baling mechanism is
mainly between 2000 and 4000 N.

To observe the difference in the stress condition of various
rolling-pressing steel rolls, 120 data points collected in the range

i
e

of 0 to 12 s were integrated. Stresses on steel rolls at all data points
in four intervals (0 to 6, 6 to 9, 9 to 12, and 0 to 12 s) were
summed. Origin 2025b software was then adopted to plot the
stresses on various rolling-pressing steel rolls in different stages, as
illustrated in Figure 8. It can be seen from Figure 8 that the red and
green curves separately represent distributions of total forces on
rolling-pressing steel rolls in the simulations of cone frustum-steel
roll and steel-roll baling mechanisms. The force on rolling-press-
ing steel roll G1 is significantly higher than that on other rolling-
pressing steel rolls in all stages. In the zones of rolling-pressing
steel rolls G2 to G10, the forces on rolling-pressing steel rolls
gradually increase in numerical order. The force decreases at first
and then increases, with the minimum in the zones of rolling-press-
ing steel rolls G4 and G5 and large force on rolling-pressing steel
roll G10. Forces on G10, G11, and G12 all decline in the first 6 s.

After introducing the frustum-shaped core tube, the force on

rolling-pressing steel roll G12 is lower than that on G11 while not
exceeding the force on G10 between 6 and 12 s. For the steel-roll
baling mechanism, the force on rolling-pressing steel roll G12
grows to some extent while does not exceed that on G11 between
6to12s.

Comparison of plots arising from the two groups of simula-
tions shows that introducing the frustum-shaped core tube can sig-
nificantly increase the stress on rolling-pressing steel rolls.
According to the principle of mutual action of forces, it means an
increment of the normal pressure applied by rolling-pressing steel
rolls on the wheat straw, and an effective increase in the active fric-
tional force while keeping the coefficient of friction unchanged.
That is to say, it guides wheat straw to contact more rolling-press-
ing steel rolls faster, promoting the rotating straw cores to form
faster. The analysis lays a data foundation for the subsequent bend-
ing test and parameter optimization.
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Figure 5. Flow trajectories of the wheat straw.
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Baling test and parameter optimization

Establishment of the test bench for the cone frustum-
steel roll baling mechanism of the round baler

A test bench was established on the basis of the original round
baler. The test bench is shown in Figure 9a. A conveyor was used
to replace the pickup, and the steel rolls and conveyor were sepa-
rately powered by a driving motor and a conveyor motor, for which
a frequency converter was separately equipped for the speed regu-
lation. Wheat straw collected during the 2024 harvest season from
Nanyang City, Henan Province, Central China, was used as the
experimental material, with an average moisture content of
12.232% as measured using an LC-101-OB forced-air drying
oven.

Test factors and evaluation index

According to the aforementioned simulation and single-factor
pre-test results, baling tests were conducted by taking the axial
clearance, rotation speed of rolling-pressing steel rolls, and frus-
tum conicity as test factors and the formation time of a rotating
straw core as the response. Therein, the frustum conicity, rotation
speed of rolling-pressing steel rolls, and axial clearance are sepa-
rately in the ranges of 35° to 55°, 240 to 280 rpm, and 3 to 13 cm,
and the machined frustums are shown in Figure 9b. The time to
formation of a rotating straw core is defined as the time from the
entry of wheat straw in the bale chamber to the continuous rotation
of a rotating straw core, excluding the time with rotation while at
greatly fluctuating velocities.

Multi-factor test design and results

According to the Box-Behnken design scheme, three-factor
three-level orthogonal rotation combination tests were performed
(Chen et al., 2025; Liao et al., 2025; Zhao et al., 2025). Coding of
various factors and levels is displayed in Table 2.

The test results are listed in Table 3. The test design encom-
passes 13 groups of parameters, each with three repeated tests.
Considering the interaction of various factors, a mathematical
model of the test index and various factors was built and subjected
to variance analysis and response surface analysis.

Figure 6. Analysis and comparison of wheat straw velocities. a) Cone frustum-steel roll baling mechanism, t = 1.8 s. b) Steel-roll baling
mechanism, t = 1.8 s. ¢) Cone frustum-steel roll baling mechanism, t = 2.0 s. d) Steel-roll baling mechanism, t = 2.0 s. e) Cone frustum-
steel roll baling mechanism, t = 2.2 s. f) Steel-roll baling mechanism, t = 2.2 s. g) Cone frustum-steel roll baling mechanism, t = 2.5 s. h)
Steel-roll baling mechanism, t = 2.5 s. i) Cone frustum-steel roll baling mechanism, t = 3.0 s. j) Steel-roll baling mechanism, t = 3.0 s. k)
Cone frustum-steel roll baling mechanism, t = 3.5 s. I) Steel-roll baling mechanism, t = 3.5 s. m) Cone frustum-steel roll baling mechanism,
t=4.0 s. n) Steel-roll baling mechanism, t =4.0 s. 0) Cone frustum-steel roll baling mechanism, t = 5.0 s. p) Steel-roll baling mechanism,

t=5.0s.
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Analysis of test results: influences of test factors T=6.35+2.72X, - 0.1650X, + 0.0688X; + 1.67X,* + 0.8517X," +
2
on the time to formation of a rotating straw core 1434, (Eq. 14)

Establishment of the regression model for the formation

time of a rotating straw core By using Design Expert 12.0.3.0 software, the data were sub-

jected to variance analysis, as shown in Table 4.

Based on the test results, a regression model for the formation According to Eq. (14) and Table 4, X,, X%, and X, are all
time of a rotating straw core and various factors was established,  extremely significant and X,* is significant. This means that the
as expressed by Eq. (14): axial clearance exerts an extremely significant influence on the

time to form of a rotating straw core; the secondary terms are listed

Table 2. Design of test factors for the physical test bench of the cone frustum-steel roll baling mechanism.

Factors
X1 / Axial clearance (cm) X, / Rotation speed (rpm) X, / Frustum conicity (°)
-1 3 240 35
0 8 260 45
13 280 55

Test number X (cm) T / formation time of a rotating straw core/s
1 8 240 35 8.73
2 8 260 45 6.53
3 13 260 55 11.90
4 3 240 45 5.67
5 3 260 35 7.65
6 13 260 35 11.35
7 8 280 55 8.57
8 3 280 45 5.52
9 8 260 45 6.50
10 3 260 55 6.95
11 8 260 45 5.07
12 8 240 55 9.06
13 8 260 45 6.37
14 13 280 45 12.09
15 8 280 35 8.20
16 13 240 45 12.24
17 8 260 45 7.30

Table 4. Variance analysis of the regression model for the formation time of a rotating straw core.

Source of variation Sum of squares Degree of freedom Mean square F-value p-value
Model 85.64 6 14.27 25.21 <0.0001**
X, 59.35 1 59.35 104.82 <0.0001**
X, 0.2178 1 0.2178 0.3847 0.549
X 0.0378 1 0.0378 0.0668 0.8013
X1? 11.8 1 11.8 20.84 0.001**
X2 3.05 1 3.05 5.39 0.0426*
X32 8.66 1 8.66 15.3 0.0029%**
Residual 5.66 10 0.5662

Lack of fit 3.07 6 0.511 0.7874 0.6228
Pure error 2.6 4 0.649

Total 91.3 16

R? = 93.80%; Adj R? = 90.08%; (2) ** p<0.01; *p<0.05.
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(in descending order of influence on formation time) as follows:
the axial clearance, frustum conicity, and rotation speed of rolling-
pressing steel rolls. The coefficient of determination R? is 0.938,
the variance of the model is approximate to 1, which suggests that
the regression model is extremely significant. The lack-of-fit P is
greater than 0.05 and the coefficient of variation is 9.16%, indica-
tive of high reliability of the test (Zhang et al., 2022).

Tests of the regression model for the formation time of a
rotating straw core

The reliability of the regression model for the formation time
of a rotating straw core was tested. The normal distribution proba-
bility graph for the residual of the regression model is illustrated in
Figure 10a. Data in the figure suggest that the residual of the model
is normally distributed, indicative of a high goodness of fit and
excellent applicability of the regression model. Figure 10b displays
the scatter plots for the actual and predicted formation times of a
rotating straw core. The scatters are distributed in a quasi-linear
manner, implying the high correlation between the actual and pre-
dicted values of the formation time and a small test error. Figure
10c shows the distributions of the residual and predicted value.
The scatters are dispersed without obvious regularity, indicating
good regression achieved by the model.

Analysis of factors influencing the formation time of a
rotating straw core

The curves illustrating perturbation for the influences of vari-
ous factors on the formation time of a rotating straw core are
depicted in Supplementary Figure 4 (A, B, and C separately corre-
spond to X, X,, and X;).

As shown in Supplementary Figure 4, the formation time of a
rotating straw core decreases with decreasing axial clearance;
decreases at first, then increases with the increase in the rotation
speed of rolling-pressing steel rolls; and also decreases at first,
then increases as the frustum conicity is increased.

Response mechanisms of the main and secondary effects
of three factors to the formation time of a rotating straw
core

Software Design Expert 12.0.3.0 was used to plot the response
surface for the influences of main and secondary effects of three
factors on the formation time of a rotating straw core, as displayed
in Supplementary Figure 5. Results show that when the axial clear-
ance is 8 cm, the response surface of the rotation speed of rolling-
pressing steel rolls and the frustum conicity for the formation time
of a rotating straw core is concave, with the minimum found at 260
rpm and 45°; at a rotation speed of rolling-pressing steel rolls of
260 rpm, the influences of the axial clearance and the frustum
conicity on the formation time are minimum when they are sepa-
rately 3 to 5 cm and 45°; when the frustum conicity is 45°, the min-
imum occurs when the axial clearance and the rotation speed of
rolling-pressing steel rolls are separately 3 to 5 cm and 260 rpm.

Table 5. Verification test results.

Formation time of a rotating straw core/s 5.39 5.31

Experimental verification of the optimal parameters

As revealed by the analysis of influences of various factors on
the formation time of a rotating straw core and taking the forma-
tion time of a rotating straw core as the objective, the optimal
parameters are obtained, including the axial clearance, rotation
speed of rolling-pressing steel rolls, and frustum conicity separate-
ly being 3.935 c¢m, 261.938 rpm, and 44.767°, for which the for-
mation time is predicted to be 5.237 s. Under the optimal parame-
ter combination, the verification test for the baling of straw bales
was performed under conditions same as above. The test was
repeated for five groups, with 5 kg of wheat straw fed in each
group. The test results are summarized in Table 5.

Test results show that rotating straw cores are all formed
smoothly in the five test groups, and the straw bales rotate at a uni-
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Figure 7. Stress curves of rolling-pressing steel rolls. a) Stress-
time curves of rolling-pressing steel rolls in the cone frustum-steel
roll baling mechanism. b) Stress-time curves of rolling-pressing
steel rolls in the steel-roll baling mechanism.

Average

5.46 5.45 5.49 5.42

OPEN aACCESS

[Journal of Agricultural Engineering 2026; LVII:2036]



Article

form angular velocity within an extremely short time. The average
formation time of a rotating straw core is 5.42 s, which shows an
error of 3.49% with the predicted time, thus validating the accura-
cy of the model prediction. Through rope winding of the formed
straw bales with manual assistance, complete straw bales were
obtained (Coppola et al., 2025; Yin et al., 2023), as shown in
Supplementary Figure 6.

In the meantime, the frustum-shaped core tube was dismantled
to perform five repeated baling tests on a steel-roll round baler at
the same rotation speed of rolling-pressing steel rolls under the
same feeding condition of wheat straw. Test results reveal that the
average time taken from feeding to continuous rotation of the
rotating straw core (with no significant interruption) is 9 s. The
introduction of the cone frustum-steel roll baling mechanism effec-
tively shortens the formation time of a (continuously) rotating
straw core and provides a favorable solution to the jams affecting
the baling process of round balers.

Discussion

The author established a discrete element model of hollow
flexible straw and applied it to the experimental study of virtual
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baling. In the early stage, the reliability and correctness of the
model were determined by calibration research (Huang et al.,
2025), which ensured the authenticity of the simulation results of
virtual baling. While Zhao et al. (2018) simulate the operation
process of the feeding device of the round baler based on the solid
rice straw discrete element model, the author optimized the estab-
lishment method of straw discrete element, which laid a theoretical
method support for the analysis of crop straw-mechanical interac-
tion process.

In order to accelerate the formation time of rotating straw core
and avoid the blockage of straw, the author puts forward the
scheme of adding frustum-shaped core tube on one side of the axial
direction in the traditional steel-roll round baler baling chamber.
This is obviously different from the structural optimization scheme
of the circumferential variable bale chamber proposed in the pre-
vious literature, which focuses on the design and kinematics simu-
lation of the variable bale chamber device. In this paper, the design
of the cone frustum-steel roll baling mechanism, the simulation of
the baling process and the experiment test are carried out by means
of dynamic analysis, virtual simulation and parameter optimiza-
tion, which verifies the correctness of the theoretical analysis and
simulation technology. In the future, the parameters of the cone
frustum-steel roll baling mechanism will continue to be optimized
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Figure 9. Physical test bench for the cone frustum-steel roll baling mechanism. a) Establishment of the test apparatus. b) Pictures of real

frustum.

(a) (b)
14_|
kel —
95 3 12|
-l
a0 -4
E' 70 | m 10_|
£
_él 50 | E
o
30 b=l 8
4 20 § £
E
Z 53 &
.
4 —
T T T T T T T T T T T
-3.00 -200 -1.00 0.00 1.00 2,00 3.00 8 10 12 14
Externally studentized residuals Actual
(c)
6.00 _|
400 |403T15
o
E
g 20 | ™
] =
k-] =
8 om_|o ge ot
- a
< L =
2 200_| .
o
=
EE -4.00 -403715
-6.00
1 | 1 I I 1
4 6 8 10 12 14
Predicted

Figure 10. Test data of the regression model for the formation time of a rotating straw core. a) Normal distribution probability graph for
the residual for the formation time of a rotating straw core. b) Scatter plot for the actual and predicted values of the formation time of a
rotating straw core. c¢) Distributions of the residual and predicted value of formation time of a rotating straw core.frustum.

OPEN ancc ESS [Journal of Agricultural Engineering 2026; LVII:2036]



Article

to improve the density and density uniformity of the bales, and
provide technical reference for the innovative research and devel-
opment of the straw baler.

In this study, straw moisture content was treated as a controlled
variable rather than an independent experimental factor. The aver-
age moisture content of the wheat straw used in the tests was
12.232%, as measured using an LC-101-OB forced-air drying
oven. The focus of this study was to design a cone frustum—steel
roller baling mechanism and to analyze the effects of its key struc-
tural and operational parameters on baling performance. Future
studies will further investigate the multifactorial effects of differ-
ent straw moisture contents and key baling-mechanism parameters
on baling performance.

Conclusions

i) A cone frustum-steel roll baling mechanism was designed.
Through stress analysis in the frustum-wheat straw interaction
process in the frustum-shaped core tube, a stress model for a
wheat straw element in the baling process was established and
the frustum conicity was determined to be 32° to 63.4°. The
structural dimensions of other key components were ascer-
tained with objectives to accelerate the formation of a rotating
straw core and avoid jamming of the feeding inlet.

ii) Software EDEM 2024 was utilized to conduct comparative
simulation tests on the cone frustum-steel roll and the conven-
tional steel-roll baling mechanisms: these reveal the winding
and climbing behavior of wheat straw driven by the frustum
and rolling-pressing steel rolls together in the bale chamber,
verifying the conclusion that the cone frustum-steel roll baling
mechanism can form a rotating straw core faster than a con-
ventional steel-roll system. The ranges of key factors influenc-
ing the baling performance were determined through pre-test
analysis.

iii) Through three-factor three-level orthogonal regression tests,
the optimal parameter combination of the cone frustum-steel
roll baling mechanism was obtained as follows: the axial clear-
ance is 3.935 cm, the rotation speed of rolling-pressing steel
rolls is 261.938 rpm, and the frustum conicity is 44.767°, under
which the predicted formation time of a rotating straw core is
5.237 s. By conducting verification tests using the optimal
parameter combination, the average formation time of a rotat-
ing straw core was found to be 5.42 s, representing a discrep-
ancy of 3.49% from the predicted value. On average, this is
3.58 s faster than the time taken to form a rotation straw core
when using the conventional steel-roll baling mechanism. The
research provides a theoretical basis and data support for the
subsequent optimal design of round balers.
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