
Abstract
To address the issues of leveling difficulties and poor stability

of crawler combine harvesters in hilly and mountainous regions,
this research analyzed the mechanical causes of overturning insta-
bility in crawler combine harvesters and designed an omnidirec-
tional attitude adjustment chassis based on a five-bar mechanism.

A 3D model was developed in SolidWorks, and coupled rigid-
flexible simulations were performed using RecurDyn. Results
showed that the chassis could achieve an overall lift, lateral adjust-
ments and longitudinal adjustments (0-100 mm, -5.18° to 5.55°
and -4.06° to 5.15° respectively), with maximum dynamic stress
occurring on the left front and left rear rotational arms. A dynamic
stress testing system was established to conduct response surface
experiments. Field test results revealed that the primary factors
affecting the maximum stress of the left front rotational arm were
the grain tank loading mass, lateral adjustment angle, and longitu-
dinal adjustment angle. For the left rear rotational arm, the order
was the longitudinal adjustment angle, lateral adjustment angle,
and grain tank loading mass. Validation tests showed that at a lat-
eral adjustment angle of 3.61°, a longitudinal adjustment angle of
3.20°, and a grain tank load of 350 kg, the average maximum
stresses were 483.19 MPa for the left front rotational arm and
188.95 MPa for the left rear rotational arm, with corresponding
structural safety factors of 1.61 and 4.31, meeting strength
requirements. This work provides methods for optimizing the
design and reliability testing of agricultural machinery chassis
with attitude adjustment functions in hilly terrains.

Introduction
Traditional crawler combine harvesters generally weld the

chassis frame and walking device into a single unit, providing
good overall structural strength. However, this design limits the
adjustment of the vehicle’s attitude, adversely affecting maneuver-
ability during harvesting. When the vehicle’s tilt angle changes
significantly, it can easily lead to tipping (Belinsky et al., 2019;
Sun et al., 2020a). Therefore, it is necessary to adjust the level of
the combine harvester during driving and operation to enhance
operational efficiency, improve driving comfort, and reduce the
likelihood of rollover accidents (Sirotin et al., 2017).

Research on leveling mechanisms and automatic leveling sys-
tems were mainly applied in engineering machinery and radar
vehicles (İrsel and Altinbalik, 2018), with fewer applications in
agricultural machinery. Some researchers have developed
adjustable lifting chassis for combine harvesters and tractors (Liu
et al., 2018; Wang et al., 2019; Hu et al., 2022; Wang et al., 2022;
Lü et al., 2024), primarily for wheeled machinery. These designs
often add lifting mechanisms to fixed-clearance chassis, using
hydraulic differential mechanisms or suspension structures on
drive wheels to adjust ground clearance and achieve tilt compen-
sation. Compared to wheeled agricultural machinery chassis, there
was less research on leveling technology for tracked chassis. Yang
et al. (2014) proposed lateral and longitudinal leveling schemes
using parallel four-bar and double-frame mechanisms, respective-
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ly, designing a remote-controlled omnidirectional leveling tracked
tractor for mountainous areas, which can level on slopes up to 15°
laterally and 10° longitudinally but was complex, required signifi-
cant frame modifications, and lacked guaranteed structural
strength and stability. Existing adjustable chassis designs for
crawler harvesters typically had a tilt range of around 5°.
Researchers like Sun et al. (2020), and Jin et al. (2020) provided
similar design experiences, achieving a balance of adjustment
effectiveness, structural reliability, and cost. More recent work by
Paul et al. (2024) proposed a tracked chassis design based on a
double-frame principle, allowing adjustment angles from 0° to 15°.
However, this design only supported lateral adjustment and
required a costly static hydraulic drive, resulting in a complex
structure and significant modifications to the frame, which com-
promised strength and stability.

In order to improve the working performance of the lifting
chassis, many scholars have conducted research on the adjustment
performance and reliability of the lifting chassis. Sun et al. (2020a)
conducted a static analysis of the frame and components such as
the swing arm in a four-point lifting chassis using finite element
software, optimizing the weak points in the design. Sun et al.
(2020b) used finite element simulation to analyze the stress distri-
bution and maximum stress locations of the active and passive
swing arms in the attitude adjustment mechanism of a tracked trac-
tor on slopes. Paul et al. (2024) used ANSYS software for numer-
ical verification, confirming that the designed adjustable tracked
harvester chassis had a maximum stress of 394 MPa and a safety
factor of 1.94, meeting design requirements. However, most stud-
ies analyzed static conditions without considering the dynamic
loads on the attitude adjusting mechanism during operations,
which was crucial for assessing its reliability. RecurDyn multibody
dynamics software models the dynamic behavior of rigid and elas-
tic multibody systems, leveraging its integrated MFBD (Multi-
Body Dynamics) technology for superior structural dynamic stress
simulation. It has been effectively used in various engineering
applications, including stress analysis of coal mining machine
swing arms (Zhao et al., 2023), flexible gear stress spectrum for-
mulation for artillery steering systems (Si et al., 2023) and UAV
gimbal stability (Wang et al., 2024). Given the limitations of tradi-
tional finite element methods in assessing the strength of chassis
attitude adjustment mechanisms, RecurDyn simulations are poised
to offer new insights and methodologies.

To achieve better attitude adjustment of the crawler combine
harvester chassis and ensure its structural stability, this study vali-
dated the feasibility of the attitude adjustment mechanism based on
the planar five-bar principle through theoretical derivation and
multibody dynamics simulation. A virtual prototype model of the
entire crawler combine harvester was constructed, and through
rigid-flexible coupling simulation, the stress distribution and max-
imum stress locations of key components were extracted. Based on
this, a prototype of the attitude-adjustable combine harvester was
developed. Dynamic stress tests of key components were conduct-
ed under different lateral adjustment angles, longitudinal adjust-
ment angles, and grain tank loadings to evaluate the structural
strength of the chassis. This study aims to improve the reliability
of the attitude-adjustable chassis of crawler combine harvesters
and provide methods for the optimization design and reliability
testing of agricultural machinery chassis.

Materials and Methods
Design of attitude adjustment device
Analysis of tipping stability of combine harvesters

Combine harvesters must navigate various terrains during field
operations and transfers, emphasizing the importance of chassis
stability. Lateral and longitudinal stability referred to the combine
harvester’s ability to resist tilting on slopes, primarily quantified
by the critical tipping angle. On a slope (Figure 1), the harvester
maintained moment equilibrium through various forces, including
the machine’s weight, the gravity acting on the traveling mecha-
nism, the slope’s supporting force, and friction. The maximum crit-
ical tipping angles for both lateral and longitudinal directions
could be calculated using the formulas presented in Figure 1. 

The parameters in Figure 1 were defined as follows: G0 was
the harvester’s gravity; G1 was the walking mechanism’s gravity,
N; N1 and N2 were the lateral slope’s supporting forces, N; Z1 and
Z2 were the friction forces, N; the maximum tilt angle that a
crawler combine harvester did not tip over on the lateral slope was
denoted as a2, and the overturning moment was denoted as ∑Mo .
B was the distance between the centers of the forces acting on the
two tracks, mm; b was the width of a single track, mm; h1 was the
height of the vehicle’s center of gravity, mm; h0 was the height of
the center of gravity of a single walking mechanism, mm; a was
the distance from the center of the front bearing wheel to the center
of gravity of the entire machine, mm; c is the distance from the
center of the rear bearing wheel to the center of gravity of the
entire machine, mm; l1 was the distance from the resultant force N3
to the contact point of the front bearing wheel, mm; l2 was the dis-
tance from the resultant force N4 to the contact point of the rear
bearing wheel, mm; h was the height of the center of gravity, mm;
b was the angle of the longitudinal slope, °; L was the distance
between the centers of the front and rear bearing wheels. 

Figure 1 demonstrated that the probability of tipping increased
with steeper slope gradients. It was crucial to maintain the har-
vester’s body as level as possible, regardless of whether it was
positioned laterally or longitudinally on the slope. By adjusting the
harvester’s attitude, the relative positions of the lateral and longi-
tudinal centers of gravity could be altered, thereby increasing the
critical tipping angle. Consequently, the attitude adjustment mech-
anism in crawler combine harvesters could effectively enhance
their resistance to tipping, thus improving overall stability.

Structural design of attitude adjustment mechanism
The diagram in Figure 2 illustrated the structure of the attitude-

adjustable chassis, which comprised the crawler walking system,
chassis frame, and attitude adjustment mechanism. To enable
adjustment of the vehicle’s attitude, the fixed beam typically used
to connect the chassis frame with the two walking devices in tradi-
tional designs was eliminated. Instead, the upper frame of the chas-
sis was designed as a fixed unit. Attitude adjustment was achieved
through the symmetrical distribution of the attitude adjustment
mechanism on each side, consisting of front rotational arms, con-
necting rods, rear arms, rear rotational arms, small rotational arms,
front hydraulic cylinders, and rear hydraulic cylinders. On both
sides, the front and rear rotational arms were rigidly connected
through a central spline shaft to prevent relative displacement
between the connecting mechanisms. The remaining connecting
mechanisms were articulated to allow relative rotation. 

Hydraulic adjustment system
The workflow diagram of the leveling hydraulic system was
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Figure 2. Chassis attitude adjustment structure of crawler combine harvester.

Figure 1. Lateral and longitudinal stability analysis of crawler combine harvester.



illustrated in Figure 3. The leveling hydraulic system primarily
consisted of a fixed displacement pump, relief valve, switch valve,
pressure compensator, electromagnetic proportional directional
valve, hydraulic lock, shuttle valve, and hydraulic cylinders. In this
system, FL and FR represented two lateral adjustment cylinders,
while BL and BR denoted two longitudinal adjustment cylinders.
WFL, WFR, WBL, and WBR represented electromagnetic propor-
tional directional valves. The lateral leveling and overall lifting of
the chassis were achieved when the fixed displacement pump 2
operated, switch valve 4 opened, electromagnetic proportional
directional valves WFL and WFR activated, and hydraulic cylin-
ders FL and FR actuated. Longitudinal leveling of the chassis was
accomplished when the fixed displacement pump 2 operated,
switch valve 4 opened, electromagnetic proportional directional
valves WBL and WBR activated, and hydraulic cylinders BL and
BR actuated. The overall lifting and longitudinal adjustment of the
chassis during the adjustment process required synchronous move-
ment of the two rear and front cylinders in the system. However,
the uneven weight distribution of the combine harvester itself led
to an unbalanced load phenomenon in the hydraulic cylinders on
both sides (Chai et al., 2024), resulting in different flow rates
entering the left and right hydraulic cylinders, thus producing syn-
chronization errors. During the height and longitudinal adjust-
ments of attitude-adjustable chassis, synchronizing the rear and
front hydraulic cylinders was crucial. However, the uneven weight
distribution of the combine harvester caused asymmetric loading
on these cylinders. Despite symmetrical positioning, traditional
pumps and proportional valves controlling cylinder movements led
to unequal flow rates due to varying loads, resulting in synchro-

nization errors. These cumulative errors could cause chassis frame
twisting, deformation, or even fractures, significantly reducing the
lifespan of the adjustable chassis. Under the feedback action of
shuttle valve 8, the spool of pressure compensator 5 automatically
adjusted according to the outlet pressure of the proportional valve,
consistently stabilizing the spool of the proportional valve in a bal-
anced position. This maintained a constant pressure difference
between the front and rear chambers of the proportional valve
(Helian et al., 2021). At this point, the output flow of the propor-
tional valve was only related to the control current of the valve
opening, thereby ensuring the same movement speed of the cylin-
ders on both sides. Furthermore, this system allowed simultaneous
opening of the four electromagnetic proportional directional valves
of the chassis, but this was limited to the overall lifting and longi-
tudinal adjustment actions of the chassis. The attitude-adjustable
chassis required appropriate ranges for height adjustment, lateral
and longitudinal leveling. These features enabled it to adapt to
more complex terrains by adjusting ground clearance and body
posture, thereby improving the combine harvester’s trafficability.
This design aimed to avoid poor driving stability caused by an
excessively raised center of gravity due to over-adjustment of vehi-
cle height, as well as issues affecting the normal operation of main
components due to excessive inclination adjustments. Based on the
overall configuration parameters of the World 4LZ-4.0 crawler
combine harvester, the structural characteristics and operational
features of various working components supported by the chassis,
and with reference to previous research, the main design parame-
ters of the adjustable leveling chassis were preliminarily deter-
mined, as shown in Table 1.

                             Article

[page 136]                                           [Journal of Agricultural Engineering 2025; LVI:1685]                                                             

Figure 3. Hydraulic system of attitude-adjustable chassis: (1) hydraulic tank; (2) fixed displacement pump; (3) relief valve; (4) switching
valve; (5) pressure compensator; (6) proportional directional valve; (7) hydraulic lock; (8) shuttle valve; (9) hydraulic cylinder.



Theoretical derivation of key adjustment parameters
Theoretical design of adjustment parameters

Based on the existing structure of the World 4LZ-4.0 crawler
combine harvester chassis, the lengths and initial angles of each
link were determined using graphical methods, while ensuring that
the arrangement and adjustment requirements of the mechanism
were met. The parameters of the components in the attitude adjust-
ment mechanism were presented in Table 2.

The hydraulic cylinders in the chassis attitude adjustment
mechanism determined the adjustment actions and ranges of the
harvester’s attitude through their combined extension and retrac-
tion. To analyze different adjustment conditions, mathematical
models relating the chassis attitude to the extension of each
hydraulic cylinder were established, aiding in the design of motion
parameters for the adjustment mechanism’s components and
allowing for the assessment of the adjustment range. Additionally,
based on the current attitude, the theoretical hydraulic cylinder
adjustments can be derived, providing a control model for the auto-
matic leveling system.

Height and lateral adjustment range of the chassis
As shown in Figure 4, the top view of the chassis defined the

forward direction of the combine harvester as the Y-axis, with the
X-axis perpendicular to it (ignoring changes in the Z-axis). When
the harvester tilts laterally (around the Y-axis), the tilt angle was
defined as the roll angle (b), and when it tilts longitudinally
(around the X-axis), the tilt angle was the pitch angle (a). Points
B, M, and B’, M’ represented the hinge points of the adjustment
mechanism and the frame.

During overall height adjustment, the left and right rear
hydraulic cylinders remained in their initial positions, forming a
parallelogram with points ABMN and BDEM, as shown in Figure
5. When the left and right front hydraulic cylinders extend simul-
taneously, the rear rotational arm rotated clockwise, raising point
M. The height increase of the chassis was determined by the verti-
cal height difference before and after the rotation of the arm MN,
with theoretical calculations outlined in Equations 1 to 4. Based on
the design requirement for overall chassis lift ranging from 0 to
100 mm, the length of front hydraulic cylinder FG was calculated
to be between 400 mm and 465 mm, resulting in a ground clear-
ance adjustment range of 255 mm to 355 mm.

                              (Eq. 1)

                              (Eq. 2)

                              (Eq. 3)

                              (Eq. 4)

                                                                                                      
In the formulas, hD represented the height to which the chassis

is raised, and L denoted the line connecting the rotation center
points or endpoints of the components. θMNA0 was the initial angle
of θMNA;  θBFM and θIMN remained constant during posture changes.
θGMI0 indicated the angle θGMI of  in the horizontal position, and
LGI0 refered to the length of the rear hydraulic cylinder in the hori-
zontal posture. During the overall elevation and lateral adjust-
ments, the rear hydraulic cylinder did not participate, making θGMI0
a constant during attitude changes.

When the ground heights under the two tracks were inconsis-
tent causing lateral tilt, lateral leveling operations were required.

This adjustment can be understood as lowering the higher side or
raising the lower side. As shown in Figure 6, when the left side was
higher than the right, lateral leveling was achieved by raising the
right side or lowering the left side. The mathematical relationship
between the lateral tilt angle and the extension of the front
hydraulic cylinder was given in Equations 5 to 7. The extension
range of hydraulic cylinder FG (400 mm to 465 mm) resulted in a
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Table 1. Main technical parameters of attitude-adjustable chassis.

Items                                                                      Parameters

Load capacity(kg)                                                                    3500
Grounding length of the track (mm)                                       1240
Width of the track (mm)                                                           350
Track gauge (mm)                                                                   1080
Lateral adjustment range (°)                                                      ±5
Longitudinal adjustment range (°)                                           -4~5
Maximum lifting height (mm)                                                 100

Table 2. The rod length and initial angle of the attitude adjustment
mechanism.

Items                           Parameters           Items                  Parameters

LON (mm)                             90                 LME/mm                       100
LAB (mm)                             270                LBM/mm                      1075
LBD (mm)                             100                LAO/mm                    1022.4
LDE (mm)                            1075                θMNA0/°                      11.46
LMN (mm)                            270                  θBMF/°                       19.42
L_MI (mm)                         355                  θIMN/°                          35
LGM (mm)                          163.4                 θABD/°                         145
LGI0 (mm)                            385                  θGME/°                       22.03

Figure 4. Definition of chassis coordinate system and tilt direction.



lateral tilt adjustment range of ±5.3°, aligning with the design
requirements in Table 1.

                               
(Eq. 5)

                               
(Eq. 6)

                               
(Eq. 7)

In the formulas, HR and HL represented the ground clearance of
the right and left frame sides, respectively.  was the distance
between the two walking beams. hDR and hDL indicated the changes
in ground clearance after the left and right front hydraulic cylinders
extend or retract, while  was the initial ground clearance of the
frame.

Longitudinal adjustment range of the chassis
In conditions where the front of the harvester was lower than

the rear, as illustrated in Figure 7, the front side must be lowered.
To achieve leveling during both forward and backward tilting, the
rear hydraulic cylinders were designed to be initially extended to
the same length. Given that forward tilting conditions were more
common, the initial extension of the rear hydraulic cylinders was
greater than their retraction. The mathematical relationship
between the longitudinal tilt angle and the rear hydraulic cylinder
extension was defined in Equations 8 to 18. Following the design
experience of Sun et al., with an initial installation distance of 385
mm, the length range of rear hydraulic cylinder LGI was from 355
mm to 430 mm. This resultsed in a longitudinal tilt adjustment
range of -2.9° to 5.2° (positive for forward tilt) at the lowest chas-
sis position, and -4.1° to 4.6° at the highest position.

(Eq. 8)

(Eq. 9)
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Figure 5. Geometric model of overall lifting working conditions.

Figure 6. Geometric model of lateral adjustment working condition.



(Eq. 10)

(Eq. 11)

(Eq. 12)

(Eq. 13)

(Eq. 14)

(Eq. 15)

(Eq. 16)

(Eq. 17)

(Eq. 18)

In the formulas, AX represented the perpendicular line from
BM, while θBMF, θIMN, θABD and θGME were constant values during
the attitude change process. These theoretical calculations indicat-
ed that the theoretical lateral adjustment range was ±5.3°, the lon-
gitudinal adjustment range was -4.1° to 5.2°, and the height adjust-
ment range was 0 to 100 mm, all meeting the overall design
requirements outlined in Table 1.

Simulation of rigid flexible coupling of key 
components
Construction of simulation model

The front and rear rotational arms were the main components
used to adjust the chassis attitude of the crawler combine harvester.

During chassis adjustment, they bore the machine’s weight and the
driving load from the cylinders, as well as endured impacts from
the frame and walking system, making them weak links in the
adjusting mechanism. Therefore, analyzing the reliability of the
front and rear rotational arms was necessary.

Using CAD software (Solidworks 2020, Dassault Systemes,
Waltham, MA, USA), a tracked chassis attitude adjustment mech-
anism was designed. Simplified versions of the harvester’s header,
threshing, and cleaning systems were created to build a full-scale
virtual prototype of the crawler combine harvester. This model was
imported into RecurDyn (V9R5, FunctionBay Co., Seongnam,
Korea), where the track module was added, and constraints and
contacts between the adjustment mechanism, frame, and walking
beam were established. The harvester’s weight was added to the
frame according to actual operating conditions. The terrain model,
based on real working scenarios, included flat ground, lateral slope
b, and longitudinal slope a with relevant parameters shown in
Figure 8. For slope adjustments, considering safety and the oper-
ability for operators and test personnel, we chose the slow gear of
the harvester in our research. The harvester moved slowly at a for-
ward speed of 0.8 m/s. After establishing the rigid body model of
the combine harvester, the front and rear rotational arms were
meshed using Hypermesh (Version 2021, Altair Engineering, Troy,
MI, USA) and imported into the tracked mechanism model, replac-
ing the original rigid swing arms. This completed the rigid-flexible
coupled model. The mesh quantities and material properties of the
swing arms and other components are shown in Table 3 (Zhou et
al., 2024). After establishing the rigid-flexible coupled model of the
crawler combine harvester with the rotational arms, the flexible
body of the rotational arms was divided into patches to enable con-
tact with the rigid frame. FDR elements were used to create pin
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Figure 7. Geometric model of longitudinal adjustment working condition.

Table 3. Material and mesh properties of flexible rotational arms. 

Items                                             Parameters                                                         Items                                                    Parameters

Material                                                       40Cr                                                                 Grid size /mm                                                             10
Young's modulus /GPa                                 206                                          Number of nodes of the front rotational arm                                   4788
Poisson ratio                                                0.29                                          Number of units of the front rotational arm                                   16314
Density/g/cm3                                              7.85                                          Number of nodes of the rear rotational arm                                    3863
Yield strength /MPa                                     780                                           Number of units of the rear rotational arm                                 123270,3
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holes in the flexible body of the rotational arms to facilitate force
transmission between the flexible and rigid bodies (Adams and
Darr, 2022; Wu et al., 2023). The final rigid-flexible coupled model
of the tracked chassis was established, as shown in Figure 9. 

Verification of the theoretical adjustment model
To verify the working principle of the adjustable chassis, sim-

ulations of the vehicle’s attitude adjustment under various condi-
tions were conducted. The hydraulic cylinder actuation was

achieved through designated driving functions. During overall lift-
ing and longitudinal adjustment, the height and pitch angle of the
chassis were recorded, as shown in Figures S1 and S2. From
Figure S2, it was evident that from 0 to 3s, both front hydraulic
cylinders extended by 65 mm while the rear cylinders remained
unchanged, resulting in a total lift of 100 mm. When at the maxi-
mum height, the front cylinders held steady while the rear cylin-
ders retracted by 30 mm, achieving a maximum rear tilt angle of -
4.24°. The rear cylinders then extended by 75 mm, reaching a max-

                             Article

[page 140]                                           [Journal of Agricultural Engineering 2025; LVI:1685]                                                             

Figure 8. Virtual prototype model of crawler combine harvester.

Figure 9. Rigid-flexible coupling model of front and rear arms.



imum forward tilt of 5.00°. Between 22 and 25 s, the front cylin-
ders retracted by 65 mm, returning the chassis to its lowest posi-
tion, while the rear cylinders repeated the previous actions, achiev-
ing longitudinal tilt limits of -2.2° and 5.35°. This analysis indicat-
ed that simultaneous adjustment of the front cylinders facilitated
overall lifting, while the rear cylinders enabled longitudinal adjust-
ments, with a height adjustment range of 0 to 100 mm and a longi-
tudinal tilt range of -4.24° to 5.35°.

The simulation results for lateral tilt adjustment, shown in
Figure S2, demonstrated that the left and right mechanisms were
identical. Focusing on right tilt as an example, the left front cylin-
der extended by 65 mm from 0 to 4 s, reaching a maximum lateral
adjustment angle of -5.53° at the 4-second mark. A similar left tilt
adjustment achieved a maximum angle of 5.25°. The simulation
results revealed that the established dynamic model for the atti-
tude-adjustable chassis exhibited some discrepancies in longitudi-
nal and lateral adjustment ranges compared to theoretical predic-
tions. These differences were attributed to track sinkage, affecting
the pressure distribution between the tracks and the ground, con-
sistent with findings by Sun et al. (2020). Overall, the simulation
confirmed that the adjustment actions aligned with theoretical
designs, and the adjustment ranges met theoretical calculations.

Dynamic stress analysis of typical working conditions
Based on this, a rigid-flexible coupled analysis was conducted

for typical walking conditions of the combine harvester, and the
average dynamic stress of the rotational arms during stable phases
was extracted (Figure S3). This simulation considered the effects
of dynamic loads such as track walking systems and machine
weight on stress variations and was performed under maximum
lateral and longitudinal adjustment conditions, as shown in Figure
S4 a,b. The typical adjustment conditions for the chassis attitude
adjustment include left tilt, right tilt, overall lifting, forward tilt,
and backward tilt. Simulations were conducted for each condition
to obtain dynamic stress contour maps of key components, as
shown in Figure S4. By combining Figure S4 a-c, it can be
observed that in the lateral adjustment condition of the chassis, the
stress distribution of the front rotational arms on both sides is sim-
ilar. However, the left rotational arm experienced higher stress,
with the maximum stress area located near the hinge position
between the left front arm and the connecting rod, identified as the
maximum stress area 1 in the figure.

The stress distribution of the rear rotational arms was influ-
enced by the specific adjustment conditions. Under left tilt and
synchronized lifting, the left rear arm experienced higher stress,
while in right tilt, the right rear arm bore slightly higher stress than
the left, though both remained within the range of 120-150 MPa.
The maximum stress area for the rear arms was located near the
pivot axis of the rear arm and the fixed area of the rear connecting
arm, denoted as maximum stress area 2 in the figure. This disparity
in stress distribution was attributed to the combine harvester’s cen-
ter of gravity being closer to the left side, resulting in different
loads on the two sides of the mechanism.

Figure S4 d,e indicated that during longitudinal adjustment, the
rear arms experienced significantly lower stress compared to the
front arms. This was attributed to a higher concentration of weight
at the front, leading to increased stress in the front arms. The max-
imum stress area for the front arms remained near area 1. Despite
the weight disparity between the chassis sides, the maximum stress
area for the rear arms remained at area 2, with the left rear arm
experiencing higher stress than the right.

Based on the results of the rigid-flexible coupled simulation, it
was found that the stress amplitudes of the arm components were

relatively large under left tilt and forward tilt conditions. The max-
imum stress positions were located at area 1 of the left front arm
and area 2 of the left rear arm. Across the five extreme adjustment
conditions, the maximum stress range at area 1 varied from 280 to
324 MPa, while at area 2, it varied from 122 to 140 MPa. These
results can serve as reference values for the installation of strain
gauges and the verification of structural strength in subsequent
stress tests.

Prototype construction and dynamic stress testing
Construction of prototype

Based on the simulation results, adjustment angles and vehicle
weight were identified as the primary factors affecting stress on the
front and rear rotational arms, with left tilt and forward tilt condi-
tions being particularly significant. To investigate the impact of
these factors on the structural strength of the arms, we identified
the maximum stress distribution locations. A prototype crawler
combine harvester with attitude adjustment capabilities was then
constructed, and dynamic stress testing experiments were conduct-
ed. The crawler combine harvester prototype consisted of an atti-
tude adjustment mechanism, hydraulic valve group, tilt sensor,
onboard controller, and manual operation panel, as shown in
Figure S5. The tilt sensor (MQJS30V1CC, Milang Technology
Co., Shenzhen, China) had a maximum output frequency of 100
Hz and a dynamic measurement accuracy of 0.02°. It was mounted
on the chassis frame below the cab to measure lateral and longitu-
dinal tilt. The displacement sensor (WY-01-100, Milang
Technology Co., Shenzhen, China) connected to the hydraulic
cylinder to monitor its extension and provide feedback to the con-
troller for limit protection. The onboard controller (RC28-14,
Bosch Rexroth, Germany) managed communication, sensor inte-
gration, and issued hydraulic cylinder adjustment commands.

Test location and conditions
The experiments were conducted in the rice test field at the

College of Agricultural Engineering, Jiangsu University. Based on
prior simulations and the allowable angle range for the crawler
combine harvester operating on slopes, the lateral adjustment
range was set to a left tilt of 0-5° and the longitudinal adjustment
range to a forward tilt of 0-5°. During the actual field tests, the
slopes with both lateral and longitudinal inclines were artificially
created. Considering that weight changes during actual harvesting
primarily result from variations in grain load in the tank, the
weight loading range for the grain tank during the experiment was
determined to be 0-350 kg, based on the actual capacity of the
4LZ-4.0 combine harvester’s grain tank.

Dynamic stress testing method
Dynamic stress was monitored and recorded during chassis

adjustment using standard 45° triaxial strain gauges and a dedicat-
ed resistance strain gauge instrument (Han et al., 2022; Li et al.,
2016). These gauges measured strain in three directions, allowing
for the calculation of principal stress with high accuracy. Strain
gauges were affixed to the maximum stress areas of the front and
rear arms and connected to the DH5902N dynamic stress measure-
ment system. The maximum stress values of the left front arm and
left rear rotational arm were measured under different parameters
with a sampling frequency of 500 Hz. The dynamic stress meas-
urement setup was shown in Figure S6.

Design of response surface experiment
This study employed the Box-Behnken response surface opti-
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mization method to conduct a three-factor and three-level response
surface experiment. Experimental design was performed using
Design-Expert 13.0 software. The selected factors were lateral
adjustment angle b, longitudinal adjustment angle a, and grain
tank loading mass m, with the corresponding response variables
being the maximum stress of the left front rotational arm y1 and the
left rear rotational arm y2. The design factors and levels were pre-
sented in Table 4.

Results and Discussion
Validation of the actual adjustment effects

The validation of the actual adjustment effects was carried out
through measured data for lateral adjustment and overall lift height
(Figure S7). The displacement of the rear hydraulic cylinders
remained constant (Figure S8). In the first 15s, the displacement of
the two front cylinders changed by 65 mm, resulting in a maximum
ground clearance of approximately 100 mm for the chassis, con-
firming the overall lift height range of 0 to 100 mm. From 15 to
28s, with only the left front cylinder extending 65 mm, the chassis
tilted to the right at a maximum angle of 5.15°; from 30 to 42s,
with only the right front cylinder extending 65 mm, the chassis tilt-
ed to the left at a maximum angle of 5.55°. Thus, the lateral adjust-
ment range for the adjustable chassis was -5.18° to 5.55°, with the
differences in the extreme adjustment angles likely due to actual

processing and assembly errors. The longitudinal adjustment
measured data was shown in Figure S9. During the first 22s, when
the extension of both front hydraulic cylinders was 0 mm, the chas-
sis was at its lowest position. At this time, the rear cylinders syn-
chronously changed by -30 to 45 mm, resulting in a longitudinal
angle change range of -3.13° to 5.15°. From 25 to 42s, when the
extension of both front cylinders was 65 mm, the chassis was at its
highest position. The rear cylinders synchronously changed by -30
to 45 mm, resulting in a longitudinal angle change range of -4.06°
to 4.55°. Therefore, the longitudinal adjustable range for the
adjustable chassis was -4.06° to 5.15°. Taking the dynamic stress
changes of the left front and left rear arms during the synchronous
lift of the chassis as an example, the dynamic stress test curve indi-
cated that the stress variation curve displayed oscillations, prima-
rily due to the polygon effect generated during the tracked move-
ment (Figure S10). During the posture holding phase, the stress
curve was relatively stable, with the average stress in this phase
serving as the maximum stress for the arms. Each stress measure-
ment was taken five times for averaging. The maximum stress val-
ues obtained from the strain gauges at the bonded locations across
various conditions were compared with the average stress values in
the corresponding regions of the simulation model, resulting in an
error range of 5% to 7%. This indicated that the maximum stress
locations obtained from the rigid-flexible coupling simulation
model were reasonable and could meet the testing requirements for
subsequent experiments.
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Table 4. Experimental factors and levels.

Test codes          Lateral adjustment angle β /°            Longitudinal adjustment angle α /°                Grain tank loading mass m /kg

-1                                                        0                                                                            0                                                                                 0
0                                                        2.5                                                                         2.5                                                                             175
1                                                         5                                                                            5                                                                               350

Table 5. Response surface test scheme and test results.

Test number               Lateral                   Longitudinal                 Grain tank             Average stress of left            Average stress of left
                                  adjustment                 adjustment                    loading                     front rotational                     rear rotational
                                   angle β /°                    angle α /°                   mass m /kg                     arm /MPa                             arm /MPa

1                                               0                                        5                                      175                                      318.25                                           143.22
2                                              2.5                                      5                                        0                                       286.957                                          189.51
3                                               0                                      2.5                                     350                                     401.052                                          92.175
4                                               5                                        5                                      175                                     365.218                                          191.13
5                                               0                                        0                                      175                                     266.855                                          101.04
6                                              2.5                                      0                                        0                                        256.31                                          107.745
7                                               0                                      2.5                                       0                                       268.375                                          68.865
8                                               5                                      2.5                                       0                                       327.294                                           97.59
9                                              2.5                                      5                                      350                                     410.248                                          201.93
10                                             5                                        0                                      175                                     351.443                                          139.29
11                                            2.5                                     2.5                                     175                                     337.269                                          210.36
12                                            2.5                                     2.5                                     175                                     334.267                                         210.045
13                                            2.5                                     2.5                                     175                                     338.352                                          217.98
14                                            2.5                                     2.5                                     175                                     347.567                                          209.73
15                                            2.5                                      0                                      350                                     411.768                                         187.245
16                                             5                                      2.5                                     350                                     473.252                                         160.845
17                                            2.5                                     2.5                                     175                                     341.278                                          211.05
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Analysis of variance of test results
The experimental scheme and dynamic stress results were

shown in Table 5, with the ANOVA of the results in Table S1. Here,
A represented the coded value of the chassis lateral adjustment
angle a, B represented the chassis longitudinal adjustment angle b,
and C represented the grain tank loading mass m.

Based on the ANOVA results in Table 5, for the dynamic stress
of the left front rotational arm, factors A, B, C, AB, and BC were
all significant, while the lack-of-fit value was 0.2390, not signifi-
cant relative to the pure error. The predictive R² of 0.9482 was con-
sistent with the adjusted R² of 0.9887, with a difference of less than
0.2, indicating a high fit of the regression equation. The signal-to-
noise ratio was 47.025, greater than 4, showing good predictive
performance of the regression equation. The factors’ influence on
the maximum stress of the left front swing arm was: grain tank
loading mass > lateral adjustment angle > longitudinal adjustment
angle. The regression equation after removing the non-significant
terms was as follows:

(Eq. 19)

Based on the ANOVA results in Table S1, for the dynamic
stress of the left rear rotational arm, factors A, B, C, AC, and BC
were all significant, while the lack-of-fit value was 0.6713, not sig-
nificant relative to the pure error. The predictive R² of 0.9984 was
consistent with the adjusted R² of 0.9962, with a difference of less
than 0.2, indicating a high fit of the regression equation. The sig-
nal-to-noise ratio was 59.374, greater than 4, showing good predic-
tive performance. The factors’ influence on the maximum stress of
the left rear swing arm was: longitudinal adjustment angle > lateral
adjustment angle > grain tank loading mass. The regression equa-
tion after removing the non-significant terms was as follows:

(Eq. 20)

Analysis of the interaction between different factors
The interaction effects of various factors on the stress of the

left front rotational arm were shown in Figure S11; when the grain
tank loading mass was constant, a significant interaction between
the lateral adjustment angle and the longitudinal adjustment angle
was observed (Figure S11a). Both angles had a notable impact on
the stress of the left front rotational arm. The maximum stress of
the left front rotational arm gradually increased with both the lat-
eral and longitudinal adjustment angles, with the lateral adjustment
angle having a greater influence on the stress amplitude. It was
observed that when the longitudinal adjustment angle was con-
stant, there was an interaction between the lateral adjustment angle
and the grain tank loading mass, but the interaction was not signif-
icant (Figure S11b). Both the lateral adjustment angle and the grain
tank loading mass significantly affected the stress of the left front
rotational arm. The maximum stress of the left front rotational arm
increased with both the lateral adjustment angle and the grain tank
loading mass, with the grain tank loading mass having a greater
influence on the stress amplitude. It was detected that when the lat-
eral adjustment angle was constant, there was a significant interac-
tion between the longitudinal adjustment angle and the grain tank
loading mass (Figure S11c). Both angles significantly affected the
stress of the left front rotational arm. The stress increased with
both the longitudinal adjustment angle and the grain tank loading
mass. The effect of the grain tank load variation was more signifi-

cant compared to the maximum stress variation caused by the lon-
gitudinal adjustment angle.

The interaction effects of various factors on the stress of the
left rear rotational arm were shown in Figure S12. It was observed
that when the grain tank loading mass was constant, there was an
interaction between the lateral adjustment angle and the longitudi-
nal adjustment angle, but the interaction was not significant
(Figure S12a). Both the lateral adjustment angle and the longitudi-
nal adjustment angle significantly affected the stress of the left rear
rotational arm, with the longitudinal adjustment angle being more
significant. The stress initially increased and then decreased with
an increase in the lateral adjustment angle, showing significant
fluctuations. As the longitudinal adjustment angle increased, the
stress gradually increased, with a relatively stable change; it was
observed that when the longitudinal adjustment angle was con-
stant, there was a significant interaction between the lateral adjust-
ment angle and the grain tank loading mass (Figure S12b). Both
significantly affected the stress of the left rear rotational arm, with
the lateral adjustment angle being more significant. The stress ini-
tially increased and then decreased with increases in both the lat-
eral adjustment angle and the grain tank loading mass, showing
significant fluctuations. It was observed that when the lateral
adjustment angle was constant, the longitudinal adjustment angle
and grain tank loading mass significantly affected the stress of the
left rear rotational arm, with a significant interaction between the
two (Figure S12c). The longitudinal adjustment angle was more
significant. Stress increased with both the longitudinal adjustment
angle and grain tank loading mass, but the variation in grain tank
load caused significant stress fluctuations. The variation in the lon-
gitudinal adjustment angle led to a more gradual change in stress.

Based on the experimental results, the dynamic stress regres-
sion equations were used to determine the maximum stress during
the adjustment process. The parameters found were a lateral
adjustment angle of 3.61°, a longitudinal adjustment angle of
3.20°, and a grain tank loading mass of 350 kg. Under these con-
ditions, the maximum stress for the left front rotational arm and the
left rear rotational arm were 473.52 MPa and 198.10 MPa, respec-
tively. According to the calculated maximum stress results, five
validation tests were conducted using the specified parameters.
The average maximum stress for the left front rotational arm and
the left rear rotational arm were 483.19 MPa and 188.95 MPa,
respectively. The error between the test averages and the predicted
values was within 5%, validating the regression prediction model.
In mechanical design, a safety factor greater than 1.5 is typically
required to ensure proper operation (Amirafshari et al., 2021;
KARLIŃSKI et al., 2023). Using the measured average maximum
stresses, the strength of the components was checked, as shown in
Equations 21 and 22.

(Eq. 21)

(Eq. 22)

In summary, we concluded that the designed arm structures
met the strength requirements. However, it is noteworthy that the
safety factor for the left rear rotational arm was nearly three times
the design requirement, indicating an overdesign in material and
structural parameters. Future work can focus on optimizing the
material selection and structural design of this component to bal-
ance manufacturing costs, weight, and strength. Additionally, oper-
ators should avoid operating the combine harvester with chassis
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adjustment at maximum stress conditions for the front and rear
rotational arms. This practice reduces the risk of failure, such as
fractures in the adjustment mechanism, thereby extending the lifes-
pan of the combine harvester.

Conclusions and future work
This research mainly carried out the following innovative work:
i) An analysis was conducted on the mechanical reasons for the

tilting instability of a crawler combine harvester, and a chassis
attitude adjustment device based on a planar five bar mecha-
nism was proposed, which can achieve overall lifting (0-100
mm), lateral adjustment (-5.18°-5.55°), and longitudinal
adjustment (-4.06°-5.15°) of the chassis.

ii) A rigid-flexible coupling simulation model of a crawler com-
bine harvester was constructed, and the stress distribution sta-
tus and maximum stress position of key components of the atti-
tude adjustment mechanism during the attitude adjustment
process were determined. A prototype of a crawler combine
harvester with chassis adjustment function was developed, and
a dynamic stress testing system was built.

iii) Orthogonal regression experiments were conducted using lat-
eral adjustment angle, longitudinal adjustment angle, and grain
tank loading mass as experimental factors, and maximum
stress on the left front and left rear rotational arms as experi-
mental indicators. The results indicated that the main and sec-
ondary factors affecting the maximum stress of the left front
rotational arm were grain tank loading mass, lateral adjustment
angle, and longitudinal adjustment angle. The order of factors
affecting the maximum stress of the left front rotational arm
was longitudinal adjustment angle, lateral adjustment angle,
and grain tank loading mass. By solving the regression equa-
tion, it was found that when the lateral adjustment angle was
3.61°, the longitudinal adjustment angle was 3.20°, and the
loading mass of the grain tank loading mass was 350kg, the
maximum stress of the left front and left rear arms were 473.52
MPa and 198.10 MPa, respectively, with safety factors of 1.61
and 4.31.

iv) The safety factor verification results of the key components of
the attitude-adjustable chassis indicated that both meet the
strength requirements, verifying the accuracy of the rigid flex-
ible coupling model. The research can further provide support
and basis for the optimization design of the chassis structure.
However, in addition to the conventional adjustment condi-

tions discussed in this study, extreme scenarios such as overload-
ing and obstacle crossing also need attention, as excessive impact
loads can cause fractures and failures in weak structural compo-
nents of the chassis. Due to the risks associated with testing under
these extreme conditions, we currently lack the necessary facili-
ties. Importantly, this paper has established and validated a cou-
pled rigid-flexible simulation model, which can effectively simu-
late and analyze more complex scenarios. Moving forward, we
will conduct further tests and improvements on chassis reliability
under extreme conditions using the developed prototype and stress
collection system.
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