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Abstract

:

The wheeled chassis, which is the carrying device of the existing handling robot, is mostly only suitable for flat indoor environments and does not have the ability to work on outdoor rugged terrain, greatly limiting the development of chassis driven handling robots. On this basis, this paper innovatively designs a four-wheel-driving Ackerman chassis with strong vibration absorption and obstacle surmounting capabilities and conducts performance research and optimization on it through quantitative experiments and dynamic simulation. Firstly, based on the introduction of the working principle and structure of the four-wheel-driving Ackerman carrier chassis, a multi-sensor distributed dynamic performance test system is constructed through the analysis of the chassis performance evaluation index. Then, according to the quantitative operation experiment of the chassis, the vibration and acceleration characteristics of the chassis at different positions of the chassis, the amount of slip and straightness of the chassis under different running distance, and the operating characteristics of the chassis under different road conditions and different damping springs conditions were analyzed respectively, which verified the rationality of the chassis design. Finally, by constructing the chassis dynamics simulation model; the influence law of chassis structure; and performance parameters such as chassis wheelbase, guide rod structure, and parameters, wheel friction coefficient and assembly error on the dynamic characteristics of the chassis is studied, and the optimal structure of the four-wheel-driving Ackerman chassis is determined while it is verified based on the simulation results. The research shows that the four-wheel-driving Ackerman chassis has good vibration performance and stability and has strong adaptability to different roads. After optimization, the vibration performance, stability, amount of slip, and straightness of the chassis structure are significantly improved, and the straightness is reduced to 0.399%, which is suitable for precise carriage applications on the chassis. The research has important guiding significance for promoting the development and application of wheeled chassis.
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1. Introduction


As a typical service-oriented robot, material-handling robots have developed rapidly and have been applied to a series of industries, such as express logistics, industrial manufacturing, warehouse transportation, hospitals, docks, agriculture, and automobiles. It is estimated that the market for material-handling robots will exceed 18 billion dollars by 2027. However, most of the material-handling robots currently on the market are designed with flat indoor floors, which have poor vibration-reduction ability and do not have the ability to work in obstacles or rough and complex environments. They are only suitable for good indoor factory environments. However, many industries require material handling operations on uneven indoor or outdoor roads, which brings tests to the obstacle crossing ability of the material handling robot chassis and the ability to travel in rugged and complex environments, becoming a pain point that needs to be solved urgently for wheeled chassis.



As the important means of delivery, many scholars have conducted extensive research on the performance, structural design, and optimization methods of wheeled chassis in the early stage. Zheng et al. [1] designed the four-wheel, motor-driven chassis structure; the rotation angle of the front wheel and the variation characteristics of the distance between the front wheel cover and the front wheel are analyzed by motion simulation, and the interference and motion coordination of the structure are verified. Lv et al. [2] proposed a design scheme for the front-axle-swing-steering chassis with rotational and floating functions and determined the optimal design scheme by using the evaluation method of innovative design of mechanical mechanism motion scheme and interference inspection. Zheng [3] used finite element analysis to verify the strength of the modular designed omnidirectional electric chassis. On the basis of the study of the differential steering control strategy of the omnidirectional electric chassis, the control system for the omnidirectional electric chassis was designed. Tian [4] proposed the slip-steering electric chassis with independent control of each wheel’s speed and obtained the optimization method of slip steering power through kinematics analysis and power consumption calculation. Based on the establishment of the four-wheel vehicle dynamics model, Yang [5] designed the control strategy of the four-wheel steering system with feedforward and feedback and the control strategy of the direct yaw moment system and established the rule-based integrated control strategy. Zhu et al. [6] proposed an omnidirectional electric chassis with four-wheel independent driving and independent steering and achieved chassis steering control by establishing the mathematical model of the four-wheel differential steering system. Wang [7] established an intelligent car based on optical guidance and differential steering. The strength, stiffness, uniform speed, acceleration, and steering of the car chassis were simulated using finite element statics analysis, kinematics and dynamics simulation, on the basis of verifying its reasonable structure, a PID fuzzy control strategy was established to reduce overshoot and improve response speed. In order to reduce the influence of the internal and external parameter errors of the inertial measurement unit on the positioning and pose estimation accuracy of wheeled robots, Peng et al. [8] proposed a new algorithm for the internal parameter calibration of the mechanical wheel omnidirectional mobile platform and the external parameter calibration of the mechanical chassis-inertial measurement unit based on principal component analysis and nonlinear optimization. Wang et al. [9] developed a pure electric ground vehicle with four independent driving wheels, and on the basis of the torque response and power efficiency diagram of the motor in the wheel obtained through experimental testing, a torque distribution method to optimize the energy efficiency of four-wheel vehicle operation was proposed. Joa et al. [10] present a four-wheel independent brake control method for vehicle stability under various road conditions without any tire–road friction information and verified the performance of the method via both computer simulations and vehicle tests. Wang et al. [11] perceived the front ground information through the ground detection device installed in front of each wheel of the four wheels of the agricultural vehicle, and then proposed a fast active body leveling method to actively prevent or reduce the body tilt. Huang et al. [12] proposed a path tracking integrated chassis control algorithm using four-wheel steering and direct yaw moment control for four-wheel chassis, which improved the chassis’s path-tracking performance and handling stability. Chi et al. [13] designed a new steer-by-wire suspension system that can meet the large-scale four-wheel independent steering function and verified its feasibility through system multi-body dynamics simulation and time-frequency performance analysis. Zhu et al. [14] designed a forestry chassis with an articulated body with three degrees of freedom and installed luffing wheel legs and carried out a dynamic simulation study on its motion performance based on the proposed obstacle-crossing strategy. Zhang et al. [15] proposed an improved two-front-wheel steering mechanism and an omnidirectional independent steering mechanism integrated with steer-by-wire, which improved the maneuverability and flexibility of the four-wheel steering four-wheel-driving electric vehicle steering system. To solve the problem of uneven distribution of yaw torque on each independent wheel of agricultural four-wheel vehicles, Xu et al. [16] proposed a steering wheel steering angle control method using electric push rods as actuators, which combines PID control and fuzzy regulation for controlling. The feasibility and rationality of the designed wheel steering mechanism were verified through dynamic simulation and virtual simulation of fuzzy PID controller. McGinn et al. [17] proposed and designed a variable-form wheeled robot that can easily traverse cracks and climb steps, achieving terrain adaptation and verified the new variable-form wheeled robot through simulation and prototype testing. Li et al. [18] established a multi-body dynamic model of a wheeled off-road vehicle chassis and—on the basis of using roadblock impact tests to verify—conducted simulation research on the vertical acceleration and body pitch attitude angle of the vehicle under different levels of random road roughness excitation at different operating speeds. In order to improve the trajectory tracking accuracy of the chassis of a small four-wheeled mobile robot, Cao [19] realized the accurate and stable planning and tracking of the chassis through the construction of the robot dynamics model and the tire model, the design of the lateral pose controller based on the optimal feedforward LQR with understeer compensation, and the design of the longitudinal layered speed controller based on PID theory. The stability and effectiveness of the trajectory-tracking controller are verified by controller performance simulation and simulation experiments. Sun [20] designed a six-wheel full-driving wheel chassis and conducted dynamic simulations on its obstacle crossing performance, as well as the mechanical state simulation of the four-wheel and six-wheel model with or without suspension conditions, the parameterized analysis was used to optimize the forward speed of the six-wheel independent suspension chassis and to optimize the spring stiffness of the suspension system, the prototype was built to verify the feasibility of the four motions including bottom linear motion, zero-radius rotation motion, climbing motion and obstacle-crossing motion. Qu et al. [21] constructed a steering coordination control strategy for wheel-to-wheel following linkage on a four-wheel independent steering chassis driven by the hub motor, and the prototype road validation experiment was conducted based on the software and hardware design of the steering control system. Qin et al. [22] innovatively designed a multi suspension wheeled chassis and compared and analyzed the obstacle-crossing height and climbing angle by establishing the mathematical models of multi suspension and traditional structure chassis. Then, the dynamic performance of the chassis was verified through the dynamic simulation and prototype experiments. Gao et al. [23] proposed a wheel train chassis structure with built-in differential gear and designed a wheel chassis with zero-turning-radius capability by establishing the kinematic model, state space equation, and dynamic model of the wheel train chassis; the response of the motor rotation angle; and the gear train rotation angle. The moving stability of the chassis and the anti-lateral pitch resistance performance of the zero turning were verified. Wang et al. [24] established the dynamic model for the obstacle-crossing process of the six-wheeled all-terrain mobile robot based on the D’Alembert’s principle, it was demonstrated that the six-wheeled all-terrain mobile robot can climb vertical obstacles such as stairs combining the dynamic simulation and obstacle-crossing performance experiments of the six-wheeled all-terrain mobile robot. Zhu et al. [25] designed a vehicle chassis flaw detection robot with a complementary omnidirectional wheel motion mechanism, established the motion state equation of the four-wheel flaw detection robot, and decoupled it with an auto disturbance rejection controller to obtain good motion control performance. The research content provides reference and guidance for the application and promotion of the wheeled chassis, as well as theoretical, simulation, and experimental methods for innovative design and research of the wheeled chassis.



In the past few decades, people have proposed and developed steering systems such as conventional steering (CSS) systems, four-wheel steering (4WS) systems, active front steering (AFS) systems, active front independent steering (AFIS) systems, front independent steering (FWIS) systems, four-wheel independent steering (4WIS) systems, and rear independent steering (RWIS) systems [26,27,28,29,30,31]. The characteristics of each system are shown in Table 1.



The front wheel independent steering system (FWIS) usually refers to the front wheel independent steering. Almost all modern cars adopt this structure, so its market share is very high. The four-wheel steering (4WS) system provides better handling and stability, especially in high-speed driving and emergency obstacle avoidance. It has been applied in some high-performance models and luxury models with a small market share. The active front steering (AFS) system adjusts the front wheel steering angle through the electronic control unit to adapt to different driving conditions. It has been applied in some high-end models, but its popularity in the market is limited. The four-wheel independent steering (4WIS) system allows all four wheels to steer independently and is applied in some specific models, such as high-performance vehicles or concept vehicles. However, due to the complexity and cost being high, the system market share is relatively low. The rear wheel independent steering (RWIS) system allows the rear wheel to be adjusted according to the steering of the front wheel and vehicle speed. This system has been applied in some large vehicles and high-end models, but its popularity in the market is also limited. In general, the FWIS system occupies a dominant position in the modern automobile market. The more advanced steering systems, such as 4WS, AFS, 4WIS, and RWIS, although providing better performance in specific models and applications, have a relatively small market share due to cost and technical complexity. With the development of automotive technology, these advanced steering systems may be applied in more models [32,33,34,35,36].



The Ackerman steering structure belongs to the front wheel independent steering system (FWIS). From the comprehensive comparison of the advantages and disadvantages of each steering structure in Table 1 and the application of the above steering systems, it can be seen that its steering stability and handling advantages are obvious, and the failure rate is low. In order to further improve the performance of the wheeled chassis, based on previous studies, this paper fully considers the advantages of Ackerman steering mechanism, adds shock absorption and buffer devices in the structural design, and designs a four-wheel-driving Ackerman chassis suitable for indoor and outdoor environments. In order to determine the optimal structural performance, a dynamic performance test system for the four-wheel-driving Ackerman carrier chassis is built. The quantitative experiment method is used to carry out the running characteristics experiment and performance analysis of the chassis under various variable conditions, and the dynamic simulation method is used to study the influence law of chassis structure and performance parameters, such as chassis wheelbase, guide bar structure and parameters, wheel friction coefficient, and assembly error on the dynamic characteristics of the chassis. Finally, quantitative experiments and dynamic simulation are combined to determine the optimized structure of four-wheel-driving Ackerman chassis and carry out simulation verification.



Our contributions in this paper are fivefold.



	(1)

	
The four-wheel-driving Ackerman carrier chassis composed of an Ackerman steering mechanism and a strong suspension and shock absorption structure is designed to achieve more stable steering and convenient control of the chassis.




	(2)

	
The chassis multi-source and multi-point dynamic information testing system based on chassis performance indicators and structural characteristics is proposed and constructed, providing reliable monitoring data for the comprehensive performance evaluation of the chassis.




	(3)

	
The verifying and optimizing research method for the rationality of chassis design by combining quantitative experiments with dynamic simulation is proposed.




	(4)

	
The slip and offset characteristics of the initial designed chassis are analyzed, and the influence law of road conditions and shock absorption springs on the operating characteristics of the chassis is obtained.




	(5)

	
The influence law of chassis structure and performance parameters such as chassis wheelbase, guide rod structure and parameters, wheel friction coefficient, and assembly error on the dynamic characteristics of the chassis is obtained, and the optimal chassis structure size and parameters are determined.







The specific work route of this paper is as follows: Section 2 describes the working principle of the Ackerman steering mechanism and introduces the specific composition of Ackerman steering mechanism and chassis structure of the four-wheel-driving Ackerman carrier chassis. Section 3 analyzes the important evaluation indicators for chassis performance, and designs and builds the multi-source information dynamic testing system for the carrier chassis. Section 4 conducts chassis quantitative experiments under different conditions, and monitors and analyzes the operating characteristics of the chassis based on a dynamic testing system. Section 5 constructs the chassis dynamic simulation model and studies the influence law of chassis structure and performance parameters on the dynamic characteristics of the chassis, and the optimized structure of the chassis is determined based on this. Section 6 shows the relevant conclusions.




2. Design of Four-Wheel-Driving Ackerman Carrier Chassis


2.1. Design Principle and Parameter Analysis of Ackerman Carrier Chassis


The Ackermann structure can provide the appropriate Akerman angle when the vehicle turns, making the steering faster and more flexible. It can provide a smaller turning radius so as to ensure that there is no sliding friction between the tire and the ground and that the tire is in a pure rolling state with the minimum friction force, which reduces the wear of the tire. The Ackerman chassis has excellent modification design space. By installing shock absorbers and suspension structures, it can greatly increase the vehicle’s ability to overcome obstacles and work in rugged and complex environments, while the loading capacity can be improved. Therefore, the Ackerman chassis has excellent performance and is suitable for the design requirements of materials handling. Therefore, this paper designs a four-wheel-driving Ackerman carrier chassis.



Figure 1 shows the Ackermann chassis steering model, in which LZ is the wheelbase, HL is the wheel track, α is the angle of the front wheel in the outside, β is the angle of the front wheel inside, and R is the turning radius. γ is the slip angle, the angle formed between the direction of the chassis speed and the direction of the body orientation. ψ is the course angle; it represents the angle between the chassis body and the X-axis.



According to the angular velocity formula of the vehicle at low speed:


    φ 1   =  V R   



(1)







When the slip angle γ is very small, the rear wheel travels in a straight line and there is no deflection angle, the above formula can be expressed as:


     φ 1   V  ≈  1 R  =  δ   L Z     



(2)







Because the steering radius of the inner and outer front wheels is different:


  α =    L Z    R +    H L   2     



(3)






  β =    L Z    R −    H L   2     



(4)







The average angle of the front wheel is:


  δ =   α + β  2  ≈    L Z   R   



(5)







And the internal and external rotation difference is:


  Δ δ = α − β =    L Z     R 2     H L  =  δ 2     H L     L Z     



(6)







From the above derivation, it can be concluded that the difference between the two front wheel steering angles is directly proportional to the square of the average steering angle δ. For the vehicle designed according to Ackermann steering geometry, when turning along the curve, the steering angle of the inner wheel is about 2–4° larger than that of the outer wheel by using the equal crank of the four connecting rods, so the center of the four wheel paths roughly intersect with the instantaneous center of pivot (ICP) on the extension line of the rear axle and the vehicle can turn smoothly. Due to the design of Ackerman steering structure, the instantaneous center of pivot (ICP) of the left and right wheels of the front axle is the same, which is the intersection of the vertical line of the forward direction of the front wheel and the extension line of the rear wheel axle. The instantaneous steering center changes with the change of the front wheel angle, and its change trajectory is a straight line, which coincides with the extension line of the rear wheel axle, as shown in Figure 1.



The principle of the Ackermann steering mechanism is as follows: a trapezoidal four link mechanism is used to connect two front wheels. When the trapezoidal four link mechanism deforms, the left and right front wheels will turn towards the same side, but the turning angle will be slightly different to achieve more stable steering. In the design, a curved arm is extended from the rear of the left front wheel connecting rod, and a small connecting rod is used to connect the curved arm with the long connecting rod that moves in a straight line. When the long connecting rod moves in a straight line, Ackermann steering can be achieved. Among them, the linear motion of the long connecting rod is achieved through the gear rack transmission driven by the steering engine, which has a large transmission force, stable operation, and long service life. The Ackermann steering mechanism designed in this article is shown in Figure 2. It is mainly composed of a servo, cogs, racks, steering transfer levers, quad-steering structures, shock-absorbing mountings, etc. Its arrangement with the chassis and wheels is shown in Figure 3. It is connected to the frame through the guide rods and the guide rod sleeves and is connected to the wheels through the shock-absorbing mountings and the turning junctions.



The model of the Ackerman steering mechanism is analyzed, and the rod model of the Ackerman steering mechanism is obtained as shown in Figure 4. The rod A-B-C-D forms the core trapezoidal four-bar mechanism. The length parameters of each connecting rod of the steering mechanism are shown in Table 2.



In order to improve the handling robot’s ability to surmount obstacles and work in complex and rugged terrain, the springs are used as the suspension damping structure. The overall structure of the four-wheel-driving Ackerman carrier chassis is shown in Figure 5, which is mainly composed of Ackerman steering mechanism, drive motor, suspension shock-absorbing structure, loaded wheels, main control board, aluminum square tube frame, guide rod, etc. The realized vehicle is shown in Figure 6.




2.2. Kinematic Model Construction of the Ackerman Carrier Chassis


Based on the steering principle of the Ackermann chassis designed in this article. Assuming that the chassis is a rigid body moving on a horizontal plane, ignoring wheel deformation and slip, a kinematic model of the chassis is established [37] as shown in Figure 7.



The X-O-Y axis is the geodetic coordinate system, where (xr, yr) and (xf, yf) are the coordinates of the rear and front axle of the vehicle, respectively. vr is the center velocity of the rear axle, and vf is the center velocity of the front axle.



The center velocity of the rear axle is:


   v r  =   x ˙  r  cos Ψ +   y ˙  r  sin Ψ  



(7)







The center velocity of the front axle is:


   v f  =   x ˙  f  cos ( Ψ + δ ) +   y ˙  f  sin ( Ψ + δ )  



(8)







According to the kinematic constraints of the front and rear wheel axles, it can be concluded that:


    x ˙  f  sin ( Ψ + δ ) −   y ˙  f  cos ( Ψ + δ ) = 0  



(9)






    x ˙  r  sin Ψ −   y ˙  r  cos Ψ = 0  



(10)







According to Equations (7) and (10), it can be concluded that:


        x ˙  r  =  v r  cos Ψ       y ˙  r  =  v r  sin Ψ      



(11)







According to the geometric relationship between the center coordinates of the front and rear wheels, it can be concluded that:


       x f  =  x r  +  L Z  cos Ψ      y f  =  y r  +  L Z  sin Ψ      



(12)







After taking the derivative of Equation (12) over time, combine it with Equation (11):


        x ˙  f  =  v r  cos Ψ −  L Z   Ψ ˙  sin Ψ       y ˙  f  =  v r  sin Ψ +  L Z   Ψ ˙  cos Ψ      



(13)







Substituting Equation (13) into Equation (9), the angular velocity of the shaft center can be obtained.


  ω =  Ψ ˙  =    v r     L Z    tan δ  



(14)







The relationship between the center velocity of the rear axle and the center velocity of the front axle is:


   v r  =  v f  cos δ  



(15)







In summary, the kinematic model of the Ackerman chassis is:


        x ˙  r        y ˙  r        x ˙  f        y ˙  f       Ψ ˙      =      v r  cos Ψ      v r  sin Ψ      v r  cos Ψ −  L Z   Ψ ˙  sin Ψ      v r  sin Ψ +  L Z   Ψ ˙  cos Ψ      v r  tan δ /  L Z      =        v f  cos δ cos Ψ          v f  cos δ sin Ψ      v f  cos δ cos Ψ −  v f  sin δ sin Ψ      v f  cos δ sin Ψ +  v f  sin δ cos Ψ          v f  sin δ /  L Z         



(16)









3. Establishment of the Test System for the Four-Wheel-Driving Ackerman Carrier Chassis


3.1. Analysis of the Important Indicators


During the operation of the four-wheel-driving Ackerman carrier chassis, due to the structural characteristics and component characteristics, it is easy to cause problems such as vibration, slip, and running offset. Among them, its vibration characteristics, migration performance, slip amount, and travel straightness have become important performance evaluation factors of the four-wheel-driving Ackerman carrier chassis. Therefore, the multi-position vibration displacement, multi-directional motion acceleration, slip amount, and straightness of the four-wheel-driving Ackerman carrier chassis will be taken as the research object to analyze the design rationality of the four-wheel-driving Ackerman carrier chassis under different working conditions and operating conditions.




3.2. Construction of the Test System Based on Structural Characteristics and Indicator Analysis


In order to realize the comprehensive performance evaluation of the four-wheel-driving Ackerman carrier chassis, the traveling acceleration and vibration displacement of the front, middle, and rear parts and the multi-point on both sides of the vehicle body will be measured, and eight groups of vibration displacement sensors and six groups of traveling acceleration sensors will be respectively arranged, as shown in Figure 8. Due to the suspension shock-absorbing mechanism and Ackermann chassis structure equipped at the front of the vehicle body, in order to ensure the effectiveness of the data, the number of sensors in the front half of the chassis body is greater than that in the rear half. Among the acceleration sensors, two sensors are placed on the front of the vehicle, two sensors in the middle of the two sides, one sensor on the middle bottom surface, and one sensor on the rear end. Among the vibration sensors, three sensors are placed on each of the two sides, and one sensor is placed on each of the front and rear ends. Then, the sensors are defined as Vibration 1 to Vibration 8 and Acceleration 1 to Acceleration 6 according to the location.



In order to measure the straightness and slip amount data, the circuit is redesigned outside of the vehicle body control system circuit, and a 5 V power supply is added to power the test system. The wheel slip amount is measured by using the photoelectric gate counting sensor. The straightness is measured by using three ultrasonic ranging sensors arranged at three different positions on one side of the vehicle body, including the front, middle, and rear. The above two kinds of sensors are powered by the Arduino development board. At the same time, the collected data are returned to the serial port of the development board through a signal line and then transmitted back to the terminal through the HC-05 Bluetooth module, ultimately achieving data collection.



During the slip amount measurement process, two photoelectric counting sensors are arranged on the side of the two rear driving wheels of the chassis. Each wheel is equipped with six gratings, and the photoelectric gate counts 12 times for each rotation of the wheel. The number of times the wheel hub passes through the photoelectric gate during the driving process is recorded, and the number of the turns of the wheel when the chassis moves a certain distance can be obtained by dividing the counting times by 12. Then, the theoretical displacement of the chassis can be calculated based on the diameter. By measuring the actual running displacement, the slip amount can be calculated as the theoretical displacement minus the actual displacement.



The principle of straightness testing is shown in Figure 9. During the experiment, three ultrasonic ranging sensors are used, and they are arranged at the front, middle, and rear positions on one side of the vehicle body. The side of the chassis with the ranging module is placed close to the wall, and the position is adjusted to make the three ranging modules have the same distance from the wall. After the adjustment is completed, the initial data are recorded, and then the chassis is driven to move for a certain distance to record the data of the endpoint ranging module. The three sensors are used to measure the distance to the wall separately, and three motion offsets can be obtained by subtracting the data of the three ranging modules at the initial and final position. Then, multiple measurement experiments are conducted to take the average value to reduce errors.



The spatial distribution model of the test system on the chassis—consisting of six sets of acceleration sensors, eight sets of vibration sensors, two sets of photoelectric gate counting sensors, and three sets of ultrasonic distance measuring sensors—is shown in Figure 10. The Bluetooth module is used for data transmission. In order to achieve effective installation of the photoelectric gate counting sensor, the photoelectric gate bracket shown in the figure is also independently designed. The performance parameters of the sensors and transmission modules used in the system are shown in Table 3, Table 4, Table 5, Table 6 and Table 7, respectively.





4. Research on the Performance of Four-Wheel-Driving Ackerman Chassis Based on Quantitative Experiments


The analysis of vibration and acceleration characteristics at different positions of the chassis can evaluate the operational stability, shock absorption, and seismic resistance effect of the vehicle body and the overall design rationality of the chassis. The operational performance of the chassis on different road surfaces is directly related to its adaptability to different road surfaces. The poor shock absorption and seismic resistance effect of the chassis will cause damage to the tire, suspension system, and vehicle structure, affect the stability of the brake, cause inaccurate vehicle positioning, and increase the noise of the vehicle. For the chassis with spring as the shock absorption media, the spring parameters will directly affect the shock absorption and seismic resistance performance of the chassis. Chassis slippage can cause serious consequences such as loss of directional control, collision, turning or high-speed overturning, increased braking distance, suspension system and tire damage. The slippage test experiment can evaluate and improve this important vehicle parameter and analyze the main reasons for vehicle slippage based on experimental data, providing experimental design ideas and reference data for subsequent optimization. The straight-line deviation of the chassis can lead to problems such as deviation of driving trajectory, difficulty in chassis control, increased tire friction, and suspension system damage, which are important indicators for evaluating vehicle performance. Straightness testing experiments can evaluate and improve the straight-line driving performance of the vehicle body. Based on the actual experimental situation and output data, the main reasons for the straight-line deviation distance can analyzed, and the simulation optimization experiments can be designed according to the analysis of the influence of different factors, and the reference data can be provided to help find the best optimization solution. In order to comprehensively test the running performance of the initial designed four-wheel-driving Ackerman chassis, the vibration and acceleration characteristics analysis at different positions, the slip amount test and the straightness test of the chassis with the same running speed under the same damping spring condition, and the running characteristics analysis of the porcelain floor, asphalt road, cement road, and other different road conditions will be carried out. On this basis, the vibration and acceleration characteristics analysis of the chassis with the same running speed under different damping spring conditions will be carried out, and the comprehensive kinematic performance of the four-wheel-driving Ackerman chassis is studied through quantitative test experiments. The roles and relationships of each experiment are shown in Figure 11.



4.1. Analysis of Vibration and Acceleration Characteristics at Different Positions of the Chassis


The spring suspension shock-absorbing structure adopts a spring with a wire diameter of 1.2 mm and made of spring steel material. The given chassis driving motor speed is 80 r/min, which is 0.52 m/s. The chassis test running distance is 4 m, and the operating environment is the porcelain floor. Under these conditions, the vibration displacement at eight different positions and the three-dimensional running acceleration curves at six different positions are obtained, as shown in Figure 12, Figure 13, Figure 14 and Figure 15.



From the figure, it can be seen that with the change of time, the vibration and acceleration at different sampling positions exhibit disordered fluctuation characteristics. Among them, the fluctuation amplitude of the Z-direction operating acceleration curve at different positions is relatively gentle, while the fluctuation amplitude of the vibration displacement and X-direction operating acceleration curve at different positions is more obvious, and the relative fluctuation degree of the vibration displacement curve at different positions is greater. For in-depth analysis, the maximum and average values of vibration signals and acceleration signals at different positions are extracted, as shown in Table 8 and Table 9.



From Figure 12, Figure 13, Figure 14 and Figure 15 and Table 8 and Table 9, it can be seen that the maximum vibration displacement at the position of vibration sensor 6 is 262 μm, which is significantly higher than other positions. Its average vibration displacement is also the maximum value at eight different positions. The reason is that the position of vibration sensor 6 is close to the driving wheel and motor, and during the movement process, there will be significant vibration at the rear of the vehicle body under motor driving conditions. This vibration will have an impact on the stability of the vehicle structure designed in this paper, Therefore, the corresponding shock absorption treatment should be carried out on the driving wheels in the future. The vibration peaks at the other seven positions are between 0.14 and 0.2 mm, and the vibration displacement of the carrier chassis is generally between 0.5 and 1.0 mm, therefore, the chassis designed in this article has more stable vibration performance and good seismic resistance during motion. The average and peak values of vibration displacement at positions 2, 3, 4, 5, and 8 are significantly smaller than those at positions 1 and 6 of the driving wheels, the vibration performance at most positions of the chassis is good, which greatly ensures the smoothness of the transportation process. By comparing and analyzing the average and peak values of vibration displacement at the positions of vibration sensor 6 and vibration sensor 5, it can be concluded that the shock-absorbing mechanism in the front of the vehicle reduces the vibration peak by 94 µm—that is, by 35.88%. Therefore, the chassis’s shock-absorbing mechanism has a significant shock-absorbing effect on the vehicle body.



During the driving process, the maximum instantaneous acceleration of the chassis in the forward direction (X direction) at the starting and ending points of the chassis is only 0.3 g, which is 2.94 m/s2. In case of sudden speed changes, the chassis can still ensure relatively stable motion. At the same time, during the movement process, the average acceleration of each position is within the range of 0.02–0.09 g, indicating that the chassis can maintain a relatively stable motion speed and state.



In summary, the vibration characteristics of the chassis in the vertical direction and the acceleration characteristics in the forward direction prove that the designed chassis has good seismic and shock-absorbing effects and good stability.




4.2. Analysis of Chassis Slip Amount


4.2.1. Experimental Design of Chassis Slip Amount


In the experiment, the spring suspension shock-absorbing structure adopts a spring with a wire diameter of 1.2 mm and spring steel material. The given chassis’s driving motor speed is 80 r/min, which is 0.52 m/s. The chassis test operation distance is 600 mm, 1200 mm, 1800 mm, 2400 mm, 3000 mm, 3600 mm, and 4200 mm respectively, with the operating environment of porcelain floor. Under these conditions, the counting values of two photoelectric counting sensors are obtained respectively.




4.2.2. Chassis Slip Characteristics


The actual operating distance and photoelectric gate count values of the left and right photoelectric counting sensors (named photoelectric counting 1 and photoelectric counting 2 respectively in the testing system) under different calibrated operating distances are shown in Table 10.



According to the counting values of the photoelectric counting sensor, the theoretical displacement of the chassis under different operating distance conditions can be obtained, and based on this, the slipping amount of the two wheels can be calculated, as shown in Table 11 and Figure 16.



The friction coefficient of the tires selected in the initial design is 0.59. From Table 10 and Table 11 and Figure 16, it can be seen that the chassis designed on a smooth porcelain floor will produce a certain amount of slip, with a large amount of slip during the initial startup stage. After stable operation, the change amplitude in slip quantity is greatly reduced. Due to the presence of the Ackermann steering mechanism, the slip quantity of the right wheel of the vehicle is always greater than that of the left wheel. Finally, the chassis produces a maximum slip amount of 212 mm (right wheel) and 180.6 mm (left wheel) at an actual motion distance of 4235 mm with slip ratios of 5.0% and 4.3%, respectively. This is within the normal slip range of the chassis, but there is still room for further optimization of the slip ratio. Measures need to be taken to correct and improve it to reduce the slip ratio.





4.3. Analysis of Chassis Straightness


4.3.1. Experimental Design of Chassis Straightness


In the experiment, the spring suspension shock-absorbing structure adopts a spring with a wire diameter of 1.2 mm and made of spring steel material. The given chassis driving motor speed is 80 r/min, which is 0.52 m/s. The chassis test runs at distances of 500 mm, 1000 mm, 1500 mm, 2000 mm, and 2500 mm, and the operating environment is porcelain floor. Under these conditions, in order to ensure the effectiveness of the results, five sets of experiments are conducted for each operating distance, and the deviation values of the distance from the sensor to the wall measured by three ultrasonic distance sensors in each set of experiments are obtained.




4.3.2. Chassis Offset Characteristics


Five sets of experiments are conducted separately, and the actual running distance of each experiment is shown in Table 12. The chassis running offset amount measured by three ultrasonic distance sensors under different calibrated running distances, and the average values of the three different position offset amounts are shown in Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21, respectively.



The average value of the actual running distance in each of the five sets of experiments corresponding to each calibrated distance is defined as the average actual running distance, and the average value of the average offset amount of the three different positions of the chassis in the five sets of experiments corresponding to each calibrated distance is define as the average offset of the chassis. The ratio of running offset to the actual running distance is defined as the proportion of single offset of the chassis, and the average offset ratio of the three different positions of the chassis body measured in each group of experiments is defined as the offset proportion of the chassis in each group of experiments. By taking the average value of the offset proportion of the chassis in each group of experiments in five groups of experiments, the average deviation proportion of the chassis under different calibrated running distances can be obtained, as shown in Table 13.



From Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23 and Table 11 and Table 12, it can be seen that as the movement distance increases, the offset gradually increases. At the actual distance of 2513 mm, the linear offset reaches the maximum, reaching 43.72 mm. However, according to experimental data, the deviation ratio is mainly concentrated in the range of 1.2% to 2.0%, and the maximum average deviation ratio obtained from multiple experiments is only 1.957%, which meets the working conditions requirements of most transportation workshops, but there is still room for improvement.





4.4. The Impact of Road Conditions on the Operating Characteristics of the Chassis


4.4.1. Experimental Design for Different Road Conditions


In the experiment, the spring suspension shock-absorbing structure adopts a spring with a wire diameter of 1.2 mm and a spring steel material. The given chassis driving motor speed is 80 r/min, which is 0.52 m/s, and the chassis test running distance is 4000 mm. To test the impact of different road conditions on the chassis, the operating environment is selected as porcelain floor, asphalt road, cement road, and 15° slope, as shown in Figure 24. Among them, the 15° slope is built using a PS material slope bridge. Under this condition, each set of experimental data for chassis operation is obtained.




4.4.2. Chassis Operating Characteristics under Different Road Conditions


The vibration displacement and acceleration at different positions of the chassis under four different working conditions, namely porcelain floor, asphalt road, cement road, and 15 ° slope, are obtained through experiments, as shown in Figure 25 and Figure 26.



From Figure 25, it can be seen that the chassis exhibits disorderly fluctuations at various positions under different working conditions. Among them, the vibration peaks under the working conditions such as porcelain floors, asphalt roads, and cement roads mostly appear in the early or end stages of operation. Under the working conditions with a slope of 15°, the vibration peaks mostly appear in the middle region of operation.



From Figure 26, it can be seen that the peak acceleration in the X-direction under the conditions of porcelain floor and asphalt road mainly occurs in the initial region, while the peak acceleration of Acceleration 2, Acceleration 4, and Acceleration 6 in the X-direction under the condition of cement road occurs at the end of operation.



The peak and average values of multi position vibration displacement of the chassis under four different working conditions, such as porcelain floor, asphalt road, cement road, and 15° slope, as well as the peak and average values of multi position acceleration of the chassis under three different working conditions, namely porcelain floor, asphalt road, and cement road, are extracted respectively, as shown in Table 14 and Table 15.



From the table, it can be seen that compared to porcelain flooring, the asphalt road will increase the maximum motion acceleration at each point of the chassis, significantly increase the vibration displacement amplitudes at Vibration 1, Vibration 2, Vibration 3, and Vibration 5, and to some extent reducing the vibration displacement amplitudes at Vibration 4, Vibration 6, Vibration 7, and Vibration 8. That is, the asphalt road will intensify the vibration amplitude at the front part of the chassis and weaken the vibration amplitude at the rear part. The cement road will increase the maximum motion acceleration of each point of the chassis and reduce the vibration displacement amplitude and mean motion acceleration of each point of the chassis. The presence of slope will significantly increase the amplitude of vibration displacement at each point of the chassis, increase the average vibration displacement at positions 2–7, and reduce the average vibration displacement at positions 1 and 8. Based on comprehensive analysis, it can be concluded that the designed chassis performs best on cement road under various terrain conditions.



Under different road conditions, the maximum vibration displacement of the chassis is only 0.649 mm, the maximum average vibration displacement is only 0.090697 mm, and the maximum average acceleration is only 0.0708 g, showing good seismic resistance and stability. Therefore, the designed chassis has good adaptability to the road environment.





4.5. The Influence of Damping Spring on the Operating Characteristics of the Chassis


4.5.1. Calculation and Test of Spring Stiffness


The supporting spring in the suspension shock-absorbing mechanism has an intuitive influence on the shock absorption and bearing characteristics of the system. It is of great significance to select the shock-absorbing spring reasonably. Therefore, different types of springs are first selected for the stiffness test. Stainless steel and spring steel springs with wire diameters of 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm were selected. The diameter and length of the springs were 17 mm and 60 mm respectively. The deformation of the springs under the force of 2–13 N was tested according to the method shown in Figure 27, as shown in Figure 28 and Table 16, so as to obtain the spring stiffness, as shown in Table 17.




4.5.2. Experimental Design under Different Shock-Absorbing Spring


In the experiment, the chassis moves 4 m on the porcelain floor at a speed of 0.52 m/s (80 r/min). The supporting springs in the suspension shock-absorbing mechanism are stainless steel and spring steel springs with wire diameters of 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm. Under this condition, each set of experimental data is obtained.




4.5.3. The Operating Characteristics under Different Shock-Absorbing Spring Chassis


The vibration displacement curves of eight different positions, such as chassis Vibration 1 to Vibration 8 are shown in Figure 29. According to Figure 29, the vibration displacement amplitudes of different positions are extracted, and the average vibration displacement is calculated, as shown in Table 18.



It can be seen from the figure that as the spring material and wire diameter change, the spring stiffness changes, which in turn leads to a certain change in its motion vibration displacement curve. It can be seen from the data in Table 17 that when the springs of 1.0 stainless steel and 1.4 stainless steel are used as the shock-absorbing mechanism, the overall vibration displacement amplitude and the average vibration displacement of the vibration signals at different positions of the chassis are more superior than other springs. The comparison of the two springs shows that the average vibration displacement of the stainless steel spring with a wire diameter of 1.0 mm is 47.510 µm, the average vibration peak is 155.5 µm, and the standard deviation of the vibration peak is 38.9175. The average vibration displacement of the stainless steel spring with a wire diameter of 1.4 mm is 54.505 µm, the average vibration peak is 153.25 µm, and the standard deviation of the vibration peak is 30.72342. Therefore, the average vibration displacement of the stainless steel spring with a wire diameter of 1.0 mm is small, and the average vibration peak of the stainless steel spring with a wire diameter of 1.4 mm is small. Moreover, the vibration peak of the stainless steel spring with a wire diameter of 1.4 mm has a smaller difference in each position. In the comparison of the two springs, the stainless steel spring with a wire diameter of 1.0 mm has two defects. First, the spring stiffness is small. Although the average vibration displacement is small, the standard deviation of the vibration peak 38.9175 is larger than the stainless steel spring of the wire diameter 1.4 mm with the standard deviation of the vibration peak 30.72342, which makes the vibration displacement change greatly during the movement, which means that there will be severe vibration during the working process. Second, when the wire diameter of 1.0 mm spring is loaded with a certain weight, the descending distance of the chassis is larger, and the failure of the shock-absorbing structure will occur when the spring is completely compressed under the too heavy load. Therefore, the vibration performance is the best when the stainless steel spring with a wire diameter of 1.4 mm installed on the shock-absorbing mechanism.



From Figure 30, it can be seen that though the wire diameter and material of the spring at the shock-absorbing mechanism change, the experimental data show that the form of the acceleration curve of the same sampling point is the same with the change of the spring, and the sharp mutation of the acceleration mainly occurs in the early and late stages of the movement. Although the acceleration of different positions of the chassis body fluctuates during the intermediate motion process, the degree of fluctuation is small.



When the shock-absorbing spring adopts springs with different wire diameters and materials, according to the analysis of the maximum and average values of the X-direction acceleration signals at different positions of the chassis in Table 19, it can be seen that the average speed at each position of the chassis is low when 1.4 mm and 1.6 mm diameters of stainless steel and 1.2 mm,1.4 mm, and 1.6 mm diameters of spring steel springs are used. According to the X-direction acceleration diagram, it can be seen that the acceleration will change abruptly during acceleration start-up and braking deceleration, which will affect the motion stability of the chassis. Therefore, the acceleration peaks of the above five springs are mainly analyzed in the acceleration.



Through in-depth analysis of the data in Table 19, the acceleration peak value, the average value of the multi-point acceleration peak value, and the standard deviation of the multi-point acceleration peak value at each position of the chassis can be obtained when using 1.4 mm and 1.6 mm wire diameter stainless steel and 1.2 mm,1.4 mm, and 1.6 mm wire diameter spring steel springs respectively, as shown in Table 20.



It can be seen from Table 20 that the operating acceleration peaks of 1.4 mm stainless steel and 1.2 mm, 1.4 mm and 1.6 mm spring steel are similar, while the operating acceleration peak of the chassis with 1.6 mm stainless steel spring is larger. The average peak value of multi-point acceleration of 1.6 mm spring steel is the smallest, the average peak value of multi-point acceleration of 1.4 mm stainless steel and 1.4 mm spring steel is similar, and the average peak value of multi-point acceleration of 1.2 mm spring steel and 1.6 mm stainless steel spring is larger. The standard deviation of the multi-point acceleration peak of the 1.4 mm stainless steel spring is the smallest, indicating that the change scope of the acceleration peak at different positions of the chassis is the smallest when the 1.4 mm stainless steel spring is used. Therefore, the stainless steel spring with wire diameter of 1.4 mm installed on the shock-absorbing mechanism has the best overall acceleration performance.



Comprehensive analysis, the shock-absorbing mechanism should be used 1.4 mm diameter stainless steel spring for the chassis designed in this paper.






5. Performance Optimization of Four-Wheel-Driving Ackerman Chassis Based on Dynamic Simulation


The previous section conducted in-depth research and evaluation on the vibration and acceleration characteristics of the chassis under different working conditions, tire slip, and straight-line driving performance using the experimental method of controlling variables. From the above analysis, it can be seen that the performance of the designed four-wheel-driving Ackerman chassis can better meet the application requirements. Meanwhile, through experimental analysis, Section 4 identified the key issues that urgently need improvement in chassis design, determined the optimal damping spring parameters, pointed out that the further optimization space is existed of the vehicle slip and straight-line offset, and constructed a comprehensive chassis performance evaluation system that combines vibration and acceleration characteristics, tire slip, and straight-line driving performance. On the basis of verifying the rationality of the overall chassis design, it provides optimization direction, data support, optimization indicators, and theoretical basis for further simulation optimization. To further improve the comprehensive performance of the chassis, on the basis of the previous research, this chapter will study the influence law of the structural parameters, material parameters, and assembly errors of the four-wheel-driving Ackerman chassis on its dynamic characteristics by constructing its dynamic simulation model, so as to determine the optimal structure and parameters and realize the performance optimization of the four-wheel-driving Ackerman chassis. During this process, the complete optimization process of the four-wheel-drive Ackermann chassis was achieved by combining several quantitative experiments in Section 4 with dynamic simulations in Section 5. The connection between the two parts and the explanation of the combined optimization method are shown in Figure 31.



5.1. Simulation Model Construction


Import the 3D model of the designed four-wheel-driving Ackerman chassis into the software ADAMS 2020, draw the ground directly in ADAMS, move the ground to the contact position with the tire of the chassis, and then add a fixed pair between the ground and the ground. Given different densities according to different materials, the frame and connectors are made of aluminum alloy with density of 2.74 g/cm3, Young’s modulus of 7.1805 × 104 N/mm2, and Poisson’s ratio of 0.33. The material of 3D printing structural parts is PLA, the density is 0.992 g/cm3, the Young’s modulus is 2.07 × 105 N/mm2, and the Poisson’s ratio is 0.29. According to the selected product manual, the quality of the motor and reducer is 0.43 kg, the Young’s modulus is 7.1805 × 104 N /mm2, and the Poisson’s ratio is 0.33. The quality of the wheel is obtained according to the selected product manual. The tire is 0.126 kg, the Young’s modulus is 7.84 × 104 N/mm2, and the Poisson’s ratio is 0.47. The hub is 0.02 kg, the Young’s modulus is 2.32 × 103 N/mm2, and the Poisson’s ratio is 0.394. According to the connection relationship of each part in the physical prototype, the motion pair is added in ADAMS, the fixed pair is added at the thread connection and other fixed joints, the rotating pair is added at the rotating joint, and the moving pair is added at the linear joint. The collision contact constraint is added between the tire and the ground as well as between the gear and the rack, and the friction coefficient between the tire and the ground is set according to the measured data in the experiment. A spring damper is added at the corresponding spring hinge point, and its stiffness is set as the stiffness value of the real spring. The supporting force required at the upper spring hinge point when the physical prototype of the chassis is in a static state is measured, and the preload is set for the spring damper, and the value of the force is the same as the force at the spring hinge point. The final four-wheel-driving Ackerman chassis dynamics simulation model is shown in Figure 32.




5.2. Analysis of the Influence of Structure and Material Parameters on the Dynamic Characteristics of Four-Wheel-Driving Ackerman Chassis


Based on the established dynamic simulation model of four-wheel-driving Ackerman chassis, by changing the wheelbase, guide rod structure, guide rod friction coefficient, wheel friction coefficient, stiffness of the Ackerman steering structure, and the fit mode—such as the coupling and other position of the chassis—the influence law of the above chassis structure or material parameters and component matching modes on the dynamic characteristics of the chassis is studied.



5.2.1. The Influence of the Wheelbase on the Dynamic Characteristics


In order to study the influence of the wheelbase on the dynamic characteristics of the chassis, under the condition of keeping other sizes and conditions consistent, three kinds of chassis with different wheelbases—namely the original wheelbase, the original wheelbase +20 mm, and the original wheelbase +40 mm—are established. The spring with the material of spring steel and the wire diameter of 1.2 mm is carried. The speed of the chassis driving motor is given to be 80 r/min, that is 0.52 m/s. The test running distance of the chassis in the simulation is set to be 4 m, and the operating environment is porcelain floor (that is, the dynamic friction parameters obtained in the simulation were determined according to the operation experiment between the chassis and the porcelain floor and set to 0.5932). The vibration displacement curves of different positions of the chassis are obtained by simulation analysis, as shown in Figure 33, the maximum and average values of vibration displacement are shown in Table 21.



It can be seen from the figure and the data analysis of the peak vibration displacement and average vibration displacement of eight different positions that, for the peak vibration displacement and with the increase in the wheelbase, the vibration sensors 1, 2, 5, and 6 show the gradual increasing trend, and the vibration sensors 3, 4, 7, and 8 show the gradual decreasing trend. It can be obtained that the increase of the wheelbase will increase the vibration amplitude at both ends of the chassis but will reduce the vibration amplitude in the middle of the chassis. The two ends of the chassis have shock-absorbing systems such as springs and wheels, which can adapt to the controllable increase of the vibration peak, while the middle part is the main bearing and transportation part. Therefore, reducing the vibration peak of the middle part is of great significance to the carrying performance of the chassis.



For the average value of the vibration displacement, with the increase in the wheelbase, the average value of the vibration displacement at different positions of the chassis gradually decreases, which indicate that the overall vibration performance of the chassis is gradually improved with the increase of wheelbase. However, the wheelbase of the chassis cannot be increased without limit. Increasing 40 mm on the basis of the original design in this paper is the ultimate wheelbase size of the chassis. Therefore, through the simulation analysis, the wheelbase of the chassis should be taken as the “Original wheelbase + 40 mm”.




5.2.2. The Influence of the Guide Rod Structure on the Dynamic Characteristics


The guide rod is the main connecting part between the Ackerman steering mechanism and the chassis body, and its structural performance has a certain influence on the chassis. In this paper, on the basis of the spring steel material spring with the wire diameter of 1.2 mm as the damping device, the speed of the chassis driving motor is given to be 80 r/min (that is 0.52 m/s), the chassis test running distance is 4 m, and the operating environment is porcelain floor. By constructing the chassis dynamics models with the guide rod form at the Ackerman steering structure of cylindrical guide rod and chute guide rod respectively, the influence of the guide rod form on the chassis vibration characteristics is studied. With the help of simulation analysis, the vibration displacement curves of different positions of the chassis under different guide rod forms are obtained, as shown in Figure 34.



From the figure, it can be seen that the vibration curve forms of the two guide rods are obviously different. The vibration displacement peaks of the chassis with the chute guide rod appear at both ends of the motion time axis, while the vibration displacement peaks of the chassis with the cylindrical guide rod appear in the middle. For further comparative analysis, the peak and average values of vibration displacement at different positions are extracted, as shown in Table 22.



From the table, it can be seen that compared with the cylindrical guide rod, for the chassis with the chute guide rod—except for the vibration displacement extreme value of the position of the vibration sensor 6 increased by less than 1.3%—the vibration displacement extreme values of other positions are reduced, and the average vibration displacement peak value of each position is reduced by 5.78%. The average value of vibration displacement at eight different positions is reduced, and the average value of vibration displacement at each position is reduced by 8.75%. It can be seen that the vibration displacement peak value and the average value of the vibration displacement at each position of the chassis with the chute guide rod are better than those of the cylindrical guide rod.




5.2.3. The Influence of the Friction Coefficient of the Guide Rod on the Dynamic Characteristics


The main function of the guide rod is to constrain the shock-absorbing structure to buffer the movement along the upper and lower directions. During the movement, the guide rod and the guide rod sleeve will produce friction. Therefore, the friction parameters between the guide rod and the guide rod sleeve have an important influence on the chassis performance and shock-absorbing effect. In this paper, the spring steel material spring with a wire diameter of 1.2 mm is used as the shock-absorbing device. The speed of the chassis driving motor is given to be 80 r/min, that is, 0.52 m/s. The chassis test operation distance is 4 m, and the operating environment is porcelain floor. By constructing the chassis dynamics model with the chute guide rod at the Ackerman steering structure, the influence of the friction coefficient of the guide rod on the vibration characteristics of the chassis is studied. The vibration displacement curves of different positions of the chassis are obtained by simulation analysis when the friction coefficient of the guide rod is 0.05, 0.1, 0.3, and 0.5, as shown in Figure 35.



It can be seen from the figure that different positions of the chassis under different friction coefficients show disorderly fluctuations. As the friction coefficient changes, the trend of the vibration displacement and the position of the extreme value change. For further comparative analysis, the peak and average values of vibration displacement at different positions under different friction coefficients of the guide rod are extracted, as shown in Table 23.



From the table, it can be seen that when the friction coefficient increases from 0.05 to 0.1 and continues to increase to 0.3, except for the position of the vibration sensor 7, the vibration displacement peaks of the other seven different sampling positions of the chassis gradually decrease with the increase of the friction coefficient. However, as the friction coefficient continues to increase from 0.3 to 0.5, the vibration displacement peaks of the other seven positions of the chassis except for the position of the vibration sensor 7 increase significantly. When the friction coefficient increases from 0.05 to 0.1 and continues to increase to 0.3, the average vibration displacement of the eight different sampling positions of the chassis gradually decreases with the increase of the friction coefficient. However, as the friction coefficient continues to increase from 0.3 to 0.5, the average vibration displacement of the eight positions of the chassis increases significantly. When the friction coefficient is 0.05, the average values of the peak vibration displacement and the average vibration displacement are −0.836 µm and −0.562 µm, respectively. When the friction coefficient is 0.1, the peak vibration displacement and the average vibration displacement are reduced by 4.77% and 3.96%, respectively. When the friction coefficient is 0.3, the peak vibration displacement and the average vibration displacement are reduced by 22.14% and 55.21% respectively. When the friction coefficient is 0.5, the average and peak vibration displacement of each position are obviously increased. Under this friction coefficient, the guide rod of the shock-absorbing mechanism is difficult to move, which greatly weakens the shock-absorbing effect of the shock-absorbing structure. Even the failure of the shock-absorbing mechanism occurs in the process of movement. Through comprehensive analysis, it can be seen that the average value and peak value of the vibration displacement have obvious advantages when the friction coefficient of the guide rod of the shock-absorbing mechanism is 0.3, so the friction coefficient between the guide rod and the guide rod sleeve should be 0.3.




5.2.4. The Influence of Wheel Friction Coefficient on the Slip Amount


The wheel is the main part of the chassis in contact with the ground, and the driving force is generated by its interaction with the ground. The friction parameters between the wheel and the ground during the movement have an important influence on the performance of the chassis. In this paper, based on the spring steel material spring with the wire diameter of 1.2 mm as the shock-absorbing device, the speed of the chassis driving motor is given to be 80 r/min—that is, 0.52 m/s; the chassis test running distance is 4 m; and the operating environment is porcelain floor. By constructing the chassis dynamics model, the influence of wheel friction coefficient on the skidding characteristics of the chassis is studied. With the help of simulation analysis, the vibration displacement curves of different positions of the chassis when the wheel friction coefficient is 0.59 (the original friction coefficient of the wheel), 0.7 and 0.8 are obtained, as shown in Figure 36.



From the figure, it can be seen that the slip amount of the chassis increases rapidly in the initial stage of the chassis start-up, and increases to an inflection point in a very short time. With the increase in the friction coefficient of the wheel, the slip distance of the chassis decreases gradually under the same running distance.



The peak values of the wheel slippage amount under different wheel friction coefficients are extracted and the slippage ratio is calculated accordingly, as shown in Table 24. It can be seen from the table that when the wheel friction coefficient is 0.7, the slippage amount and slippage ratio decrease by 1.53% rather than the original wheel. When the wheel friction coefficient is 0.8, the slippage amount and slippage ratio decrease by 5.84% rather than the original wheel. Under the condition of different wheel friction coefficients at the same running distance, the slippage amount and slippage ratio of the chassis show the downward trend with the increase of the wheel friction coefficient. Therefore, during the working process of the chassis, we should try to select the tire with higher friction coefficient to adapt to various working conditions. From Automobile Tire Dynamics, it is known that the friction coefficient of the tire is not more than 0.8 in the ground under various conditions. Therefore, the friction coefficient between the chassis wheel and the ground designed in this paper is selected as 0.8, and the material of the wheel tire is selected accordingly to improve the adaptability of the chassis to various working conditions.




5.2.5. Chassis Straightness Optimization


The straightness test results of the physical prototype show that though the offset ratio of the initial design chassis is small, the offset is large when the travel distance increases. The reason is that the wheel adopts the transition fit mode. The quality and accuracy of the 3D printing coupling and the installation error of the wheel and the steering mechanism lead to the offset of the wheel direction, thus affecting the driving straightness of the chassis.



Therefore, in the simulation, the interference fit mode is used at the coupling and other positions, controlling the installation error of the steering mechanism and improving the stiffness of the Ackerman steering structure. Based on the spring steel material spring with a wire diameter of 1.2 mm as the shock-absorbing device, the speed of the chassis driving motor is given to be 80 r/min—that is, 0.52 m/s. The motion straightness simulation test of the chassis is carried out with a calibration distance of the chassis test of 2.5 m and an operating environment being porcelain floor.



Firstly, ensure that other conditions are the same as the previous straightness experimental test, adjusting the installation error of the modified model in the simulation, obtain its offset, and compare it with the experimental data as shown in Table 25.



It can be seen from the data table that under the same motion distance, the chassis offset is 43.7233 mm in the actual experiment test, while the offset is 27.595 mm in the simulation environment, which is 36.89% lower than that in the actual experiment test environment; the offset ratio is reduced from 1.957% to 1.098%. After optimizing the installation error, the chassis offset obtained in the simulation environment is much smaller than that in the actual experiment test. Therefore, optimizing the installation error can significantly improve the straightness of the designed chassis.



The offset of the wheel direction is another important factor affecting the driving straightness of the chassis. In order to realize the offset of the wheel direction, the operation simulation of different wheel friction coefficients under the same conditions is carried out, and the chassis offset under different wheel friction coefficients is obtained, as shown in Table 26.



From the simulation results, it can be seen that at the same movement distance, the wheel offset with the wheel friction coefficient of 0.7 is 33.7013 mm, and the offset decreases by 38.75% compared to that of the friction coefficient of 0.6. The wheel offset of the wheel friction coefficient of 0.8 is 16.6153 mm, and the offset reduced by 69.8% compared with that of the friction coefficient of 0.6. As the wheel friction coefficient increases, the overall offset of the chassis decreases significantly. It can be seen that the friction coefficient of the chassis wheel has a crucial influence on its offset, and the higher the tire friction coefficient, the smaller the offset of the chassis is.





5.3. Determination of the Optimized Structure of the Four-Wheel-Driving Ackerman Chassis


Through the study of the dynamic characteristics and variation law of the four-wheel-driving Ackerman chassis based on the single-factor quantitative experiment and dynamic simulation, the important structure and performance parameters of the four-wheel-driving Ackerman chassis are determined, as shown in Table 27.



According to the structure and parameters in Table 27, the dynamic simulation model of the optimized chassis is constructed, and its motion and dynamic performance are verified under the conditions of speed of 80 r/min (0.52 m/s) and motion of 7.15 s (motion distance of 4130 mm). The data of vibration, straightness, slip amount and acceleration are obtained respectively, and compared them with the dynamic simulation data of the original structure (original structure: spring steel spring with wire diameter of 1.2 mm, wheel with original wheelbase, cylindrical guide rod form, guide rod friction coefficient of 0.05 (default value), wheel friction coefficient of 0.59).



The peak and mean values of chassis vibration displacement before and after optimization are shown in Table 28. According to the table, the average vibration value of the original simulation is 0.6277 mm, the average vibration value after optimization is 0.4543 mm, in contrast, the average vibration value is reduced by 27.63%. The vibration peak value of the optimized model is also better than that of the original structure. In contrast, the average vibration peak value of the optimized structure decreases by 2.59%. After the structural optimization of the simulation model, the vibration characteristics of the chassis are significantly improved.



The simulation results of the peak and mean acceleration of the chassis before and after optimization are shown in Table 29. The average acceleration of the chassis structure before optimization is 0.0116 g. After structural optimization, the average acceleration of the chassis during operation is reduced to 0.005 g. In contrast, the average acceleration of the optimized structure is reduced by 56.76%. The peak acceleration of the original chassis can reach 2.8554 g when starting or braking, after structural optimization, the peak acceleration of starting or braking is reduced to 1.9633 g, in contrast, the peak acceleration after structural optimization is reduced by 31.24%. Through analysis, it can be seen that after the structural optimization, the stability of the chassis in motion and the acceleration mutation when starting or braking have been significantly improved.



Under the condition of speed 80 r/min (0.52 m/s) and motion distance 3500 mm, the simulation of chassis slip and straightness after optimization is carried out. The simulation results of chassis slip and straightness before and after optimization are shown in Table 30 and Table 31. According to the tables, when running the same 3500 mm, the slippage amount of the chassis before optimization is 16.12 mm, while the chassis deviation after structure and parameter optimization is only 8.36 mm. In contrast, the slippage amount of the chassis after structure optimization decreased by 48.14%, and the skid resistance was significantly improved. Before optimization, the chassis offset was 55.0189 mm, and the offset ratio reached 1.57%. After optimization, the chassis offset was only 13.96 mm, and the offset ratio decreased to 0.399%. In contrast, the chassis offset decreased by 74.63% after structural optimization. After structural optimization, the running straightness of the chassis was significantly improved.



Based on the above analysis, it can be seen that the vibration performance of the optimized chassis is significantly improved, the slippage amount is gradually reduced, the travel straightness is significantly improved, and the stability is also effectively optimized. Therefore, the comprehensive performance of the optimized four-wheel-driving Ackerman chassis is significantly improved, and the adaptability is further improved, which can be well used for industrial transportation services.



Choi et al. applied the Ackerman geometry theory to the electronic independent four-wheel steering system and tested the influence of the converted Ackerman geometry on the steering performance through the analysis of the experiment [38]. Zhao et al. conducted a detailed design of the Ackerman steering structure, introduced the Ackerman criterion into the size synthesis of the incomplete non-circular gear steering mechanism, and used numerical simulation and kinematic simulation to complete the structural design and verification [39]. Gutiérrez conducted simulation analysis on three steering geometries: Ackermann steering (AS), articulated steering (RS), and explicit independent steering (ES) and compared the three types of steering using positioning error rate [40]. In the above research, Choi et al. only used experimental methods from Ackermann’s related studies. Zhao and Gutiérrez et al. only used simulation methods for research and conclusion verification. In this paper, we confirmed that the overall design of the chassis is reasonable and determined the optimal shock absorber spring through experiments. At the same time, we found that the design was insufficient and pointed out the optimization direction of the simulation through experiments. Further, the structural parameters and material parameters of the chassis body are optimized and verified by simulation. Finally, the optimal chassis parameters are obtained by the two-stage optimization method combining experiment and simulation, which provides a new, better, and more comprehensive idea and technology for the design and optimization of the four-wheel-drive Ackerman chassis.





6. Conclusions


In order to improve the comprehensive performance of the chassis-driven handling robot and expand its application range, this paper designs a four-wheel-driving Ackerman chassis based on the Ackerman steering mechanism. Through the working principle and structural analysis of the chassis, a four-wheel-driving Ackerman carrier chassis dynamic test system was established, and quantitative experiments under different conditions were carried out to test the chassis’s performance. On the basis of verifying the rationality of the chassis design, the chassis operation simulation under different structural and material parameters was carried out by constructing the chassis dynamics simulation model, and the chassis optimization design was completed accordingly. The following conclusions are obtained:




	(1)

	
Based on the Ackerman steering mechanism, a four-wheel-driving Ackerman chassis composed of Ackerman steering mechanism, guide rod, suspension shock-absorbing structure, aluminum square tube frame, drive motor, main control board, and loaded wheels is constructed.




	(2)

	
The vibration characteristics, migration performance, slippage amount, and travel straightness are determined as the important performance evaluation factors of the carrier chassis. Based on this, a distributed sensing test system for chassis performance is established, which is composed of eight groups of vibration displacement sensors, six groups of travel acceleration sensors, 3three groups of ultrasonic ranging sensors, and two groups of photoelectric gate counting sensors, and the measurement methods of vibration, acceleration, slippage amount, and straightness are proposed.




	(3)

	
The single-factor variable analysis method was used to carry out the quantitative operation test of four-wheel-driving Ackerman chassis under different conditions, the results show that in the initial designed four-wheel-driving Ackerman chassis, compared to the tail, the shock-absorbing mechanism in the front of the chassis body can reduce the vibration peak by 35.88%, which has an obvious shock-absorbing effect. The vibration amplitude of the chassis in motion can be controlled below 0.262 mm, and the starting or stopping acceleration mutation can be controlled below 2.94 m/s2, so it has good seismic performance and good motion stability. Although the slippage ratio of the chassis is within the normal range, the slippage amount and the slippage ratio are relatively high, and there is a large optimization space. The offset ratio of the chassis can be controlled within 2%, which meets the requirements of most carrier workshops, but there is still some room for optimization. Under the four different working conditions of porcelain floor, asphalt road, cement road, and 15° slope, the maximum vibration displacement of the chassis is only 0.649 mm, the maximum average vibration displacement is only 0.090697 mm, and the maximum average acceleration is only 0.0708 g. It shows good shock resistance and stability, so the chassis has strong generalization application ability.




	(4)

	
According to the chassis running experimental results with the support springs of different diameters and materials as the shock-absorbing mechanism, it can be seen that the vibration performance and acceleration performance of the chassis are the best when the 1.4 mm wire diameter stainless steel spring is used as the shock-absorbing-mechanism. Therefore, the 1.4 mm wire diameter stainless steel spring is determined as the shock-absorbing mechanism.




	(5)

	
The multi-body dynamics simulation model of the four-wheel-driving Ackerman chassis is established. The operating characteristics of the chassis under the conditions of wheelbase size change, guide rod structure and friction coefficient change, wheel friction coefficient change, and chassis installation error change are analyzed. When the wheelbase of the chassis changes, the original wheelbase+40 mm can effectively improve the overall vibration performance of the chassis. The vibration peak value and vibration mean value of the chassis with the chute guide rod are better than those of the cylindrical guide rod. When the friction coefficient between the guide rod and the guide rod sleeve is 0.3, the advantages of the mean value and peak value of the chassis vibration are very obvious. When the wheel friction coefficient is 0.8, the slippage amount and slippage ratio of the chassis are the smallest and the practicability to the ground is the highest. When the chassis installation error is eliminated and the wheel friction coefficient is 0.8, the chassis offset is significantly reduced and the straightness is effectively improved.




	(6)

	
Through the operation simulation of the optimized four-wheel-driving Ackerman chassis and the comparison with the corresponding simulation results of the chassis before optimization, it can be obtained that the average vibration value of the optimized chassis decreases by 27.63%, and the average vibration peak decreases by 2.59%. After optimization, the average acceleration is reduced by 56.76%, and the peak acceleration is reduced by 31.24% when starting or braking. Under the same operating distance, the optimized chassis slippage amount decreased by 48.14% and the offset decreased by 74.63%. Therefore, the vibration performance and stability of the optimized chassis are significantly improved, and the slippage amount and straightness are effectively improved. After optimization, the straightness of the chassis is reduced to 0.399%, which is suitable for the chassis’s accurate carrier applications.









This paper provides a design scheme of four-wheel-driving Ackerman chassis for industrial transportation and combines the optimization method of quantitative experiment and the dynamic simulation for the optimization analysis of chassis, which is of great significance to promote the development and application of the wheeled chassis.
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Figure 1. Ackerman steering principle. 
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Figure 2. Ackermann mechanism of the chassis. 
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Figure 3. Installation arrangement of Ackermann steering mechanism. 
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Figure 4. The rod model of the Ackerman steering mechanism. 
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Figure 5. Construction of four-wheel-driving Akerman carrier chassis. 
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Figure 6. The realized vehicle. 
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Figure 7. Kinematic model construction of the Ackerman carrier chassis. 






Figure 7. Kinematic model construction of the Ackerman carrier chassis.



[image: Machines 12 00198 g007]







[image: Machines 12 00198 g008] 





Figure 8. Multi-sensor distribution characteristics. 
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Figure 9. Principle of straightness test. 
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Figure 10. Three-dimensional schematic of the multi-sensor information test system (the red marks are vibration sensors and the blue ones are acceleration sensors in the figure). 
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Figure 11. Effects of each experiment. 
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Figure 12. Vibration displacement at different positions. 
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Figure 13. Acceleration of X-axis at different positions. 
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Figure 14. Acceleration of Y-axis at different positions. 
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Figure 15. Acceleration of Z-axis at different positions. 
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Figure 16. Slipping amount of the two wheels under different operating distances. 
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Figure 17. The deviation values of Experiment 1. (a) Calibrated distance, (b) Actual distance. 
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Figure 18. The deviation values of Experiment 2. (a) Calibrated distance, (b) Actual distance. 






Figure 18. The deviation values of Experiment 2. (a) Calibrated distance, (b) Actual distance.



[image: Machines 12 00198 g018]







[image: Machines 12 00198 g019] 





Figure 19. The deviation values of Experiment 3. (a) Calibrated distance, (b) Actual distance. 
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Figure 20. The deviation values of Experiment 4.(a) Calibrated distance, (b) Actual distance. 
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Figure 21. The deviation values of Experiment 5. (a) Calibrated distance, (b) Actual distance. 






Figure 21. The deviation values of Experiment 5. (a) Calibrated distance, (b) Actual distance.



[image: Machines 12 00198 g021]







[image: Machines 12 00198 g022] 





Figure 22. The average offset. 
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Figure 23. The average deviation proportion. 
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Figure 24. Operating environment of the chassis. (a) Porcelain floor, (b) Asphalt road, (c) Cement road, (d) 15° slope. 
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Figure 25. Vibration displacement. 
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Figure 26. Acceleration in the X-direction. 
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Figure 27. Deformation experiment of spring under loading. 






Figure 27. Deformation experiment of spring under loading.



[image: Machines 12 00198 g027]







[image: Machines 12 00198 g028] 





Figure 28. Spring–loading force curve. 
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Figure 29. Spring vibration displacement under different spring conditions. 
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Figure 30. Motion acceleration in X direction under different spring conditions. 






Figure 30. Motion acceleration in X direction under different spring conditions.



[image: Machines 12 00198 g030a][image: Machines 12 00198 g030b]







[image: Machines 12 00198 g031] 





Figure 31. Performance optimization method combining quantitative experiment and dynamic simulation. 
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Figure 32. Four-wheel-driving Ackerman chassis dynamics simulation model. 
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Figure 33. Vibration displacement of different positions of the chassis under different wheelbases. 
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Figure 34. Vibration displacement in different positions under different guide rod structures. 
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Figure 35. Vibration displacement of different positions with different friction coefficients. 
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Figure 36. Wheel slip amount under different wheel friction coefficients. 
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Table 1. Characteristics of different steering systems.
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	Steering Mode
	Advantage
	Disadvantage





	Conventional steering (CSS) system
	Simple structure and low cost
	Difficulty in steering control at high speeds and inability to control steering response characteristics



	Four-wheel steering (4WS) system
	Good maneuverability and small turning radius
	Complex structure, high cost, high maintenance difficulty, and problems with low-speed steering



	Active front steering (AFS) system
	Enhance maneuverability and stability
	The system is complex, the cost is high, and the maintenance is difficult.



	Active front independent steering (AFIS) system
	Provide better maneuverability
	The newly proposed conceptual turn has not yet been commercially applied.



	Front independent steering (FWIS) system
	It has better handling and stability, vehicle stability control is better than AFS and 4WS, and tire wear is optimized.
	Reliability degradation in extreme cases



	Four-wheel independent steering (4WIS) system
	Low speed maneuverability, high speed stability, reduce tire wear
	There are difficulties in low-speed steering, cost and maintenance problems, and technical complexity.



	Rear independent steering (RWIS) system
	Improve handling and flexibility
	Unstable at high speeds










 





Table 2. The length parameters of each connecting rod of the steering mechanism.
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	Connecting Rod
	AD
	AB
	BC
	CD
	CE
	EF
	GF
	OG





	Length (mm)
	61
	335
	61
	363
	109
	41
	100
	76










 





Table 3. Performance parameters of the acceleration sensors.
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	Type
	Working Current
	Range
	Resolution Ratio
	Accuracy





	WT9011DCL-BT50
	14 mA ± 16 g
	0.5 mg/LSB
	Acceleration: 0.01 g
	Angular velocity 0.2°/s



	Output content
	Output frequency
	Working time
	transmission distance
	Attitude measurement stable angle



	Acceleration
	0.2 Hz~200 Hz
	8 h
	90 m
	0.05°



	Data interface
	Operating voltage
	Volume (mm)
	Data output frequency
	



	Baud rate 115,200
	5 V
	23.5 × 32.5 × 11.4
	0.2 Hz~200 Hz
	










 





Table 4. Performance parameters of the vibration sensors.
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	Type
	Range
	Detection Cycle
	Transmission Distance
	Working Temperature





	WTVBO1-BT50
	0~30,000 µm
	1~100 Hz
	90 m
	−20~60 °C



	Operating voltage
	Working current
	Working time
	Serial port rate
	Start-up time



	3.7 V
	15 mA
	6~8 h
	115200 bps
	1000 ms










 





Table 5. Performance parameters of the photoelectric gate counting sensors.
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	Type
	Operating Voltage
	Collector Current Range
	The Forward Current of the Diode





	tcrt5000
	5 V
	0.2 mm–15 mm
	60 mA



	Triode collector current
	Range of working temperature
	Detection reflection distance
	Output form



	100 mA
	−25 °C~+85 °C
	1 mm~25 mm
	Digital switching output (0 and 1)










 





Table 6. Performance parameters of the ultrasonic distance measuring sensors.
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	Type
	Operating Voltage
	Working Current
	Working Frequency
	Maximum Range





	HC SR04
	DC5V
	15 mA
	40 kHz
	4 m



	Nearest range
	Measuring angle
	Input trigger signal
	Output echo signal
	Specification and size



	2 cm
	15°
	10uS’s TTL pulse
	Output TTL level signal
	45 × 20 × 15 mm










 





Table 7. Bluetooth module.
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	Type
	Operating Voltage
	Working Current
	Working Frequency





	HC-05
	DC 1.8–3.6 V
	7.3 mA
	2.4 GHZ



	Maximum range
	Working temperature
	Received power
	Specification and size



	30 m
	−40 °C~80 °C
	−97 dbm
	19.6 × 14.91 × 1.8 mm










 





Table 8. Chassis vibration signals at different positions (μm).
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	Vibration 1
	Vibration 2
	Vibration 3
	Vibration 4
	Vibration 5
	Vibration 6
	Vibration 7
	Vibration 8





	Maximum value
	191
	186
	140
	155
	168
	262
	183
	144



	Average value
	73.027
	58.865
	60.014
	64.392
	59.757
	75.257
	68.110
	50.706










 





Table 9. Chassis acceleration signals of X-axis at different positions (× g).
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Vibration 1

	
Vibration 2

	
Vibration 3

	
Vibration 4

	
Vibration 5

	
Vibration 6






	
X

	
Maximum value

	
−0.28

	
0.259

	
0.3

	
−0.226

	
0.249

	
−0.276




	
Average value

	
−0.0651

	
0.0205

	
0.0899

	
−0.0472

	
0.0588

	
−0.0438




	
Y

	
Maximum value

	
0.126

	
−0.171

	
0.144

	
−0.099

	
0.064

	
0.053




	
Average value

	
0.0568

	
−0.0564

	
0.0752

	
−0.0628

	
0.0223

	
0.0092




	
Z

	
Maximum value

	
1.184

	
1.208

	
1.183

	
1.133

	
1.211

	
−1.113




	
Average value

	
0.9891

	
0.9891

	
0.9853

	
0.9882

	
1.0016

	
−0.9715











 





Table 10. Count values of two photoelectric counting sensors under different operating distances.






Table 10. Count values of two photoelectric counting sensors under different operating distances.





	Calibrated Operating Distances
	600 mm
	1200 mm
	1800 mm
	2400 mm
	3000 mm
	3600 mm
	4200 mm



	Actual operating distance
	616
	1245
	1830
	2421
	3043
	3642
	4235



	Photoelectric counting 1
	21
	43
	62
	80
	99
	118
	136



	Photoelectric counting 2
	20
	42
	61
	79
	98
	117
	135










 





Table 11. Theoretical displacement of two wheels under different operating distances.






Table 11. Theoretical displacement of two wheels under different operating distances.





	Calibrated Distances
	600 mm
	1200 mm
	1800 mm
	2400 mm
	3000 mm
	3600 mm
	4200 mm



	Right wheel
	686.9
	1405.2
	2027.9
	2616.8
	3238.1
	3859.5
	4447.025



	Left wheel
	654.3
	1373.8
	1995.2
	2583.9
	3205.5
	3826.9
	4415.6










 





Table 12. The actual running distance of each experiment.






Table 12. The actual running distance of each experiment.





	
Calibrated Distance

	
500 mm

	
1000 mm

	
1500 mm

	
2000 mm

	
2500 mm






	
Actual distance

	
Experimental group 1

	
480

	
978

	
1514

	
2031

	
2553




	
Experimental group 2

	
525.1

	
1013

	
1529

	
2026

	
2520




	
Experimental group 3

	
540

	
1012

	
1518

	
1972

	
2466




	
Experimental group 4

	
514

	
1042

	
1514

	
2033

	
2495




	
Experimental group 5

	
501

	
1005

	
1513

	
2027

	
2531











 





Table 13. The average deviation proportion of the chassis under different calibrated running distances.






Table 13. The average deviation proportion of the chassis under different calibrated running distances.





	Calibrated Distance
	500 mm
	1000 mm
	1500 mm
	2000 mm
	2500 mm



	The average actual running distance of the five experiments
	512.02
	1010
	1517.6
	2017.8
	2513



	The average offset of the five experiments
	8.88
	15.86
	19.4533
	35.52
	43.7233



	The average deviation proportion in five groups of experiments
	0.017418
	0.015812
	0.012824
	0.017578
	0.01957










 





Table 14. Vibration signals of different positions of the chassis (μm).






Table 14. Vibration signals of different positions of the chassis (μm).





	

	
Vibration 1

	
Vibration 2

	
Vibration 3

	
Vibration 4

	
Vibration 5

	
Vibration 6

	
Vibration 7

	
Vibration 8






	
Peak values

	
Porcelain floor

	
276

	
223

	
202

	
162

	
265

	
231

	
200

	
181




	
Asphalt road

	
303

	
317

	
283

	
157

	
321

	
181

	
138

	
169




	
Cement road

	
238

	
182

	
151

	
133

	
227

	
220

	
150

	
159




	
15° slope

	
381

	
561

	
294

	
283

	
391

	
649

	
288

	
228




	
Average values

	
Porcelain floor

	
78.528

	
65.465

	
64.803

	
55.056

	
78.915

	
75.803

	
54.493

	
58.859




	
Asphalt road

	
78.765

	
72.315

	
64.443

	
58.202

	
72.034

	
57.655

	
48.576

	
58.830




	
Cement road

	
73.209

	
79.106

	
67.143

	
57.910

	
79.227

	
56.448

	
54.439

	
62.175




	
15° slope

	
58.810

	
88.406

	
66.906

	
70.267

	
80.4

	
90.697

	
78.313

	
53.433











 





Table 15. Acceleration signals of different positions of the chassis (× g).






Table 15. Acceleration signals of different positions of the chassis (× g).





	

	

	
Acceleration 1

	
Acceleration 2

	
Acceleration 3

	
Acceleration 4

	
Acceleration 5

	
Acceleration 6






	
Peak values

	
Porcelain floor

	
−0.296

	
0.285

	
−0.499

	
−0.317

	
0.249

	
0.377




	
Asphalt road

	
0.407

	
0.48

	
0.568

	
−0.611

	
0.392

	
0.567




	
Cement road

	
0.704

	
−0.548

	
0.599

	
−0.536

	
0.709

	
0.739




	
Average values

	
Porcelain floor

	
−0.0479

	
0.00712

	
0.0336

	
−0.0314

	
−0.0152

	
−0.0306




	
Asphalt road

	
−0.0484

	
0.0602

	
0.0663

	
−0.0375

	
0.0119

	
−0.0448




	
Cement road

	
−0.0378

	
−0.0425

	
−0.0343

	
−0.0655

	
0.0708

	
−0.0115











 





Table 16. Spring deformation.






Table 16. Spring deformation.





	
Material

	
Wire Diameter

	
2 N

	
3 N

	
4 N

	
5 N

	
6 N

	
7 N

	
8 N

	
9 N

	
10 N

	
11 N

	
12 N

	
13 N






	
Spring steel springs

	
1.0 mm

	
8.5

	
13

	
16

	
19.5

	
23.5

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1.2 mm

	

	
5

	
7

	
7.5

	
8

	
8.5

	
-

	
-

	
-

	
-

	
-

	
-




	
1.4 mm

	
-

	
-

	
4.5

	
5

	
7

	
8.5

	
9

	
-

	
-

	
-

	
-

	
-




	
1.6 mm

	
-

	
-

	
-

	
2.5

	
-

	
4

	
-

	
5

	
-

	
5.5

	
-

	
7.5




	
Stainless steel

	
1.0 mm

	
7.5

	
12.5

	
17.5

	
20.5

	
26

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1.2 mm

	
3.5

	
7

	
9.5

	
8.5

	
11

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1.4 mm

	
-

	
2

	
3

	
3.5

	
5

	
6.5

	
-

	
-

	
-

	
-

	
-

	
-




	
1.6 mm

	
-

	
-

	
1.5

	
-

	
3

	
-

	
3.5

	
-

	
5

	
-

	
7

	
-











 





Table 17. Spring stiffness.






Table 17. Spring stiffness.





	
Material

	
Wire Diameter

	
2 N

	
3 N

	
4 N

	
5 N

	
6 N

	
7 N

	
8 N

	
9 N

	
10 N

	
11 N

	
12 N

	
13 N

	
Stiffness






	
Spring steel springs

	
1.0 mm

	
24

	
23.55

	
25.51

	
26.16

	
26.05

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
25.054




	
1.2 mm

	
-

	
61.22

	
58.31

	
68.02

	
63.15

	
84.033

	
-

	
-

	
-

	
-

	
-

	
-

	
66.9466




	
1.4 mm

	
-

	
-

	
90.7

	
102.04

	
87.46

	
84.03

	
96.03

	
-

	
-

	
-

	
-

	
-

	
92.052




	
1.6 mm

	
-

	
-

	
-

	
-

	
-

	
178.57

	
-

	
183.67

	
-

	
204.08

	
-

	
176.87

	
189.454




	
Stainless steel

	
1.0 mm

	
27.21

	
24.49

	
24.06

	
24.89

	
23.55

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
24.84




	
1.2 mm

	
58.31

	
45.11

	
42.96

	
60.02

	
55.66

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
52.412




	
1.4 mm

	
-

	
153.06

	
136.05

	
145.77

	
122.45

	
113.36

	
-

	
-

	
-

	
-

	
-

	
-

	
134.138




	
1.6 mm

	
-

	
-

	
272.11

	
-

	
204.08

	
-

	
233.23

	
-

	
204.08

	
-

	
174.93

	
-

	
217.686











 





Table 18. Chassis vibration signals at different positions (μm).






Table 18. Chassis vibration signals at different positions (μm).





	

	
Spring Type

	
Shock 1

	
Shock 2

	
Shock 3

	
Shock 4

	
Shock 5

	
Shock 6

	
Shock 7

	
Shock 8






	
Maximum value

	
1.0 mm Stainless steel

	
188

	
127

	
137

	
151

	
214

	
188

	
94

	
145




	
1.2 mm Stainless steel

	
216

	
180

	
146

	
148

	
210

	
220

	
135

	
127




	
1.4 mm Stainless steel

	
149

	
197

	
150

	
144

	
195

	
158

	
124

	
109




	
1.6 mm Stainless steel

	
224

	
191

	
151

	
137

	
193

	
185

	
136

	
119




	
1.0 mm Spring steel

	
196

	
187

	
121

	
177

	
212

	
198

	
133

	
103




	
1.2 mm Spring steel

	
191

	
186

	
140

	
155

	
168

	
262

	
183

	
144




	
1.4 mm Spring steel

	
173

	
115

	
137

	
171

	
184

	
242

	
184

	
114




	
1.6 mm Spring steel

	
180

	
164

	
152

	
149

	
296

	
182

	
160

	
117




	
Average value

	
1.0 mm Stainless steel

	
56.133

	
43.840

	
45.103

	
46.878

	
51.867

	
54.319

	
39.108

	
42.833




	
1.2 mm Stainless steel

	
69.026

	
58.468

	
45.938

	
48.260

	
69.722

	
60.816

	
39.429

	
49.883




	
1.4 mm Stainless steel

	
57.845

	
55.147

	
58.581

	
48.770

	
65.400

	
61.069

	
47.712

	
41.514




	
1.6 mm Stainless steel

	
64.188

	
63.714

	
57.814

	
53.043

	
61.226

	
60.309

	
50.217

	
54.412




	
1.0 mm Spring steel

	
61.288

	
61.452

	
45.162

	
55.473

	
59.784

	
73.219

	
54.968

	
48.585




	
1.2 mm Spring steel

	
73.027

	
58.865

	
60.014

	
64.392

	
59.757

	
75.257

	
68.110

	
50.706




	
1.4 mm Spring steel

	
68.437

	
49.408

	
54.169

	
60.958

	
55.606

	
75.688

	
58.686

	
49.188




	
1.6 mm Spring steel

	
65.403

	
58.520

	
53.684

	
50.117

	
53.329

	
76.264

	
66.108

	
45.736











 





Table 19. X-direction acceleration signals at different positions of the chassis (× g).






Table 19. X-direction acceleration signals at different positions of the chassis (× g).





	

	
Spring Type

	
Acceleration 1

	
Acceleration 2

	
Acceleration 3

	
Acceleration 4

	
Acceleration 5

	
Acceleration 6






	
Maximum value

	
1.0 mm Stainless steel

	
−0.281

	
−0.221

	
−0.183

	
−0.292

	
0.313

	
−0.313




	
1.2 mm Stainless steel

	
−0.263

	
0.2

	
0.292

	
−0.287

	
0.266

	
−0.256




	
1.4 mm Stainless steel

	
−0.276

	
0.202

	
0.196

	
−0.303

	
0.311

	
−0.251




	
1.6 mm Stainless steel

	
−0.274

	
0.296

	
0.255

	
−0.353

	
0.358

	
−0.25




	
1.0 mm Spring steel

	
−0.283

	
0.21

	
0.31

	
−0.292

	
0.29

	
−0.261




	
1.2 mm Spring steel

	
−0.28

	
0.259

	
0.3

	
−0.226

	
0.249

	
−0.276




	
1.4 mm Spring steel

	
−0.278

	
0.239

	
0.215

	
−0.267

	
0.313

	
−0.214




	
1.6 mm Spring steel

	
−0.259

	
0.17

	
0.285

	
0.148

	
0.306

	
−0.241




	
Average value

	
1.0 mm Stainless steel

	
−0.0788

	
−0.0047

	
0.1102

	
−0.0341

	
0.0406

	
−0.0639




	
1.2 mm Stainless steel

	
−0.1434

	
−0.0635

	
0.0165

	
−0.1278

	
−0.0206

	
−0.1307




	
1.4 mm Stainless steel

	
−0.0624

	
0.0307

	
0.0769

	
−0.0549

	
0.0657

	
−0.0461




	
1.6 mm Stainless steel

	
−0.0617

	
0.0245

	
0.0876

	
−0.0495

	
0.0601

	
−0.0351




	
1.0 mm Spring steel

	
−0.0838

	
−0.0017

	
0.1053

	
−0.0307

	
0.0354

	
−0.0662




	
1.2 mm Spring steel

	
−0.0651

	
0.0205

	
0.0899

	
−0.0472

	
0.0588

	
−0.0438




	
1.4 mm Spring steel

	
−0.0515

	
0.0231

	
0.0757

	
−0.0601

	
0.0705

	
−0.0406




	
1.6 mm Spring steel

	
−0.0568

	
0.0250

	
0.0872

	
−0.0533

	
0.0622

	
−0.0417











 





Table 20. X-direction acceleration signals at different positions of the chassis under several spring conditions (× g).






Table 20. X-direction acceleration signals at different positions of the chassis under several spring conditions (× g).













	
	1.4 mm Stainless Steel
	1.6 mm Stainless Steel
	1.2 mm Spring Steel
	1.4 mm Spring Steel
	1.6 mm Spring Steel





	Acceleration peak value
	0.311
	0.358
	0.3
	0.313
	0.306



	Average value of the acceleration peak value
	0.2565
	0.2977
	0.265
	0.2543
	0.2348



	Standard deviation of the acceleration peak value
	0.235
	0.243
	0.252
	0.250
	0.266










 





Table 21. Vibration displacement of the different positions on the chassis with different wheel base (μm).






Table 21. Vibration displacement of the different positions on the chassis with different wheel base (μm).





	
Different Wheelbase

	
Shock 1

	
Shock 2

	
Shock 3

	
Shock 4

	
Shock 5

	
Shock 6

	
Shock 7

	
Shock 8






	
Maximum value

	
Original wheelbase

	
−1.0600

	
−1.0239

	
−0.9490

	
−0.7249

	
−1.0583

	
−0.6160

	
−0.7458

	
−0.9214




	
Original wheelbase +20 mm

	
−1.0500

	
−1.0040

	
−0.9452

	
−0.7130

	
−1.0439

	
−0.6491

	
−0.7482

	
−0.9032




	
Original wheelbase +40 mm

	
−1.2000

	
−1.1757

	
−0.8890

	
−0.6975

	
−1.2793

	
−0.6753

	
−0.6973

	
−0.8633




	
Average value

	
Original wheelbase

	
−0.6899

	
−0.6904

	
−0.6397

	
−0.6397

	
−0.7045

	
−0.4741

	
−0.5433

	
−0.6402




	
Original wheelbase +20 mm

	
−0.6181

	
−0.6310

	
−0.5816

	
−0.5248

	
−0.6349

	
−0.4680

	
−0.5119

	
−0.5946




	
Original wheelbase +40 mm

	
−0.5616

	
−0.5562

	
−0.5282

	
−0.4587

	
−0.5685

	
−0.4151

	
−0.4641

	
−0.5228











 





Table 22. Vibration displacement at different positions of the chassis with different Guide Rod (μm).






Table 22. Vibration displacement at different positions of the chassis with different Guide Rod (μm).





	
Different Guide Rod Structure

	
Shock 1

	
Shock 2

	
Shock 3

	
Shock 4

	
Shock 5

	
Shock 6

	
Shock 7

	
Shock 8






	
Maximum value

	
Cylindrical guide rod

	
−1.0600

	
−1.0239

	
−0.9487

	
−0.7249

	
−1.0583

	
−0.6160

	
−0.7458

	
−0.9214




	
Chute guide rod

	
−1.0328

	
−0.9319

	
−0.8589

	
−0.6933

	
−1.0016

	
−0.6239

	
−0.7005

	
−0.8453




	
Average value

	
Cylindrical guide rod

	
−0.6880

	
−0.6889

	
−0.6384

	
−0.5441

	
−0.7026

	
−0.4749

	
−0.5432

	
−0.6392




	
Chute guide rod

	
−0.6324

	
−0.6326

	
−0.5842

	
−0.4920

	
−0.6463

	
−0.4252

	
−0.4918

	
−0.5844











 





Table 23. Vibration displacement at different positions of the chassis with different Friction Coefficient (μm).






Table 23. Vibration displacement at different positions of the chassis with different Friction Coefficient (μm).





	
Different Guide Rod

Friction Coefficient

	
Shock 1

	
Shock 2

	
Shock 3

	
Shock 4

	
Shock 5

	
Shock 6

	
Shock 7

	
Shock 8






	
Maximum value

	
0.05

	
−1.0328

	
−0.9319

	
−0.8589

	
−0.6933

	
−1.0016

	
−0.6239

	
−0.7005

	
−0.8453




	
0.1

	
−0.9020

	
−0.8762

	
−0.8019

	
−0.6908

	
−0.9714

	
−0.6272

	
−0.6996

	
−0.8000




	
0.3

	
−0.6480

	
−0.6019

	
−0.6316

	
−0.6138

	
−0.6187

	
−0.7437

	
−0.7437

	
−0.6060




	
0.5

	
−1.2485

	
−1.2021

	
−1.0969

	
−0.7622

	
−1.2684

	
−0.6276

	
−0.8062

	
−1.0505




	
Average value

	
0.05

	
−0.6349

	
−0.6352

	
−0.5845

	
−0.4958

	
−0.6504

	
−0.4190

	
−0.4877

	
−0.5866




	
0.1

	
−0.5812

	
−0.5894

	
−0.5520

	
−0.4994

	
−0.5897

	
−0.4560

	
−0.4961

	
−0.5524




	
0.3

	
−0.1955

	
−0.1923

	
−0.2313

	
−0.2946

	
−0.1821

	
−0.3462

	
−0.3462

	
−0.2248




	
0.5

	
−0.8120

	
−0.7907

	
−0.7377

	
−0.5550

	
−0.8242

	
−0.4835

	
−0.5953

	
−0.7197











 





Table 24. Slip characteristics of the wheel.






Table 24. Slip characteristics of the wheel.





	Friction Coefficient
	0.59 (The Original Friction Coefficient of the Wheel)
	0.7
	0.8





	Max value
	16.14390584
	15.8970683
	15.20096503



	Slippage ratio
	0.004612545
	0.00454202
	0.004343133










 





Table 25. Comparation between the simulation after optimized the installation error and the experiment before the optimization.






Table 25. Comparation between the simulation after optimized the installation error and the experiment before the optimization.










	
	Actual Experiment Offset
	Simulation Offset





	Actual operating distance/mm
	2513
	2513



	Offset/mm
	43.7233
	27.595



	Offset ratio
	0.01957
	0.01098










 





Table 26. Chassis offset under different wheel friction coefficients.






Table 26. Chassis offset under different wheel friction coefficients.





	Friction Coefficient
	0.6
	0.7
	0.8



	Motion distance/mm
	3500
	3500
	3500



	Offset/mm
	55.0189
	33.7013
	16.6153



	Offset ratio
	0.01571938
	0.009628899
	0.004746765










 





Table 27. Optimized structure and performance parameters of the Ackerman chassis.






Table 27. Optimized structure and performance parameters of the Ackerman chassis.





	Spring Form
	Wheelbase
	Structure of the Guide Rod
	Friction Coefficient of the Guide Rod
	Wheel Friction Coefficient
	Installation Error





	Stainless steel spring with the wire diameter of 1.4 mm
	Original wheelbase +40 mm
	Chute guide rod
	0.3
	0.8
	Optimized










 





Table 28. The peak and mean values of chassis vibration displacement before and after optimization.






Table 28. The peak and mean values of chassis vibration displacement before and after optimization.





	

	
Simulation Environment

	
Shock 1

	
Shock 2

	
Shock 3

	
Shock 4

	
Shock 5

	
Shock 6

	
Shock 7

	
Shock 8

	
Average Value






	
Mean

value

	
Optimal simulation

	
0.5162

	
0.5151

	
0.4748

	
0.3943

	
0.5274

	
0.3376

	
0.3954

	
0.4737

	
0.4543




	
Original simulation

	
0.6899

	
0.6904

	
0.6397

	
0.6397

	
0.7045

	
0.4741

	
0.5433

	
0.6402

	
0.6277




	
Peak

value

	
Optimal simulation

	
1.0300

	
1.0078

	
0.8693

	
0.7211

	
1.0343

	
0.6911

	
0.6871

	
0.8742

	
0.8644




	
Original simulation

	
1.0600

	
1.0239

	
0.9490

	
0.7249

	
1.0583

	
0.6160

	
0.7458

	
0.9214

	
0.8874











 





Table 29. The peak and mean values of chassis acceleration before and after optimization (× g).






Table 29. The peak and mean values of chassis acceleration before and after optimization (× g).





	

	
Simulation Environment

	
Acceleration 1

	
Acceleration 2

	
Acceleration 3

	
Acceleration 4

	
Acceleration 5

	
Acceleration 6

	
Average Value






	
Mean

value

	
Optimal simulation

	
0.0055

	
0.0073

	
0.0026

	
0.0012

	
0.0073

	
0.0062

	
0.0050




	
Original simulation

	
0.0162

	
0.0165

	
0.0126

	
0.0061

	
0.0174

	
0.0009

	
0.0116




	
Peak

value

	
Optimal simulation

	
2.1633

	
2.1327

	
1.5423

	
1.3219

	
2.3245

	
2.2952

	
1.9633




	
Original simulation

	
3.7449

	
3.0408

	
2.9490

	
2.3061

	
3.3061

	
1.7857

	
2.8554











 





Table 30. Slippage amount of the chassis before and after optimization.






Table 30. Slippage amount of the chassis before and after optimization.










	
	Original Simulation
	Optimal Simulation





	Motion distance/mm
	3500
	3500



	Slippage amount/mm
	16.12
	8.36



	Slippage ratio
	0.004605714
	0.002388571










 





Table 31. Straightness of the chassis before and after optimization.






Table 31. Straightness of the chassis before and after optimization.










	
	Original Simulation
	Optimal Simulation





	Motion distance/mm
	3500
	3500



	Offset/mm
	55.0189
	13.96



	Offset ratio
	0.01571938
	0.003988571
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