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            Abstract
          
        

        
          The steering wheel of a vehicle has a typical characteristic of automatically returning to its neutral state when the driver releases it. Steering returnability originated from the tire forces and kingpin moments. It is proportional to the reaction torque that is generated through the rack and column, which are dependent on suspension and steering geometry. It is also important to accurately predict and design it because steering returnability is related to steering performance. In this study, a detailed multibody dynamics model of a vehicle was designed by using ADAMS/Car and simulated for steering returnability. In addition, a tolerance analysis of the chassis system in terms of part dimension and properties has been performed in order to minimize the design parameters. The sensitivity of the selected design parameters was then analyzed via Design of Experiments(DOE). As a result, we were able to obtain the main parameters through a contribution analysis. It can be used to predict steering returnability and improve its performance, which is represented by the angle of restoration and laterality.
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      1. Introduction
      The good handling performance of a vehicle may mean that a driver can operate more easily, rapidly and comfortably. Steering return-ability would be one of the important characteristics with respect to vehicle handling performance.1) Return-ability can be defined as characteristics of steering system which let a steering wheel return to the center position when driver’s hands are released after rotating a steering wheel.

      Return-ability depends on kingpin moment which is related to kinematics caused by geometry of suspension and steering system and bush compliance effects. In addition to the kingpin moment, tire characteristics, friction and steering torque hysteresis are also significant return-ability factors.2)

      A number of studies on the steering wheel returnability have been advanced but there are still no investigations of laterality according to a restoring direction.3-7) The characteristics of return-ability is worked by a resisting torque on steering wheel so that Fig. 1 Steering return-ability test related to steering feel when performing a driving maneuver. Therefore aspects of steering feel, returnability according to a restoring direction must be considered from the beginning stage of vehicle development. In this study, electric power assistance is excluded to analyze the laterality for original returnability characteristics of the vehicle.

      
        
        

        Fig. 1 
				
        

        
          Steering return-ability test
        
        

        

      

      Generally, return-ability can be evaluated how well a steering wheel comes back to a neutral position. Particularly the remaining angle from a neutral position and restoring angular velocity are used criterion to evaluate its performance. And the vehicle with good performance for return-ability, generate less difference angle between left and right after restoring.

      As shown in Fig. 1, in the steering return-ability test, a restoring angle and angular velocity are measured after a driver’s hands are released. And a laterality, the difference angle between a and b, is important measurement data too.

      In this study, simulation studies are performed to analyze the cause of remaining angle and laterality in a steering return test. The influence of electric power assistance in the steering system is not considered in order to investigate the effects of kinematics only.8)

    

    

  
    
      2. Restoring Mechanism of Steering Wheel
      In a macpherson suspension system, front wheels are steered about an axis defined as kingpin axis which is determined by a ball joint of lower control arm and upper mounting of macpherson strut. For passenger cars, kingpin axis has generally offset from a tire center line on the ground because kingpin axis is inclined at 10 to 15 degrees relative to the vertical line when viewed from a front of vehicle. This inclination leads to moment around the kingpin axis.

      
        2.1 Restoring Torque Generation Processes
        The torque acting on a steering system is attributed to reacting forces and moments on the tire contact patch, for examples, normal force, lateral force, tractive force and aligning moment, rolling resistance moment and overturning moment according to the SAE convention. These forces generate kingpin moment and it contributes the restoring torque which is transferred to steering wheel through a tie-rod and a rack. However rolling resistance and overturning moment at most only have a sine angle component acting about the kingpin axis. They are second-order effects and so small that it can be neglected in analysis of steering system torques.9)

        
          2.1.1 Kingpin Moment
          The moment of force around a specified axis can be calculated as follows: First, calculate the moment of force at a certain point on the axis. Then the moment projected onto the specified axis. In the same way, the kingpin moment of three direction forces(longitudinal, lateral and vertical force) acting on the tire contact patch are described in Equation (1) ~ (4).

          A vector analysis is used to find the component of the moment along a specified axis that passes through the certain point. In Fig. 2, specified axis is the kingpin axis and a certain point is the point of ‘B’, the mounting point between lower control arm and knuckle, on the kingpin axis. First, calculate the moment of forces about point of ‘B’. And calculation of the moment about kingpin axis describe as Equation (1) ~ (4).

          
            
            

            Fig. 2 
				
            

            
              Schematic diagram of forces and moments around kingpin axis
            
            

            

          

          Kingpin moment of a vertical force
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          Kingpin moment of a lateral force
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          Kingpin moment of a longitudinal force
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          Aligning torque is corresponds to resistance to steer because it acts in the direction that restore the tire to center position. Component of aligning moment around kingpin axis can be calculated by Equation (5). Total moment around kingpin axis corresponds to the sum of moments around kingpin axis of each force and it can be expressed as Equation (6).
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          2.1.2 Rack force
          As previously described, forces and torques acting on the tire contact patch lead to moment around the kingpin axis and this moment may tend to transfer a force in the tie-rod along with the axial direction as shown in Fig. 3.

          
            
            

            Fig. 3 
				
            

            
              Schematic diagram of tie-rod and rack force
            
            

            

          

          The tie-rod force can be calculated using a vector Equation given in Equation (7).10)
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          This force is also transmitted to the rack again, and it would be calculated by considering the friction loss as Equation (8).
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          2.1.3 Restoring torque of steering wheel
          The rack force is transmitted to steering column by a rack and pinion gear, and this force acts as restoring torque which tends to restore the steering wheel to center position. The influence of gear efficiency and column friction torque is considered to calculate the restoring torque as shown in Equation (9).
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          Equation (9) describes that the rack force may act as restoring torque entirely only when gear efficiency is 100 % and column friction becomes zero. However, these conditions are not possible in a real system so that a steering angle could not return perfectly after driver’s hands are released. Moreover there is a difference of restoring angle for left turn and right turn depending on vehicles, road surface, and other conditions. Thus these phenomena should be evaluated in order to improve steering performance.

        

      

      
        2.2 Return-ability
        As explained previous Section 2.1, the operation mechanism of restoring torque is which forces and moments at a tire contact patch are contributed to kingpin moment and then it is transmitted on a tie-rod and a rack bar. As a result the torque to restore the steering wheel is finally implemented. During restoring maneuver by releasing driver’s hands, the remaining Fig. 4 Definition of the steering return-ability angle can be defined by the steering wheel angle that remains without being fully returned to the neutral position or the center of a steering wheel.

        
          
          

          Fig. 4 
				
          

          
            Definition of the steering return-ability
          
          

          

        

        Fig. 4 shows a steering return-ability evaluation at a low speed. As shown in this Fig. 4(a) represents the remaining angle after counterclockwise rotation and Fig. 4(b) is denoted as the remaining angle after clockwise rotation. The difference of the remaining angle for counterclockwise and clockwise rotation corresponds to laterality of a return-ability which can be formulated as Fig. 4(a) subtracted from Fig. 4(b).

        The remaining angle during a return test occurs apparently when the return force is smaller than the friction force and vice versus. On the other hand there are many factors contributed to a laterality in steering return-ability such as wheel alignment, vehicle load distribution, dimensional tolerances of body and chassis components, tire characteristics and disturbance of road surface gradient, etc. The magnitude and location of lateral force at the tire contact patch would be different for the left and right wheels by complicated interaction between these factors. As a result, kingpin moment about left wheels effect differently from right wheels and it leads to the difference of torque between each returning maneuver.

        It is necessary to set the steering friction properly by considering the trade-off effects between friction feel and return-ability. Steering friction should be managed from the beginning stage of vehicle development so that quality problems due to steering torque difference between left and right turning can be addressed. In this study, sensitivity analysis is performed to determine main factors for return-ability and improving measures of its performance are proposed by using vehicle dynamics analysis.

      

    

    

  
    
      3. Vehicle Dynamics Model
      The sensitivity analysis for steering return-ability is conducted first by defining the candidate of influence factors. Then a vehicle model is utilized using ADAMS/Car for simulation of vehicle dynamics as shown in Fig. 5. Model parameter values were getting from one of the mid-size vehicle in Hyundai Motor Company. The vehicle model consist of macpherson strut front suspension system, four-link rear suspension system, the column type MDPS(Motor Driven Power Steering) for the steering system and anti-stabilizer bar. Tire model make use of a simplified form of Pacejka’s magic formula.

      
        
        

        Fig. 5 
				
        

        
          Configuration of vehicle dynamics model (using Adams/car)
        
        

        

      

      The effect of MDPS logic is excluded from this research, and the friction model of suspension and steering system is applied to investigate the effect on return-ability from the view point of a operation mechanism.

      Particularly, the friction of a steering system is modeled using a hyperbolic tangent function. This friction model is simple, and can effectively realize the frictional characteristic in a real vehicle. This hyperbolic tangent function is similar to Dahl friction model which is represented by the shape of an exponential curve similar to a stress-strain function as shown in Fig. 6. Dahl friction model is one of useful friction models to represent a various attributes of a mechanical friction with only two variables such as the inclination and magnitude of a curve.11)

      
        
        

        Fig. 6 
				
        

        
          Dahl friction model
        
        

        

      

      Compared to the Dahl friction, a hyperbolic tangent function is possible to specify more easily variables. For example, as shown in Fig. 7, the magnitude of the hyperbolic tangent function is determined by a constant C1, and the initial inclination of the curve is represented by a constant C2.

      
        
        

        Fig. 7 
				
        

        
          Hyperbolic tangent function friction model
        
        

        

      

      Based on this characteristic of a hyperbolic tangent function, the column friction force can be obtained by using the angular velocity of the column shaft. The rack friction force is dependent on axial velocity of the rack bar. In addition to above friction models, various friction terms are considered by implementing a viscous friction model and reflecting the difference between left and right frictions caused by the vertical clearance due to helix angle of the rack and pinion gear. Moreover, the effect of left and right friction difference on return-ability can be evaluated by applying an additional friction force on the left or right direction of rack movement.12) Steering friction on a MDPS motor and column system is imposed on the column as a lumped friction force, rack friction is similarly modeled. Suspension friction is also considered lumped friction acting on a suspension strut which is supposed to be equivalent to the friction on a strut mounting bearing and the ball joint of a lower control arm. The importance of friction models can be simply demonstrated using before and after comparison of friction models in terms of steering wheel angle during the return test as shown in Fig. 8.

      
        
        

        Fig. 8 
				
        

        
          Results of a steering return-ability test (Speed 24 kph, max steering angle 180 deg)
        
        

        

      

      It is apparent that the restoring rate is smaller and the restoring angle is larger using the vehicle model with friction than without friction. This result is identical to the behavior in the actual vehicle. Therefore the friction model should be included in a vehicle model in order to predict return-ability accurately.

      In addition, tolerance analysis of a chassis system in terms of part dimension and properties is performed in order to improve simulation accuracy and achieve similar characteristics of actual vehicle.

    

    

  
    
      4. Sensitivity Analysis
      Sensitivity analysis of return-ability is performed based on design of experiment(DOE) using MINITAB, commercial statistical analysis software. DOE is one of popular statistical methods to find main parameters for a performance.

      The procedure of sensitivity analysis is as follows: First, set objectives. Next, define responses of the experiment. And selecting design parameters that is affecting on the responses. Then select experimental design and execute the design. Finally, analyze the results and extract the main effects of return-ability.

      
        [Set objectives]
      

      This research covers that the sensitivity analysis of design parameters is focused on the restoring angle and laterality during low-speed restoration.

      
        [Defining responses of experiments]
      

      When the purpose of the experiment is determined, the responses of experiment as a characteristic value should be defined. In this paper, the remaining angle after counter clockwise steer, the remaining angle after clockwise steer, and the difference between both remaining angles are chosen for the return-ability test.

      
        [Selecting design parameters and levels]
      

      In the sensitivity analysis by DOE, to achieve the objective of experiment, all of relating factors should be selected as the design parameters. However, experiment with too many factors has low-quality on results. Therefore the minimum number of design parameters should be chosen by considering limited execution time and a cost.

      In this paper, hard-points of suspension and steering system, chassis components related with compliance effect and tire characteristics are considered as design parameters. Particularly symmetrical parameters such as hard-points of suspension and steering system are defined independently by separating the left and right sides, and hard-points are subdivided into 3 components about the reference coordinate such as x, y and z. Based on all design parameters mentioned above, the number of design parameters is almost 134 so that it is too many to perform sensitivity analysis. Therefore, first of all, sensitivity analyses were performed using a onefactor-at-a-time approach to minimize design parameters. Then 25 design parameters are chosen as important factors by analyzing return-ability shown in Table 1.

      
        Table 1 
				
        

        
          Screening for design parameters
        
        

      

      
        
          
            	NO
            	Design parameters
            	Unit
            	NO
            	Design parameters
            	Unit
          

        
        
          	1
          	LH_INITIAL_TOE
          	 deg
          	13
          	LH_LOWER_CONTROL_ARM
X_COORDINATE_VALUE
          	mm
        

        
          	2
          	RH_INITIAL_TOE
          	 deg
          	14
          	RH_LOWER_CONTROL_ARM
X_COORDINATE_VALUE
          	mm
        

        
          	3
          	LH_INITIAL_CAMBER
          	 deg
          	15
          	LH_TIEROD_END_MOUNT
X_COORDINATE_VALUE
          	mm
        

        
          	4
          	RH_INITIAL_CAMBER
          	 deg
          	16
          	RH_TIEROD_END_MOUNT
X_COORDINATE_VALUE
          	mm
        

        
          	5
          	STEERING_RACK_FRICTION
          	N
          	17
          	LH_WHEEL_CENTER
X_COORDINATE_VALUE
          	mm
        

        
          	6
          	STEERING_COLUMN_FRICTION
          	N
          	18
          	RH_WHEEL_CENTER
X_COORDINATE_VALUE
          	mm
        

        
          	7
          	STEERIG_GEAR_RATIO
          	mm/rev
          	19
          	LH_WHEEL_CENTER
Y_COORDINATE_VALUE
          	mm
        

        
          	8
          	THE_NUMBER_OF_PASSENGER
          	person
          	20
          	RH_WHEEL_CENTER
Y_COORDINATE_VALUE
          	mm
        

        
          	9
          	LH_FRONT_SPRING_CONSTANT
          	kgf/mm
          	21
          	RH_WHEEL_CENTER
Z_COORDINATE_VALUE
          	mm
        

        
          	10
          	RH_FRONT_SPRING_CONSTANT
          	kgf/mm
          	22
          	LH_WHEEL_CENTER
Z_COORDINATE_VALUE
          	mm
        

        
          	11
          	LH_STRUT_TOP_MOUNT
X_COORDINATE_VALUE
          	mm
          	23
          	LH_STRUT_BEARING_FRICTION
          	Nm
        

        
          	12
          	RH_STRUT_TOP_MOUNT
X_COORDINATE_VALUE
          	mm
          	24
          	RH_STRUT_BEARING_FRICTION
          	Nm
        

      

      

      When the difference between restoring angle after counter clockwise steer and clockwise steer is greater than 1°, these factors are selected the design parameters. Then selected design parameters are defined in two levels of the upper and lower limits of the tolerance.

      
        [Select an experimental design and execute the design]
      

      In general, two-level full factorial design with 25 design parameters requires 225 times of experiment that is 33,554,432 cases. This may not be possible practically; therefore experiments are established for the combination of design parameters considering randomness using Minitab.

      Plackett-Burman design which is one of fractional factorial design and is a convenient way if the number of experiments should be reduced, although the number of design parameters are too many. It is a concept to reduce the number of times of experiments by excluding interaction terms. In this study, using Plackett-Burman design, 48 different combinations of 25 factors generated as shown in Fig. 9. And simulations of steering return-ability were carried out on 48 cases using Adams/Car. Finally we analyzed sensitivity with the results and extract the main effects of return-ability.

      
        
        

        Fig. 9 
				
        

        
          Combination of factors by Plackett-Burman method
        
        

        

      

    

    

  
    
      5. Result and Discussion
      
        5.1 Sensitivity Analysis of Laterality
        The results of sensitivity analysis according the DOE procedure described in Section 4 are used to evaluate return-ability. Regarding the difference between left and right restoring, main factors can be listed according to their influence rated from highest to lowest as Fig. 10: Initial camber, front spring, lower control arm joint, upper mounting of the strut, wheel center and initial toe.

        
          
          

          Fig. 10 
				
          

          
            Contribution of laterality in return-ability
          
          

          

        

        From these results initial camber would be a key factor for return-ability. In addition, caster trail is important factor too. Caster trail is the distance from the intersection of the steering axis centerline with the ground, to the center of the tire contact patch. The lower control arm joint, the upper mounting of the strut and x coordinate of the wheel center are the factors that determine the caster trail. Initial toe is utilized as a factor to determine the restoring moment and contributes to slip angle, thus it affected on the laterality of restoring moment.

        Initial camber(38 %), caster trail(28.6 %), front spring(10.3 %) and initial toe(8 %) have contributed to the change of laterality totally to about 85 % for the low speed test. Initial camber, toe and the front spring tend to induce the difference of restoring moment by different lateral forces, and caster induces a difference of restoring moment by different vertical forces at each wheel.

        
          5.1.1 Initial camber and initial toe (slip angle)
          The lateral force generated in a tire contact patch can be simplified by a lateral force due to tire slip angle and camber angle, as following Equation (10).
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          Here Cα is a cornering stiffness of tire due to slip angle and Cγ means a cornering stiffness of tire due to camber angle, α is slip angle and γ is camber angle positive slip angle and camber angle are defined as shown in Fig. 11.

          
            
            

            Fig. 11 
				
            

            
              Lateral force by slip and camber
            
            

            

          

          According to the given Equation (10), the lateral force is proportional to slip angle and camber angle. The moment of each component due to the lateral force are given in Equations (11) and Equations (12).13)

          Rotation moment due to the slip angle
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          Rotation moment due to the camber angle
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          In order to analyze the effect of the rotational moment caused by slip angle and camber angle on return-ability, simulation studies are performed by setting toe and camber angle asymmetrically.

          In this study the tolerance specifications of the toe angle is ± 0.1°. If the maximum difference of toe angle between the left and right wheels up to 0.2° occurs, the difference between left and right remaining angle is about 2° ~ 3°.

          Camber angle varies within the range ± 0.5°, and the camber angle difference between the left and right wheels also limits the range ± 0.5° which corresponds to cross-camber. Therefore, the worst case of the camber tolerance is considered by setting the camber angle difference between left and right wheels 0.5°, and the restoration analysis shows that the difference between left and right turn is about 6°~7°.

          From the view point of return-ability, a smaller toe angle tends to reduce the remaining angle while a larger camber angle improves return-ability by generating larger lateral forces.

        

        
          5.1.2 Caster
          The caster angle is the angle between the vertical axis passing through a wheel center and kingpin axis from the side view of a vehicle. Caster trail is also defined as the distance from the point contacting the vertical axis on the ground at a wheel center and the point intersecting kingpin axis on the ground. Because of these suspension geometry, a normal force acting on the tire contact patch generates a restoring moment when turning a steering wheel, and the magnitude of restoring moment can be expressed by the following Equation (13).14)
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          Here the component of the normal force due to the kingpin angle is Fzrsinλ, and its restoring moment can be calculated by the product of the moment arm, dsinδ. In addition, the component of the normal force due to the caster is Fzrsinν and restoring moment corresponds to the product of the moment arm, dcosδ.

          In order to investigate the effect of caster angle on return-ability, the point B of ball joint of the lower control arm is moved to 1mm forward and the point C of the upper mounting of the strut is adjusted to 1mm backward. This geometry modification increases caster angle, and is only implemented at one wheel, left or right wheel at a time for return-ability analysis. The return-ability analysis for asymmetric caster angles shows that the difference of remaining angles for each case is about 5° ~ 6° and steering toward the side of larger caster is returned better than steering toward the opposite side.

        

        
          5.1.3 Front spring rate
          The forces acting on macpherson front suspension system is shown in Fig. 12 and consists of a normal force at the contact patch, and reaction forces at lower control arm, and a upper mounting of the strut.15)

          
            
            

            Fig. 12 
				
            

            
              Schematic diagram of macpherson strut suspension
            
            

            

          

          When the resultant force of the normal force acting on a tire and the reaction force of a lower control arm do not coincide with the reaction force of a spring, the lateral force perpendicular to the direction of the spring reaction force is generated. This lateral force acts on the strut portion and generates a moment. The lateral force of the spring is influenced by the angle between kingpin axis and the strut axis. In addition, this lateral force of the spring is also affected by the spring load which is applied on the spring.

          In this study, changing the spring rate is chosen as a factor of the spring and its effect due to the left and right difference on return-ability is investigated.

          When the characteristics of left and right springs have different settings, it is confirmed that the returned angle varies by the difference between the left and right lateral forces. Considering the worst case of spring tolerance by setting the left and right spring rates with maximum and minimum tolerance respectively, the result of the return-ability analysis shows that the difference of remaining angles between left and right turns is about 3 degree. Moreover, steering toward the side of larger spring rate tends to return better than steering toward the opposite side.

        

      

      
        5.2 Sensitivity analysis of restoring the steering wheel
        The results of sensitivity analysis related to the angle of the restoration can be found in a same manner. Main factors can be listed according to their influence rated from highest to lowest as Fig. 13; Initial camber, rack friction, front spring, the upper mounting of the strut, lower control arm joint, steering gear ratio and wheel center.

        
          
          

          Fig. 13 
				
          

          
            Contribution of return angle in return-ability
          
          

          

        

        Friction is not greatly changed along with steering direction. Therefore, the influence of friction force on the laterality in return-ability is negligible but the effect on the remaining angle is very large.

        Initial camber, caster trail that is determined from three points and front spring constant were also important with respect to remaining angle. This might be attributed to the difference of restoring moments at the left and right wheels corresponding inner/outer wheels or vice versa.

        In other words, if the change of factors at the left side is the same as that at the right side the remaining angle would be small enough to neglect their contribution because their influence of the three factors, initial camber, caster trail, and front spring, will be canceled due to symmetricity.16)

        
          5.2.1 Rack friction
          Friction of the steering system is one of the important design parameters affecting the agility and on-center handling.17) In addition, the influence of friction is greater even in the return-ability. As a result of the preceding, in remaining angle, it can be seen that friction of the rack proportion is about 12 percent of the whole. Since the external forces transmit to the driver through the suspension and steering of the vehicle, the friction force must be properly managed. The friction force of steering gear is managed by an equivalent force, including the yoke, the rack&pinion gear and the rack bushing as defined by the rack pulling force. Rack pulling force value of the simulation model is about 150N, and the nreturn-ability an alysisis performed according to the friction deviation. As a result, difference between remain angle by friction deviation occurs about 5 degrees. As the friction force becomes larger, the return-ability tends to be deteriorated.

        

        
          5.2.2 Steering gear ratio
          Steering gear ratio is defined by the transmitted distance of a rack when a steering wheel is turned. The sensitivity analysis shows that steering gear ratio has a contribution to the remaining angle about 7 % of return-ability.

          Since the steering gear ratio does not manage its tolerance, the deviation of steering gear ratio is chosen arbitrary for return-ability analysis. The return-ability analysis shows that the larger the steering gear ratio is set the better return-ability can be achieved. In conclusion, summarizing the results up to now can be expressed as Table 2.

          
            Table 2 
				
            

            
              Influence of parameters on return-ability
            
            

          

          
            
              
                	(a) Parameters of remaining angle
              

              
                	Parameters
                	Setting value
                	Return-ability
              

            
            
              	Rack friction
              	bigger
              	worse
            

            
              	Gear ratio
              	bigger
              	better
            

            
              	(b) Parameters of laterality
            

            
              	Parameters
              	Setting value
              	Direction in a well restored
            

            
              	LH
              	RH
            

            
              	♦Negative camber
              	bigger
              	smaller
              	Left-turn
            

            
              	smaller
              	bigger
              	Right-turn
            

            
              	Caster trail
              	bigger
              	smaller
              	Left-turn
            

            
              	smaller
              	bigger
              	Right-turn
            

            
              	Toe angle
              	bigger
              	smaller
              	Right-turn
            

            
              	smaller
              	bigger
              	Left-turn
            

            
              	Front spring constant
              	bigger
              	smaller
              	Left-turn
            

            
              	smaller
              	bigger
              	Right-turn
            

          

          

        

      

    

    

  
    
      6. Conclusion
      In this study, the detailed multi-body dynamic model of a vehicle was utilized using ADAMS/Car. The sensitivity analysis of the steering return-ability that contains laterality and parameter study were performed by using a design of experiments at low vehicle speed with large steering inputs. The conclusions are summarized as follows:

      
1) In order to extract the factors that affect the steering return-ability, the procedure of sensitivity analysis, based on design of experiment to find main parameters, was suggested and used to analyze a sensitivity of steering return-ability that contains remaining angle and laterality.
2) The sensitivity analysis based on DOE shows that wheel alignment such as camber, caster and toe is one of the most important factors in terms of laterality of return forces(the difference between left and right return forces), and rack friction has a large influence on the remaining angle. This sensitivity analysis is useful to predict and improve steering return-ability.

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            M : 
          
          	
            moment
          
        

        
          	
            F : 
          
          	
            force
          
        

        
          	
            r : 
          
          	
            position vector
          
        

        
          	
            n : 
          
          	
            unit vector
          
        

        
          	
            B : 
          
          	
            mounting point between lower control arm and knuckle
          
        

        
          	
            R : 
          
          	
            center of vertical and backward longitudinal force
          
        

        
          	
            R1 : 
          
          	
            center of lateral force
          
        

        
          	
            WC : 
          
          	
            center of forward longitudinal force
          
        

        
          	
            i : 
          
          	
            steering rack gear ratio
          
        

        
          	
            C : 
          
          	
            cornering stiffness
          
        

        
          	
            α : 
          
          	
            slip angle
          
        

        
          	
            γ : 
          
          	
            camber angle
          
        

        
          	
            e : 
          
          	
            unit vector
          
        

        
          	
            d : 
          
          	
            kingpin offset at the ground
          
        

        
          	
            ξ : 
          
          	
            trail
          
        

        
          	
            ν : 
          
          	
            caster angle
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