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Abstract- The steering system is one of the major 
systems of a vehicle. In order to develop efficient and 
lightweight steering systems, the first step is to 
analyze existing steering systems in a kinematic way. 
This paper proposes a method to analyze the pick-up 
steering systems in a kinematic way based on the 
method of vector loops created by FH Raven [1] and 
working with Mathematica. The presented method 
gives a great perspective of the pick-up steering 
systems kinematics.  
 
Resumen- El sistema de dirección es uno de los 
sistemas principales de un vehículo. Para empezar a 
desarrollar sistemas de dirección eficientes y ligeros, 
se debe de comenzar con analizar los sistemas de 
dirección existentes de forma cinemática. En este 
trabajo se propone un método para analizar de 
manera cinemática los sistemas de dirección de pick 
up’s basado en el método de lazos vectoriales creado 
por F.H. Raven [1] y apoyándose en el software 
Mathematica. Con el método aquí presentado se 
obtiene una gran perspectiva de la cinemática de los 
mecanismos de dirección de pick up’s. 
 
Key words: Ackerman geometry, parallelogram 
steering system, pick-up. 
 
Nomenclature. 
 
d- track width. 
l- wheel base. 
Ri, i = 1, 2, 3, 4 – inertial coordinate vectors. 
ri, i = 1, 2, 3 – local coordinate vectors. 
R[θi], i = 1, 2, 3 – rotation matrix. 
xi, i = 1, 2, 3 – dimensions of levers 1, 2, 3. 
��- inner wheel angle.         
��- outer wheel angle.   
��- Pitman arm angle. 
θ1 – iteration angle of the simulation. 
θi, i = 2, 3 – angles of  the levers 2, 3 obtained due to 
the simulation. 
 
I. INTRODUCTION.  
 
The steering system is one of the major systems of a 
vehicle. The purpose of the steering system is giving 
the directional control of the vehicle to the driver.  

In this paper it is analyzed the parallelogram steering 
system of a common pick-up, Figure 1.  
 

 
Figure 1. A common pick-up. 

 
Some papers have presented methods in order to 
analyzed mechanical steering systems in a kinematic 
way for three-links steering mechanisms [2]. In this 
paper, it is analyzed a seven-links steering 
mechanism, better known as parallelogram steering 
linkage. This parallelogram steering system is the 
most complex steering system mechanism. 
 
Steering linkage provides the mechanical link 
between the steering gearbox and the steering wheels. 
The steering linkage gives the driver the ability to 
control the direction of the vehicle. Steering linkage, 
depending upon design, will consist of a number of 
different components. Tie rods, center links, bell 
cranks, drag links, and idler arms are some of the 
common components used in various steering linkage 
systems. A typical parallelogram steering system is 
shown in Figure 2. 
 

 
Figure 2.Typical parallelogram steering system. [3] 
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Parallelogram steering linkage is the type most used 
on pick-up vehicles. This mechanism uses two tie 
rods, a center link or track rod link, and an idler arm. 
Tire rods connect the steering arm to the center link. 
They consist of an inner and an outer tie rod end with 
a tie rod sleeve for connecting the ends and adjusting 
the tie rod length. The tire rod end ball joints allow 
both vertical wheel movement and steering. In fact, 
every link of this steering linkage is connected by 
ball joints.  
 
The Pitman arm and the idler arm connect on 
opposite sides of the vehicle. This provides a 
connection to, and facilitates movement of, each end 
of the track rod link. The track rod link is connected 
indirectly to the frame so it is not affected by vertical 
suspension motions. Its sideways movement is 
controlled solely by the Pitman and idler arms. The 
idler arm provides symmetry between the left and 
right side of the vehicle steering linkage so that 
similar length tie rods can be used on both left and 
right sides.  
 
II. ACKERMAN GEOMETRY. 
 
Every steering system is designed under the 
Ackerman geometry. When a four-wheeled vehicle is 
turning in a curve, Figure 3, the front wheels are not 
parallel. The Ackerman geometry gives the 
relationship between the two front steering wheels 
[4], Equation 1.   
 

cot�� − cot�� =
�

�
  (1)        

 
                                          ��                    �� 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. The Ackerman Layout. 

 
However, this relationship is not enough to have both 
the behavior of the steering system and the 
relationship between the direction of the vehicle (the 
angle of the steering wheel) and the direction of each 
front wheel. To get this, it is necessary to do an 
analogy using a three-wheeled vehicle. In a three-
wheeled vehicle, the direction of the unique front 

wheel is the direction of the vehicle (and the direction 
of the steering wheel), Figure 4. 
 
                                       ��          ��       �� 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Analogy with a three-wheeled vehicle. 

 
Then, it is possible to obtain one equation for each 
wheel in function of the steering wheel [5], Equations 
2 and 3. 
 

cot�� = cot�� +
�

��
 (2) 

 

cot�� = cot �� −
�

��
 (3) 

 
Table 1 shows the pick-up values used for the 
steering system. 
 

Table 1. Pick-up values. 
 

Variable Dimension (mm) 
l 2940 
d 1380 

 
With equations 2 and 3, it is possible to know the 
behavior of the pick-up’s Ackerman geometry. It was 
done a graphic showing this behavior, Figure 5.  

 
Figure 5. Behavior of the Ackerman geometry. 
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Where the red line (upper) is the inner wheel and the 
blue line is the outer wheel. 
 
III. THE PARALLELOGRAM STEERING 
LINKAGE. 
 
The parallelogram steering linkage of any vehicle is 
designed in order to get the Ackerman geometry in 
curves. For the pick-up of this study, the dimensions 
of the parallelogram steering linkage are shown in 
Figure 6.  
 

 
Figure 6. Top view of the dimensions of the pick-up parallelogram 

steering linkage. 
 
Then, it is necessary to implement the vector loops 
method in order to analyze the parallelogram steering 
linkage mechanism, Figure 7. 
 

 
Figure 7.Mechanism analysis. 

 
The position vector equations are written as: 
 

R1 + R2 + R3 + R4 + R5 – R6 = 0  (4) 
R1 + R2 + R7 – R8 – R9 = 0  (5) 
R1 + R2 + R3 + R10 – R11 – R12 = 0 (6) 

 
Where:  

R1 = [Rφ1]r1  
R2 = [Rφ2]r2 
R3 = [Rφ3]r3            (7) 
R4 = [Rφ4]r4 
R5 = [Rφ5]r5 
R6 = [x6, y6]T 
R7 = [Rφ7]r7 
R8 = [Rφ8]r8 
R9 = [x9, y9]T 

R10 = [Rφ10]r10    
R11 = [Rφ11]r11               
 R12 = [x12, y12]T 

 
Where: 
 

[Rφi] = [cos φi  -sen φi, sen φi  cos φi]
T   i = 1,2,3 

 r1 = [x1, 0]T 
r2 = [x2,0]T          
r3 = [x3,0]T 
 r4 = [x4, 0]T 

              r5 = [x5,0]T         (8) 
 r7 = [x7, 0]T 
r8 = [x8,0]T          

    r10 = [x10,0]T 
    r11 = [x11,0]T 

 
Table 2 shows the dimensions of the parallelogram 
steering links. 
 

Table 2. Links dimensions. 
 

Lin k Dimension (mm) 
x1 125 
x2 100 
x3 580 
x4 100 
x5 125 
x7 350.57 
x8 140 
x10 350.57 
x11 140 
x6 780 
y6 0 
x9 -250 
y9 -285 
x12 1030 
y12 -285 

 
Now, it is made the simulation of these equations in 
Mathematica. Figure 8a) and 8b) show the simulation 
of the pick-up’s parallelogram steering linkage. 
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b) 

Figure 8. Parallelogram steering linkage simulation. 
 
In Mathematica it is possible to create Excel files. In 
these files, the angles for each wheel (inner and outer, 
r11 and r8 respectively) versus the pick-up’s steering 
angle (r1) were obtained in order to have the behavior 
of the pick-up’s parallelogram steering linkage and 
compare it with the pick-up’s Ackerman geometry 
behavior.  
 
The pick-up’s parallelogram steering linkage draws 
the graph illustrated in Figure 9.   

 
Figure 9. Behavior of the pick-up’s parallelogram steering 

linkage. 
 
Overlapping values, the Ackerman geometry and 
pick-up’s parallelogram steering linkage behaviors, 
the graph shown in Figure 10 is obtained.  
 

 
Figure 10. Both behaviors. 

 
As it can be observed, there is a difference between 
the Ackerman geometry (theoretical behavior) and 
pick-up’s parallelogram steering linkage (real 
behavior). This difference can be easily observed due 
to these overlapping values, showing one advantage 

of this method. This difference is better known as an 
error. Almost certainly this error is obtained due to 
the analysis presented is a 2D-dimension analysis, 
however, the pick-up’s parallelogram steering 
linkage is almost working in a 2D-plane, 
consequently, the 2D-dimension analysis made in this 
study is not far away from the real situation. The 
block diagram summary of the program made in 
Mathematica is illustrated in the Appendix.  
 
In order to observe the visual advantage of this 
method, it is now modified the pick-up’s 
parallelogram steering linkage with the intention of 
reduce the error, and obtained the result of this 
change easy and fast. It is decided to change the links 
dimensions of the parallelogram steering system in 
order to obtain the pick-up’s parallelogram steering 
linkage lines closer to the Ackerman lines. The new 
dimensions are shown in Figure 11. These new 
dimensions were obtained as a trial-and-error result.  
 

 
Figure 11. Top view of the dimensions of the pick-up 

parallelogram steering linkage modified. 
 
The position vector equations are the same, only 
dimensions of some local vectors were changed. 
Table 3 shows the dimensions of the new 
parallelogram steering linkage.  
 

Table 3. New links dimensions. 
 

Lin k Dimension (mm) 
x1 130 
x2 100 
x3 580 
x4 100 
x5 130 
x7 350.25 
x8 132 
x10 350.25 
x11 132 
x6 780 
y6 0 
x9 -250 
y9 -285 
x12 1030 
y12 -285 
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r1={x1,0}; r2={x2,0}; r3={x3,0}; r4={x4,0}; r5={x5,0}; 
r7={x7,0}; r8={x8,0}; r10={x10,0}; r11={x11,0}; 

Begin 

���� = {�������, −	
�����, �	
����,�������} 

θ1=0*Degree;θ2=0*Degree;θ5=90*Degree;θ7=183.27*Degree; 
θ8=90*Degree;θ10=356.73*Degree;θ11=90*Degree; 

The simulation of this new mechanism is shown in 
Figure 12. 
 

 
Figure 12. New parallelogram steering linkage simulation. 

 
Overlapping values, the Ackerman geometry and the 
new parallelogram steering linkage behaviors, the 
graph shown in Figure 13 is obtained.  
 

 
Figure 13. Pick-up’s Ackerman geometry and the new 

parallelogram steering linkage behaviors. 
 
As it can be observed, there is a minimum difference 
between the Ackerman geometry (theoretical 
behavior) and the new pick-up’s parallelogram 
steering linkage. Therefore, it is demonstrated that 
with a 2D-dimension mechanism it can be achieved 
the theoretical behavior of the Ackerman geometry 
with a minimum error.  
 
The inner wheel of the new pick-up’s parallelogram 
steering linkage increases its angle very fast over a 
pick-up’s steering angle of 43 degrees. Moreover, it 
is known that the maximum value of turn of the 
steering wheels is around 30 to 40 degrees [6], 
having these values as a limit, therefore, it is 
demonstrated in the graph of Figure 13 the reason of 
this limit. Over this limit, the steering wheels have an 
undesirable behavior in almost any steering system.  
 
IV. CONCLUSIONS.  
 
This paper presents an easy and fast method to obtain 
a great perspective of the pick-ups steering systems 
kinematics. With this method, is easy to observe the 
motion of the steering wheels due to some 
parallelogram steering linkage and contrast it with 
Ackerman geometries.  

Making some changes in the mechanism, it is also 
easy to observe the new behavior of the steering 
wheels. It was analyzed the most complex steering 
system mechanism, therefore, we can easily down to 
any other steering system kinematic analysis.    
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VI. APPENDIX. 
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R1=R[θ1+270*Degree]*r1;R2=R[θ2]*r2;R3=R[θ2]*r3;R4=R[θ2]*r4; 
R5=R[θ5]*r5;R6={x6,y6};R7=R[θ7]*r7;R8=R[θ8]*r8;R9={x9,y9}; 

R10=R[θ10]*r10;R11=R[θ11]*r11;R12={x12,y12}; 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fin 

For i=0 to 45 

θ1=i*Degree; 
sol=R1+R2+R3+R4+R5-R6; 

sol1=R1+R2+R7-R8-R9; 
sol2=R1+R2+R3+R10-R11-R12; 

Output θ8; 
Output θ11; 

Graph[θ8/θ1,θ11/θ1] 
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