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Abstract 

This paper describes a new suspension concept for 
rough terrain navigation of rovers. The proposed design 
has reduced number of joints and links from the existing 
suspension concepts. The suspension mechanism is de-
rived from planar four bar mechanism and hence we 
present the coupler curve trajectory as well as singularity 
analysis. We derive the quasi-static equation of motion 
of the vehicle and a linear programming approach is 
proposed for optimum wheel motor torques control. We 
test the proposed concept by extensive simulations on 
undulating terrains as well as on terrains having discon-
tinuities.  

Keywords: Four bar mechanism, singularity, linear pro-
gramming, and dynamics. 

1 Introduction 

  To design an effective suspension mechanism with 
minimum design and control complexity is the focus of 
the research here. Past research on wheeled all terrain 
vehicles has led to the development of two types of sus-
pension mechanisms: active and passive. Passive sus-
pension rovers adapt passively to the underlying by the 
virtue of contact forces and hence do not require any 
actuators for controlling the internal configuration of the 
vehicle thus significantly reducing the control architec-
ture. Rocky7 [1] is one such vehicle which utilizes one 
of the most simplest suspension mechanisms called 
rocker bogie. But the climbing ability and specially the 
lateral stability is limited as compared to shrimp[2] 
which utilizes a more sophisticated design derived from 
the four bar mechanism to enhance climbing ability. But 
as sophistication increases the number of joints and links 
also increases significantly increasing the overall com-
plexity and weight of the system. . In general joints are 
heavy parts and can easily lead to trouble in space envi-
ronments [3].Passive suspension rovers are usually multi 
wheel drive system [MWD] e.g. some rovers such as 
Lunokhod [4] and Marshakhod [5] have 6 or more 
wheels. Though the system has higher degree of mobili-
ty the system is intended to be heavier and hence not 
ideally applicable to medium to small scale rovers. 
Moreover the closed kinematic structures of passive 

suspension rovers pose additional constraint on the ki-
nematic analysis and motion planning robot. Hence the 
aim of this paper is to significantly reduce the kinematic 
complexity by reducing the number of joints and closed 
loops but without compromising with the climbing abili-
ty of the, on the other hand active suspension rovers are 
kinematically simple but employs complex control ar-
chitectures to command the actuators controlling the 
internal configuration of the rover. These control archi-
tectures critically depend on number of sensor inputs 
which can be easily corrupted by noise in uncertain en-
vironments. Owing to this reason the focus of the re-
search here is concentrated passive suspension with an 
aim to reduce the overall complexity of the design while 
maintaining the same obstacle climbing ability. We 
present the trajectory and singularity analysis of the me-
chanism proposed and a wheel motor torque control 
technique under quasi-static conditions. Efficacy of the 
proposed suspension is proven by extensive simulation 
on rough terrains. 

2. Kinematic model of the rover 

 

                       Fig.1: Kinematic model 

The kinematic mode of the rover is shown in figure1. It 
consists of two planar mechanisms on two sides of the 
chassis. The front wheel on both sides is connected to 
the end of the fork which is derived from the four bar 
mechanism. The common back leg is attached to the 
chassis through some compliance in the form of rota-
tional joint passively controlled by torsion spring of high 
spring constant. This is one of the novelties of the design 
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because unlike other designs such as [2] where back leg 
is directly connected by rigid joint, we introduce some 
compliance between the back leg and the wheel. This 
modification allows the rover to have some level of 
adaptivity on uneven terrains even while moving back-
ward. The other important novelty of the proposed de-
sign is the reduction in number of joints and links. The 
Planar view of the robot with its joints is shown in figure 
2. 

 

                                 Fig. 2: Front view of the rover 

  All designated joints are revolute with 5, 6, 7 being the 
actuated joint for driving the wheels and joint 4 being 
controlled by passive joint. The number of joints is 16 in 
total and number of bodies (excluding ground) is 15. A 
similar functioning design found in [2] employs 18 bo-
dies and 22 joints. Joints are generally heavier and criti-
cal part because they have maximum tendency of failing 
and hence corresponding decrease of the number of 
joints in the proposed design not only reduces the over-
all weight of the system but also increases the reliability 
of the system. 

3  Kinematics of Fork 

The fork with its geometrical parameters are shown in 
fig4 

 

                                       Fig. 3: Geometry of fork 

We are interested in finding out the trajectory of point X 
as the link AB is rotated to a particular angle. This simu-
lates the situation encountered while the front fork is 
climbing the obstacle. We analyze the optimisable pa-
rameters from the trajectory plot of X. To generate the 
trajectory of point X considering joint A to be the input 
angle we derive the two loop closure equations for the 
four bar mechanism ABCD following the work of [6] 
and is briefly reviewed here. Consider the four bar me-
chanism to be broken at point C which will result in two 
planar 2R and 1R serial kinematic chain. This is shown 
in figure 4. In the figure (x,y) represents the co-ordinates 
of coupler point X 

 

               Fig .4: Breaking the mechanism at point C 

Since the mechanism has been broken at point C passive 
variable C will not appear in the loop closure constraint 
equation. 

We have from figure3 

 



14th National Conference on Machines and Mechanisms (NaCoMM09), 
NIT, Durgapur, India, December 17-18, 2009  NaCoMM-2009  RAP4 

  168

1cos( ) 2 2cos( )........................................................(1)
1sin( ) 2 2sin( ).........................................................(2)
3cos( ) 2cos( )................

y a p a p q
x a p a p q
y a s a p q

= + +
= + +
= + + ..........................................(3)

3sin( ) 2sin( )............................................................(4)
1cos( ) 2cos( ) 4 3cos( ) 2cos( ).....(5)

1sin( ) 2sin(

x a s a p q
y a p a p q a a s a p q
x a p a p

= + +
= − + + = + + +
= + ) 3sin( ) 2sin( )..................(6)q a s a p q+ = + +

from equation (5) and (6) we can eliminate the passive 
variables q, s and get x and y as a function of active joint 
variable p  

 

We solve equation (5) and (6) using non linear methods 
such as Newton’s method. The deduced trajectory of 
point X is shown in figure 5. 
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                       Fig.5: Trajectory of point X of fork 

 

From the graph we can see that between the range of -
110 to -90 there is little change in x coordinate as com-
pared to y coordinate. This means that during this range 
the fork approximately follows a vertical straight line. 
This range of 20 cm is twice the wheel diameter. The 
advantage of vertical trajectory becomes critical while 
climbing discontinuities having slopes in the region of 
90o because the angle between the allowed direction of 
motion of the fork and the traction forces resulting from 
the obstacle is 0o which allows the effective utilization of 
traction force while climbing over the obstacle. 

 4    Singularities of the Fork 

A singularity analysis of the fork will enable us to make 
provision for its prevention by incorporating some me-
chanical stoppers at those positions to prevent the me-
chanism from reaching that state. To derive the point of 
singularity we follow the work of [6]. We have from 

equation (5) and (6)  

1

2

1cos( ) 2cos( ) 4 3cos( ) 0.......................(7)
1sin( ) 2sin( ) 3sin( ) 0...................................(8)
a p a p q a a s

a p a p q a s
η
η
=− + + − − =
= + + − =

In equation (7) and (8) we have q and s as passive va-
riables and p as active variables. Differentiating both the 
equations with respect to time and writing them in ma-
trix form yields 

1sin( ) 2sin( ) 2sin( ) 3sin( ) ( / )
( ( )/ ) 0.......(9)

1cos( ) 2cos( ) 2cos( ) 3cos( ) ( / )
a p a p q a p q a s dq dt

d p dt
a p a p q a p q a s ds dt

− + − +⎡ ⎤ ⎡ ⎤⎡ ⎤
+ =⎢ ⎥ ⎢ ⎥⎢ ⎥+ + + −⎣ ⎦ ⎣ ⎦⎣ ⎦

Let 
1sin( ) 2sin( )
1cos( ) 2cos( )

a p a p q
K

a p a p q
− +⎡ ⎤

= ⎢ ⎥+ +⎣ ⎦
,

* 2sin( ) 3sin( )
2cos( ) 3cos( )
a p q a s

K
a p q a s
− +⎡ ⎤

= ⎢ ⎥+ −⎣ ⎦
 

The singular positions can be found by equation 

*
det[( )] 0..........................................................................(10)K =
which reduces to  
a2 a3 cos(s) sin(p + q) - a2 a3 cos(p + q) sin(s)=0...............(11)

2 3sin( ) 0..........................................................(12)a a p q s+ − =
Or 

, 1...............................................................(13)p q s n nπ+ − = =
 
Also from figure 3 we have  

( ) 4 ..........................................................(14)p q r sπ π+ + + − =
So 

2 ....................................................................................(15)r π=
 
Which means that the link 2 and 3 are parallel or B,C,D 
are in straight line. This can be prevented by adding a 
stopper a joint C which will allow for the restricted rota-
tion of joint. 
 
 

5    Dynamics of the rover 

In this section we prepare a dynamic model of the rover 
and solve the inverse dynamics problem where the ve-
locity, acceleration and the orientation of the chassis is 
given and we are required to compute the feasible set of 
motor torques that can be applied to this system under 
equilibrium and no-slip constraints. In real life situations 
velocity, acceleration and orientation of the chassis can 
be easily determined from sensors such as accelerome-
ters and gyroscopes. At the wheel ground contact point 
two sets of forces are acting, normal and traction forces 
as shown in figure6 
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                 Fig6 forces at the wheel ground contact point 

We assume that the normal force unit vectors are 
known. This is a valid assumption if the rover is 
equipped with tactile wheels as proposed in [7]. The 
traction force can be calculated by the methodology pro-
posed in [8]. Let p , q and r  be the pitch, roll and yaw 
angles respectively of the chassis about the global { }G  
axes. The local and global frames ({L},{G}) are shown 
in figure1 respectively. The resultant rotation matrix 
relating position vectors and the force components at 
various points to the reference frame of the chassis is: 
 

( ) ( ) ( )....................................................(16)z y xR R q R r R p=

                                                   Where )(ψxR , 
( )yR α and ( )zR β are the rotation matrices correspond-

ing to the Euler angles about the X , Y and Z axes re-
spectively 
From Fig.6 the forces acting at the thi wheel of the ve-
hicle from the chassis (Local frame {L}) reference 
frame are 

i) The normal force 
T

iL xi yi ziN N N N⎡ ⎤= ⎣ ⎦
uur

 

ii) The traction force 
T

iL xi yi ziT T T T⎡ ⎤= ⎣ ⎦
uur

 
 
We assume that the motion of the vehicle to be non-
holonomic in nature i.e the velocity of the vehicle along 
the direction perpendicular to the wheels is negligible. 
This is shown to be satisfied in the results and simula-
tions section. and hence from the chassis reference 
frame   we have 
 

0≈xiT and 0>yiT .          

Under no slip conditions we have 
{1, 2,3, 4,5}.....................................(17)iL i iLT N iµ≤ ∀ ∈

r r

   

Where iµ is the coefficient of friction between the point 

of contact of thi  wheel and the terrain.         
Since iLT

r
is always perpendicular to iLN

r
 we have 

( , ) 0iL iLdot T N =
r r

   
⇒

0.......................................................(18)xi xi yi yi zi ziN T N T N T+ + =

                   
From (17) 

iL i iLT Nηµ=
r r

⇒
2 2 2 2 2( ) .................................................(19)xi yi zi i iLT T T Nηµ+ + =

                       
Where     0 1η< ≤  

If 0iLN ≠
r

then any one of the components 

0,, ≠ziyixi NNN , In general 0≠ziN ,as long as the 
wheels remain in contact,  then from (18) and (19) we 
get 

2
2 2 2 2( ) ...........................(20)xi xi yi yi

i iL xi yi
zi

N T N T
N T T

N
ηµ

+⎡ ⎤
− = + ⎢ ⎥

⎣ ⎦

r

                           
Simplifying the above we get in the form: 

2 0...............................................................(21)yi yiaT bT c+ + =

                                                                      
Solving the above quadratic equation we get 

2 2

i iL zi
yi

zi yi

N N
T

N N

ηµ
=

+

r

   and  
2 2

i yi iL zi
zi

zi zi yi

N N N
T

N N N

ηµ−
=

+

r

                        

Now   the unit vectors of iLT
r

 and iLN
r

in the global ref-
erence frame are  

 ˆ [ ] ...................................................(22)TiL
i Xi Yi Zi

iL

Tt R t t t
T

= =
r

r

and 

ˆ [ ] ..............................................(23)TiL
i Xi Yi Zi

iL

Nn R n n n
N

= =
r

r

 
Where i iLT RT=

r r
and i iLN RN=

r r
are the traction and 

normal forces at the point contact in the global reference 
frame. 
To get the arm vectors we use the following procedure. 
We get the vector connecting the wheel ground contact 
point to the centre of the chassis by first considering a 
planar view of the mechanism and then multiplying the 
arm vector hence derived with the rotation matrix com-
bining the roll and yaw angles. This is exemplified by 
figure7 which shows the planar view of the suspension 
which is nothing but the projection of the suspension in 
the pitch plane. 
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                          Fig7 orientation on arbitrary terrain 
 

 
             Fig.8: Planar projections of the suspension mechanism 
 

       As shown in figure7 P represents the point of at-
tachment of the chassis. Vi represents the radius vector 
form the centre of the mass to the wheel ground contact 
point of the ith wheel. The planar projection showing the 
link and geometrical parameters are shown in figure8. It 
is to be noted that the first four wheels are symmetrical 
with each other. So the link parameters for the front part 
of the suspensions are same. lα and lβ are the angles 
made by the corresponding links on the front and back  b 
side of the suspension mechanism and.The radius vector 
of the wheels in the pitch plane  are given by the follow-
ing expression 

1 1sin( ) 2sin( )..........................................(24)
1 2cos( ) cos( ) 1sin( )......................(25)

V x a l a l
V y a l p l a l

α β
β β α

= −
= − −

 

2 4sin( ) 7cos( ) 8sin( ).....................(26)
2 8cos( ) 7sin( ) 8sin( )......................(27)

V x a l a l a l
V y a l a l a l

β α α
α α α

= + −
= + −

                                                                                      

3 1sin( ) 2sin( )..........................................(28)
3 2cos( ) cos( ) 1sin( )......................(29)

V x a r a r
V y a r p r a r

α β
β β α

= −
= − −

 

4 4sin( ) 7cos( ) 8sin( ).....................(30)
4 8cos( ) 7sin( ) 8sin( )......................(31)

V x a r a r a r
V y a r a r a r

β α α
α α α

= + −
= + −

 

5 5 6

5 5 6

cos( ) sin( )................................................(31 )
sin( ) cos( ).................................................(31 )y

V x a a a
V a a b

θ γ
θ γ

= +
= +

 

The radius vectors in the global reference frame are giv-
en by  

( ) 12.5
( ) ( )* ( 1) 0 . {1,2,3,4,5}

2.5
0

T

i
z y

Vix nix
i

rfai R R Viy R H W r niy i
i

niz
β α +

⎡ ⎤ ⎡ ⎤⎡ ⎤−⎢ ⎥ ⎢ ⎥= + − + ∀ ∈⎢ ⎥⎢ ⎥ ⎢ ⎥−⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
where H and W are the width and depth of the chassis in 
global x and z direction respectively, r represents the 
wheel radius and nix, niy, niz represents the unit vector f 
normal forces in the global frame 

Let [ ]TtXi tYi tZim m m , [ ]TnXi nYi nZim m m be the unit 

moment vectors due to iT
r

and iN
r

respectively.  
Hence the quasi-static equations that relate the normal 
and traction forces to the forces on the chassis of a three 
dimensional (3D) suspension vehicle  can be put in the 
form: 

. ........................................................................(32)A C D=
 where  

1 1 2 2 3 3 4 4[ ]TC T N T N T N T N=
r r r r r r r r

                 
T

zyxzyx MMMFFFD ][=  
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⎥
⎥
⎥
⎥
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⎣
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 The above set of equations are under-constrained in the 
sense that they have more number of variables than equ-
ations. To reach a unique solution we solve the follow-
ing optimization problem 
min( )S ,

4

1
........................................................(3 3)i

i
S T

=

= ∑
r

 
Subjected to the following constraints 
 

0 {1, 2,3, 4,5}....................................................(34)iN i≥ ∀ =
r

 

{1, 2,3, 4,5}...............................................(35)i i iT N iµ≤ ∀ =
r r

 

min max( . ) {1,2,3, 4,5}......................................(36)i i iT r iΓ ≤ ≤ Γ ∀ =
r
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Where (34) corresponds to the constraint that the wheel 
maintains contact with the ground always, (35) corres-
ponds to the no-slip constraint and (36) corresponds to 
the constraint that the torque required to generate the 
required    traction is between min

iΓ and max
iΓ  

6   Simulations and Results  

Simulations were performed using Matlab and Msc Vis-
ual Nastran. Extensive simulations on uneven terrain for 
both 5-wheeled.Maximum coefficient of friction and 
maximum torque requirement were selected as the major 
parameters for comparison between the mechanisms. 
We set the maximum permissible torque of the motor at 
4N-m.The coefficient of friction between the wheel and 
terrain was varied and minimum co-efficient of friction 
required to overcome the given terrain was noted for the 
proposed suspension mechanism.  Figure9 shows 5-
wheeled rover climbing a terrain with 700 degree discon-
tinuity about two times the wheel diameter. The plot of 
the wheel motor torques is shown in figure10. 

 

 

Figure9:   5-wheeled rover climbing a sample terrain 

 

         Torque Wheel1                 Torque Wheel2 

 

          Torque Wheel3                                    Torque Wheel4 

 

        Torque Wheel5 

                         Figure.10: wheel torques in N-m  

As can be seen from figure10 the maximum torque read-
ing comes out to be around 0.8 N-m when the fourth 
wheel is climbing the obstacle. The coefficient of fric-
tion between the wheel and the terrain was kept at 0.5 
which was to be found to be the minimum for the rover 
to climb over the given terrain. Figure11 shows the sa-
tisfaction of the non-holonomic constraint i.e the rover’s 
velocity along the direction perpendicular to the wheel is 
shown to be negligible in the plot which justifies our 
assumption that 0≈xiT  
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          Figure11 Vx chassis from body coordinate frame 

Figure 12 shows the 5-wheeled rover traversing on a 
fully 3D terrain which has slopes in all three orthogonal 
directions. The minimum coefficient of friction require-
ment for this terrain went up to 0.7. The increment in the 
requirement of the coefficient of friction was to ensure 
minimum lateral slippage of the wheels since the terrain 
also includes lateral slopes. The plot of wheel motor 
torques for the terrain is shown in figure13. 
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           Figure.12:  5-wheeled rover climbing a 3D terrain 

 

         Torque Wheel1                     Torque Wheel2 

 

               Torque Wheel3                              Torque Wheel4 

 

            Torque Wheel5 

                  Figure13 plot of wheel motor torques in N-m 

As can be seen from figure13 that the maximum torque 
requirement of the rover has increased to 2.6 N-m This 
follows from the fact that due to the complexity of the 
terrain there is corresponding increase in the amount of 
traction force required to maintain equilibrium of the 
system. 

    

 7   Conclusion and Future Work  

In this paper we have proposed a new five wheeled pas-
sive suspension rover which is deduced from the current 

existing suspension mechanism Shrimp by significantly 
reducing the number of joints and the number of wheels 
but yet maintaining a good terrain adaptability. The 
compliance added to the back wheel is an added novelty 
in the proposed mechanism. A quasi-static model for 
wheel motor torque control was presented. Uneven ter-
rain simulations confirm the efficacy of the proposed 
mechanism. The future work is related to the develop-
ment of the rover and analyzing path tracking capability 
of the rover in a fully 3D rough terrain. 
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