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Abstract— The paper proposes a systematic, data-driven
method for kinematics modeling of high mobility wheeled
rovers traversing uneven terrain. The method is based on the
propagation of position and orientation velocities starting from
the rover reference frame and going through various joints and
linkages to the wheels. Equations of the motion are set up in a
compact form, which only require the D-H parameters of the
rover joints and links. To illustrate the proposed kinematics
modeling, the method is applied to a rover similar to the
NASA’s Sample Return Rover.

I. INTRODUCTION

Rovers with high mobility mechanisms are capable of
traversing rough terrain and adapting their configurations to
the changing terrain topology. They are being used
increasingly in diverse applications such as terrestrial and
planetary explorations [1]-[2], forestry [3], agriculture [4],
mining industries [5], defense and hazardous material
handling and de-mining [6]. Rovers with active suspension
systems are capable of modifying and adjusting their
suspension linkages and joints so as to change their center of
mass thus avoiding tipover while traversing rough and
inclined terrain [7]-[8].

Research efforts on kinematics modeling have been
mainly limited to simple mobile robots moving on flat
terrain [9]-[11]. Recently some attention has been directed
towards high mobility rovers. A of study the kinematics of a
particular rover is reported in [12]. A Kalman-filter
approach is proposed in [13] to estimate the wheel contact
angle for traction control, and [14] employs simple
kinematics model and a state observer to estimate rover
position/orientation velocities. In a recent paper [15], we
developed a full kinematics model of an articulated rover
and provided analysis of such rovers.

It is well known that a systematic and universal
approach exists for kinematics modeling of robot
manipulators. In this approach, a so called Denavit-
Hartenberg (D-H) table is set up which specifies four
parameters for forming a transformation matrix for each
frame in the kinematic chain. The transformation matrices
are cascaded (multiplied) to find the transformation between
a base frame and a desired frame in the kinematics chain.
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Using the aggregate transformation matrix, the position and
orientation of the desired frame are extracted. However,
such a methodology does not exist for articulated rovers.
The goal of this paper is to propose a systematic method,
similar to those used for manipulators, for developing full
kinematics models for motions over uneven terrain of
general articulated high mobility wheeled rovers. The
proposed approach is superior to our earlier work [15], in
the sense that it is applicable to a more general class of
rovers and does not require symbolic manipulation.

II. KINEMATICS MODEL DEVELOPMENT

A high mobility wheeled rover is defined as a mobile rover
that consists of a main body connected to a set of wheels via
a set of linkages and joints that are adjusted so as to enable it
traverse uneven terrain. The joints and linkages change
either passively or actively. The active linkages and joints
have actuators through which their values can be controlled,
whereas passive ones change their values to comply with the
terrain topology.

The goal of kinematics modeling is to relate the motion
of the rover body to the motions of the wheels. In order to
achieve this we attach a sequence frames starting at the
rover reference frame then the suspension joints, steering
and finally the wheel-terrain contact frame. Let

T T
w=[x yi zl Ui =[Xpvp Vier  Zivr]
denote the position of the current and next frames,

o T
Similarly, let o, =[e; B il and

and

respectively.

T . .
p;=[a; pB; y;] be the orientation of the current and

next frames, respectively, where @, fand y are the rotation

around x, y and z axes, or roll, pitch and yaw, respectively.
In the case of rovers, we are generally more interested in the
translational and rotational velocities than
position/orientation. The 3x1 translation velocity vector of
the next frame i+/ is dependent on the translational and
rotational velocities of the current frame i plus any
translational velocity added to the frame i+/ itself.  This
can be written as [16]
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i=12,n-1
)

Uiy = Ri+1,i (uz' +@; X Pi,i+1)+di+1

where R;,;; is the rotation matrix of the frame i+/ relative

to the frame 7, p;;.; is the position vector of the origin of
the coordinate frame i+1 expressed in coordinate frame i,
and u,,; is the translational velocity added to the frame i+/

due to the velocity of the frame i+1 itself. The latter is zero
if the joint associated with the frame i+/ is not prismatic.
The rotational velocity of the next frame i+/ is [16]

Piv1 = Rivpi @i + Pis i=12,n=1 )

Equation (2) shows that the rotational velocity of the frame
i+1 is the sum of the effects of the rotational velocity of the
frame 7 plus any rotational velocity (/7i+ J added to the frame

i+1. The latter is caused by the rotational joints associated
with frame i+1. Equations (1)-(2) are not in a form that can
be used in a straightforward manner. Our goal is to develop
a universal method for using the Denavit-Hartenburg (D-H)
parameters to model the frame to frame motion.

Using D-H notation, four parameters describe the
transformation from frame i to frame i+/ given by rotation

y;about z-axis, translation d;along z-axis, translation
a; along x-axis, and rotation o; about x-axis. Cascading

these four transformations in the order just described, we
obtain the transformation from frame i to frame i+/ as

¢y —capsy;  seisy;  aicy;
Syp ceicy;  —saicyp apsy;
T . , = 3
i,i+1 0 sa; ca, di ()
0 0 0 1

where ¢ and s denote cosine and sine functions respectively.
Using (3), we can extract the position vector p;;,; needed

in (1) as

a;cy;
Dii+1 =|4;87; “4)
d.

1

The transformation from frame i+/ to i is the inverse of the
homogeneous transformation matrix (3) , i.e.

CYi SYi 0 —49
roo_|Teasyi cacy s —d;sa; 5
il so;sy;  —soicy; cap —dica; )
0 0 0 1

We extract the rotation R;,;; from (5) as
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CYi SVi 0
Riypi=|—ca;sy; cacy; sa;|=R; (6)
Sa['S]/[' —Sa[C}/[' ca[

In order to find the translational and rotational velocities

u;. ; and 5. , added to the frame i+/ due to the motions of
i+] Pit1

these frames, we consider the instantaneous transformation
Tiyy ip1(t—Att) that describes the transformation from the

frame i+1 at time (7 A7) to this the same frame at time t.

This matrix can be written as

Tivging(t=A01) =Ty (1=ALt =) T; (1= AtL) (7)

Taking the derivative of (7), and considering that
T;y;; (t—At,t—At) is constant, we obtain

Tyt it (1=A00) = Tiupy (1= A= A0) Ty (1= A01) (8)

In order to express the above in terms of the D-H
parameters, we take the derivative of (3) with respect to
time, pre-multiply the result by (5) and substitute in (8) to
obtain

0 ca;y; sQ;7; a;
i ca; y; 0 —-a; sa;d;+ajca;y;
i+1i+1 = . . . .
-sa;y; @ 0 ca;d;—a;sa;y,

0 0 0 0

)
where the argument (7 A¢ ) has been dropped to simplify

the notation. It is noted that 7}, 1.i+1 can also be found for

a general body in motion, which is given by [16 ]

0 _;oz 5y ;
Tigiu=| 72 2 TP L (10)

-9, ¢ 0 z

0 0 0 0

where ¥ ,V ,Z are the components of u; ;, and @, g;y and

52 are the components of g;,- +7 - Equating the like terms in
(9) and (10), we have
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a;
ujp) =|sa;d; +a;ca; y;
caidi—aisal-j?l- (]])
0 0 10 gi
=| a;ca; s, 0 0 .l EAl'ﬁi
a.
—a;sa ca; 0 0f
@i
g 0 0 0 1 2"
Pir1 =|sa;yi |=|sa; 0 0 0 dl' =B;n; (12)
C(Zi}}i ca; 0 0 0 .l
a

where7; is the D-H parameter vector, and 4;and B, are
sparse 3 x4 coefficient matrices. It is seen from (11) and
(12) that ;i+ ;and gZH ; are linear in the derivative of the D-
H parameter vector 7;. There is one more substitution

needed before we express the final results. We note that the
cross product term in (1) can be expressed as

—a;
@i X pip] =i x| —d;sa; | ==S;¢; (13)
—dicai
where
0 dl»ca,- —dl'sai
Si = —dl'cai 0 al' (14)

disai —a; 0

and S; is a skew symmetric matrix. Finally, the equations
of velocity propagation (1)-(2) can now be expressed as

|:”.’i+1:|: R, —-R;S; |:1"‘i:|+|:Ai:|’7‘
Pit1 0 Ry || |B]"

where R;, S;, 4; and B;are given by, respectively by (6),
(14), (11) and (12). Equation (15) expresses the position
and orientation rates (configuration rate) of the next frame
i+ in terms of the rates of the current frame i. The
coefficient matrices R;, S;, 4; and B; are dependent only

(15)

on the D-H parameters. The D-H parameter table can
readily be set up from the rover link-joint arrangements, as
demonstrated in the following section. It is also interesting
to note that the D-H parameter derivatives 7 affect linearly
the velocities of the next frame. The above equation can be
used to relate the position and orientation velocities of two
frames in the chain {12,---,n; ;} where 1 refers to the
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rover reference frame, is a wheel axel frame,

n .
j-1
j=12,---,w and w is the number of wheels.

We must define one more frame, i.e. the contact frame
C; where the motion over the terrain takes place. This

frame 1s numbered #; in the chain. Since the

J
transformation from the axel frame 4 jto the contact frame is

the same for any wheeled rover, we derive this
transformation explicitly. The contact frame C; is shown in

Fig. 1 where its x-axis is tangent to the terrain at the point of
contact and its z-axis is normal to the terrain. The contact
angle, denoted by ¢, is the angle between the z-axes of the

Jj-th wheel axel and the contact coordinate frames, as shown
in Fig. 1. The contact frame is obtained from the axel frame
by rotating &, about the axel , then translating by the

wheel radius 7 in the negative z direction. Thus the rotation
matrix to be used in (15) is

Ry =| 0 1 0 (16)
—S5j 0 ng

The position vector Pnj+l for the this last frame, and its

corresponding skew symmetric matrix to be used in (15) are

—rs5_j 0 rc5j 0
Pn; = 0 Sy, =|-rco; 0 rso; | (17)
—rc5j 0 —rs5j 0

Fig. 1 Definition of contact angle

The vector 7; for the contact frame to be used in (15)

consists of the wheel angle rolling rate 0 j» which causes the

linear motion 7@ jalong x-axis of the terrain, as well as
various wheel slips rates. In the most general case, there
will be six slips rates - three affecting velocities along
X,y,z and three affecting the orientation angles «, ﬂ 7
The first three slip rates are roll, side and bounce (up and
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down off the terrain movement) denoted by ¢ rollj »
¢ side,j and ¢ bnce,j- The second three are slip rates are tilt,

sway and turn denoted by iy s Sewayjs S, -

However, including all six slips at each wheel provides too
many degrees of freedom making the motion erratic and

unpredictable. In addition the roll slip rate ¢ roll,j cannot be

distinguished ~ from  wheel roll rater@ j»  bounce

¢ bnce,j cannot be considered without including dynamic

effects, and sway is usually prevented because of the
mechanical design. For these reasons we consider only
three of the slip rates in the kinematics model here and thus
the second term on the right side of (15) for the contact
frame is

[(» 0 0 0]
010 0 6
B]}ﬂ |0 000 0} i (18)
w00 0 1| S
00 0 0| Sy
0 0 1 0]

The transformations (15) can be cascaded from the frame
1 to the frame 7; to obtain the equation of the motion of the

rover reference frame in terms of the motion of a wheel
contact frame, which will be of the form

L.lR uC .
=E. .’ F. I
L‘)J "{%} i =iz w (1Y

where E j and F jare coefficient matrices obtained by the

(15),

. T . .
nan] is the combined parameters

cascading  of the  matrices in and

Iy = [ﬂlT nzT
rates. Equation (20) describes the contribution of individual
wheel motion and the connecting joints and linkages to the
rover body motion. The net body motion is the composite
effect of all wheels and can be obtained by combining (19)
into a single matrix equation as

Ig |- .
u u .
: {.ﬂ:E{.C}FF (20)
PR Yc
Is
where the matrices £ and F are the aggregate matrices
obtained from Ej;and F;, uc =luc, uc,, " and

P = [¢’C, (/'JCW]T respectively, and I is the vector
of aggregate parameter rates. It is to be noted that (15), (19)
and (20) can be developed for a given rover either
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analytically, e.g. using a symbolic software tool such as
Matlab, or numerically. This kinematics model can be used
for various applications, i.e. navigation, actuation of wheels,
steering and active joints; slip detection, etc. In the
following section we apply the method to an articulated
rover.

III. EXAMPLE

The high mobility rover to be considered here is similar to
the JPL Sample Return Rover [14], and has an active
suspension system. The schematic diagram of the rover to
be modeled is shown in Fig. 2. The rover has four wheels
with each independently actuated, and their rotation angles

subscripted with a clockwise direction so that &; , 64 are

for the left side and &,, 03 are for the right side. At either
side of the rover, two legs are connected via an adjustable
hip joint. In Fig. 2 the hip angle on the left and right sides is
denoted by 20, and the hip angle on the right side is 2o ,.
These joints are actuated and used for balancing (leveling)
the rover when traversing on an inclined surface. The two
hips are connected to the body via a differential which has
an angle o on the left side and —p on the right side. Ona
flat surface p is zero but becomes non-zero when one side
moves up or down with respect to the other side. The
differential joint © is passive (unactuated) and provides for
the compliance with the terrain. All four wheels are
steerable with steering angles denoted by v ;, j=1234.

The wheel terrain contact angles are 6;,j=1234 as

shown in Fig. 1.

—

P differential

261

steering

Wl:\

steering
adjustable
height joint

wheel 4

wheel 1

Fig. 2 Schematic diagram of the rover left side.

In order to derive the kinematics equations, we must
assign coordinates frames. Fig. 3 illustrates our choice of
coordinate frames for the left side of the rover. The right
side is assigned similar frames. In Fig. 3, R is the rover
reference frame whose origin is located on the center of
gravity of the rover, its x-axis along the rover straight line
forward motion, its y-axis across the rover body and its z-
axis represents the up and down motion. The differential
frame D has a vertical (along z-axis) offset denoted by &,

and a horizontal distance of &, from D. The distance from
the differential to the hip, denoted by k3, is half the width

of the rover. The length of the legs from the hip to the wheel
axle isk, . From the differential frame four chains branch
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off, each consists of a hip, a steering column and a wheel

axel. The four frames for the hip, steering and axel are
denoted, respectively, by H;,---,Hy; S;,--,8y
and 4;,---,A,. Each frame is obtained from the previous

frame in the chain by rotations and translations as shown

with the D-H parameters y;,d;,a;,c; in Table 1 and in Fig
3. Note that there are only two hip joints and thus o, = g,
and o3 =0,. Fig. 4 shows the angle between the hip and

steering frames, and between steering and axel frames for
wheel 1.

1
/s
k2/ I kq
s |
)
I—~3'~ '7\
Z

Fig. 3 Reference R, differential D, and hip H coordinate frames.
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We now use the basic frame to frame equation (16) and
go through the frames sequentially starting with the rover

reference R and going to differential D, a hip H ;,

S, a wheel axel Aj

] b
C j frame.

a steering

and finally to a wheel contact

The transformation from the rover reference R (frame
i=1I) to the differential (frame i=2) is constant translational

only, and thus no D-H parameter derivative is involved.
Substituting the values of the D frame from Table 1, i.e.

71:0,6]1 :900,int0 (16)Wlth R], Sl’
A; and By given, respectively, by (6), (14), (11) and (12),

:kl,al =k2, [24]

we get

1 0 0 0 -k O]

00 -1 0 -k O
FD}: 01 0 kg 0 -k {uﬂ o0
op|l 100 0 1 0 0 | ¢

00 0 0 -1

0 0 0 1 0 |

Next in the chain is a hip frames.
we obtain the following equation which applies to all four
hip frames indexed by ;.

Using Table 1 and (15)

/
1, yA1
/
Xs S1
51-90 ~—
VI xaq
XH 1 YH 1 Xs1

Fig. 4 Side view (left figure) and top view of wheel 1.

TABLE 1- D-H Parameters for the ARAS

Frame 7i d; a; a; i
D 0 kg k> -90 0
HI 90 -0 +p k3 ky 0 =61+ p
H2 90—-0,—-p -k3 ky 0 —G,-p
H3 90+o3-p | -k3 ky 0 G3=p
H4 9+o,+p | k3 ky 0 Syt p
S1 o =90 0 0 90 G
52 c,-90 0 0 90 o)
S3 o3 —90 0 0 90 03
84 oy —90 0 0 90 Oy
Al v 0 0 0 v
A2 ) 0 0 0 W,
A3 V3 0 0 0 W3
A4 Wy 0 0 0 vy

[=sA; cA; 0 bikscd; bikysa; 0]
—cAj —sA; 0 =bjkssA; bikzcd; —ky
ugi | | 0 0 1 kyedj —kysd; 0 Jlup
wa}_ 0 0 0 s ki 0 L‘J
0 0 0 —c/lj —sﬂ.j 0
L 0 0 0 0 0 |
w0 ko0 0 0 T(6;+b0); j=1234 (22)

(-1 j=12
P =347

Note that (22) has a D-H parameter

where /1] = h]O'] +b]p s aIld

b = +1 j=14
I =1 j=23"

rate component which due to the motion of the differential

and hip joint angles. We now proceed to the steering frame,
and use (15) and the steering row of Table 1 to obtain

so; —co; 0 0 0 0 0

0 0 1 0 0 0 0

g —co; —so; 0 0 0 0 _LZHJ» 0].
.= i U+ o
Psj 0 0 0 so; —co; 0)gy| |0 J

0 0 0 0 0 1 1

| 0 0 0 -co; -so; 0_ 10 ]
j=1234 (23)
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Similarly the transformation from the steering frame to the
axel frame is found as

cy; sy; 0 0 0

ti 4 0 0o 1 0 0 0fug] |0].
. = . + (//]

0 0 0 -sy; cy; 0 0

| 0 0 0 0 0 1] | 7]
j=1234 (24)

Finally, the axel to the contact frame transformation
matrices are given by (15)-(18), i.e.

cé'j 0 s5j 0 r 0
0 1 0 —rcé‘j 0 —rsé'j
0 0 0 0 1 0
L 0 0 0 —85j 0 C5J ]
[» 0 0 0]
010 0| 6
00 0 0|l
n éjszde,] (25)
00 0 1 é/turn,j
00 0 0 _;tilt,j
_0 0 1 0]

Equations (21)-(25) can be combined to form the composite
equations (19)-(20). It is noted that most matrices in (21)-
(25) are sparse.

IV. CONCLUSIONS

A new methodology is presented for the kinematics
modeling of high mobility rovers. The approach is very
general and can be applied to any wheeled rover and only
requires setting up the D-H table for the rover links and
joints. The main feature of the work is its generality, e.g.
dealing with both active (actuated) and passive joints and
linkages, and its ease of implementation. In particular, the
proposed formulation makes the computer implementation
very efficient through simple repeated function calls. We
have developed a computer program that reads the D-H
table of a rover, and generates the equations of the rover
motion symbolically, or computes various coefficient
matrices of the rover motion numerically. The latter can be
used for real-time control of rovers.
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