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Improving skid-steering on a 6x6 all-terrain vehicle:
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Abstract — 6x6 all-terrain vehicles without a steering system
must use great power when skid-steering. In order to increase
steering efficiency, it is possible to modify the repartition of
normal contact forces on the wheels. This paper describes a
preliminary experimental study on the Kokoon vehicle, an all-
road 6x6 electric wheelchair. Contact forces of the wheels on the
ground are measured via a six component force-plate. Repartition
of the normal forces on the six wheels is changed via suspension
modification. The first results show that steering can be
substantially improved only by minor adjustments on suspension.

Keywords: all-terrain vehicle (ATV), 6x6, skid-steering,
force-plate, Kokoon.

I. Introduction

This paper intends to present preliminary experimental
results in order to evaluate the efficiency of skid-steering
with a wheeled vehicle. Skid is a phenomenon that
appears with every type of ground vehicle when the dyna-
mic forces applied on the vehicle exceed the capabilities
of the vehicle-ground interface [1]. Skid may be due to
longitudinal inertial forces when accelerating-braking or
to lateral inertial forces when steering at high speed and
low radius. It may also be due to the design of the vehicle.

Skid always appears with tracked vehicles during turns
(even if some of them have front steering tracks [2])
because the long contact surface of the track with the
ground cannot be steered without lateral slipping, which
induces a reaction torque. On the contrary, wheels ensure
a reduced contact surface on a planar ground: a punctual
contact with toric tires such as motorbike tires; a linear
contact with cylindrical tires, such as those used for cars.
In reality, because of tire deformation, the contact point or
contact line becomes a contact patch and a moderate
steering torque appears. However, wheels have excellent
abilities for turning around one diametral axis while
keeping ground contact. For tracks as well as wheels, grip
depends strongly on the values and distribution of the
normal forces [3].

The large majority of wheeled vehicles have steering
wheels. It may be the front wheels (in a classical car); the
rear wheels (in a power lift truck or lawn mower [4, 5]);
all the wheels (on certain types of mobile robots and sport
cars [6]); two front and two rear wheels out of six [7] or
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four front wheels out of eight [8] (on military wheeled
armoured vehicles or truck mounted cranes). The steering
mechanism is a complex one, particularly when there are
more than two steering wheels. Constraints appear such
as respecting the Ackermann steering geometry (also
known as Jeantaud geometry in Europe) to minimize skid
during turns at low speed and being compatible with
independent suspension mechanisms. Another drawback
of frames with steering wheels is that they generally do
not allow to rotate the vehicle on itself without a
longitudinal displacement. With two steering wheels, this
would mean steering angles around 90°, which is complex
to design and dangerous at high speeds.

For this reason, many all-terrain vehicles still rely on
fixed wheels with possibly a suspension system but no
steering mechanism. Such vehicles have a robust and
reliable behaviour on rough terrain. They must turn with
skid-steering and behave similarly to tracked vehicles [9].
Most of them have a 4x4 transmission, such as the
Pioneer3-AT robot [10], and some have a 6x6 one, such as
multi-purpose amphibian vehicles [11]. The purpose of
this work is to evaluate the energy consumption of the
steering process in a 6x6 configuration and to propose
solutions to enhance steering on such types of vehicles
with non-directional wheels.

I1. Description of the Kokoon vehicle

This paper will use the example of the Kokoon vehicle, an
all-road 6x6 electric wheelchair designed by the students
of the French Institute for Advanced Mechanics (IFMA)
since 1999 [12] (Fig. 1).

The vehicle has two electric motors of 1330W each and
is capable to go at 8 km/h on a 20 % slope. Two lead-acid

1)

Fig. 1. Overview of the Kokoon vehicle developed at IFMA since 1999.
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batteries ensure a 4h autonomy. Each motor is directly
connected to the three wheels on a same side by a
transmission mechanism using five belts (Fig. 2 and 3-a).
The wheels have independent suspensions with hydro-
pneumatic adjustable dampers. The vehicle is 175 cm long
and 103 cm wide. The wheelbase is 47 cm and the track
width 93 cm. Wheels have a 40 cm diameter. Kokoon was
designed to climb easily over 15 cm obstacles.

Fig. 2. CAD model of the vehicle frame.

The first tests showed excellent climbing abilities but
some difficulties to steer. Even with small tires (tire tread
width: 7 cm), the vehicle cannot steer on itself on high
adherence grounds such as macadam. Steering is still
possible with great turning radii and a non null
longitudinal speed.

Initially designed for disabled people, this vehicle is also
an interesting research platform because it has a modular
design and can be reconfigured easily [13]. This property
will allow us to easily modify suspensions (Fig. 3) while
keeping unchanged all the other parameters, only by
adjusting the location of some critical joints.

Fig. 3. Belt transmission (a). Adjustable swing arm suspensions (b).

IT1. Experimental settings

The steering process of a vehicle is a complex pheno-
menon that may be better understood via an experimental
preliminary approach [14, 15]. For this 6x6 vehicle, it was
decided to measure experimentally the contact forces of
the wheels on the ground.

A. The six-component force-plate

During its displacement, the wheels of the Kokoon vehicle
roll on the top plate of a six-component force-plate (TSR,

Meérignac, France), rigidly bolted into a wooden box
buried in the ground so that the top plate is approximately
at the level of the ground (Fig.4 and 5-a).

The six-component force-plate used in this study
(Dimensions: 60x80cm - Measurement ranges:
Fx=1000 N, F, =900 N, F,=2000 N - Resolution: 10 N)
is composed of a rigid composite top plate
(carbon/aluminium) fixed on three two-component strain
gauge force transducers (Fig. 4), which are also firmly
fixed on the base plate [16, 17]. Each of these transducers
measures one component of the resultant force in the
plane of the top plate (“shearing” component: F,, Fy) and
the other in the direction perpendicular to the top plate
(“compressive” component: F,). The signals produced by
the six force transducers are multiplied by the thirty-six
coefficients of the calibration matrix for calculating the
six components (Fy, Fy, F,, My, M,, M,) of the wrench
applied on the top plate in the reference frame linked to
the force-plate (Fig. 5-b). In normal using, the wrench
components allow to compute the horizontal coordinates
(X,Y) of the point of force application on the force-plate,
which is usually called “centre of pressure” (COP).

Force  Wooden Ground

7 transducers  box & level
XA Y V

- Top plate

\ Base plate

Fig. 4. Setting of the force-plate in the ground (a).
The force-plate including the three transducers (b).

The signals of the force-plate transducers are simulta-
neously sampled at 100 Hz by a 16-bit A/D conversion
card (AT-MIO-16X, National Instruments) slotted into a
PC, where experimental data is recorded using an
acquisition software (LabView 5.1, National Instruments).
The acquisition PC and signal conditioner are brought
close to the force platform (Fig. 5-b). Further post-
processing is performed in Open Office spreadsheet.

Fig. 5. Integration of the wooden box into the ground (a).
The entire experimental system (b).
B. Centre of mass

Mass repartition on the wheels has a great influence on the
ground contact. It is determined independently by three
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Fig. 6. Computing the centre of mass on the CAD model (a).
Measuring the weight repartition with six scales (b).

different methods and results are coherent.

The first method uses the CAD model of Kokoon
(Fig. 6-a). Each component is given a uniform density
(approximate assumption) and the Solid Edge CAD
software can evaluate the volume and calculate the weight
of the component. The whole assembly, including several
hundreds of parts, reaches a total weight of about 367 kg
without external composite panels.

The second method consists in putting delicately the
vehicle on six scales with a winch (Fig. 6-b). The results
are summarized in Table I and are very close to those
obtained with the first method. The longitudinal position
Xo of the centre of mass G is also given relatively to the
middle axle. G is located 133 mm behind the middle axle
without driver and only 78 mm behind with a 83 kg
driver, for a total weight of 450 kg. The load is higher on
the rear axle and secondly on the middle axle, even if the
driver mass contributes to re-centre point G.

The third method relies on the force-plate to measure
static loads on each wheel. The results are also perfectly
coherent and will be commented later (Fig. 10-a).

Front axle | Middle axle | Rear axle Total | Xe

(kg) (kg) (kg) (kg) | (mm)
Without driver 66 129 171 367 -133
With a 83kg driver | 108 158 183 450 -78

TABLE I. Mass repartition on the axles and position of the centre of mass.

C. Modifying the suspensions

This paper focuses on improving steering efficiency of
multi-axle vehicles such as Kokoon. One solution may be
to modify mass repartition. This can be done by physically
adding mass or moving existing components and payload
in the frame.

Another simpler solution is to modify suspension
characteristics. In this work, we choose to modify the
central suspension relatively to the front and rear
suspensions. Our purpose is to increase the vertical load
on the central axle, which is equivalent to unload the front
and rear axles.

The suspension mechanism is represented in Fig. 7 with
its main dimensions. For simplicity reasons, it was chosen
to change the 4, length from 7,4, = 145 mm to the mini-
mal possible length %0« =45 mm. This was obtained by
translating forward the top-attachment points of the front
and rear dampers in their T-slot.

Parameter Value
v 180 mm
h. o 145 mm
L 45 mm
I 210-280 mm
l, 170 mm
I, 350 mm
e 15 mm

Fig. 7. The suspension mechanism with its dimensions.

By changing %, of 100 mm, the stiffness of the middle
suspension is reinforced and the initial vertical position of
the central wheel is changed. Most of all, the central axle
is strongly overloaded, which is visible on Fig. 8-b.

Fig. 8. Standard suspension configuration (a). Modified configuration (b).

Table II summarizes the changes in weight repartition.
Front and rear axles are off-loaded of 26% and 35%
respectively while middle axle bears 58% more.

Front axle | Middleaxle | Rear axle Total

(kg) (kg) (kg) (kg)
Standard configuration | 108 158 183 450
Modified configuration | 80 (-26%) 250 (+58%) | 120 (-35%) | 450

TABLE II. Changing mass repartition (including a 83kg driver).

IV. Experimental results
A. Reference 6x6 vehicle with standard suspension

The experimental setting can be seen on Fig. 9. Lines
showing the desired trajectories are drawn on the ground
with flour. Three types of trajectories are considered in
this work: a straight line (which is equivalent to a turn
with infinite radius); a turn with 6m radius; a turn with
3 m radius. Several experiments were performed in the
aim of following as much as possible the desired
trajectories. Results are summarized in Fig. 10.
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The acquisition frequency is 1/100™ of second, which is
enough for a low speed vehicle such as Kokoon. Test
duration varies according to the the trajectory: rolling
straight forward takes generally no more than 1.5 s (Fig.
10-a) while turning is slower and requires around 2.5 s
(Fig 10-b-c) because steering requires much power from
the electric motors and this power must be adjusted in real
time by the driver on each side of the vehicle.

Fig. 9. Experimental setting with reference frame and trajectories.

Fig. 10-a shows the reaction forces applied to the
vehicle when rolling straight forward. Because the base
wheel of the vehicle (47 cm) is smaller than the force-
plate width along the rolling direction (60 cm), it occurs
that there are sometimes one and sometimes two wheels at
the same time on the force-plate. This explains the shape
of the curves. The time axis can be divided into five
phases:

1. First, only wheel 1 applies efforts on the platform;

2. Then wheel 2 climbs on the platform (left transparent
area) and the vertical component of reaction force R.
increases suddenly;

3. After that, wheel 1 goes out of the platform and only
wheel 2 remains on it;

4. Then, it is up to wheel 3 to go on the platform (right
transparent area) and another peak on R. appears;

5. Finally, wheel 2 leaves the platform and only wheel 3
remains on it.

Table III is obtained by averaging the R, , R, , R. values
on the single wheel intervals and gives an order of
magnitude of the reaction components, thus eliminating
the small variations in the signal due to electrical
perturbations and vehicle vibrations on small gravels.

Concerning normal force R:, it can be seen that wheel 3
(930 N) bears more than wheel 2 (848 N) which bears
more than wheel 1 (635 N). These results include the
driver weight and confirm the previous calculations of the
centre of mass. If grip coefficient is supposed equivalent
on each wheel, this means that the rear and central wheels
are able to apply a higher propulsion force R, and to
undergo a higher lateral force R, . When the trajectory

varies (Fig. 10-b and 10-c), the overall shape of the R.
normal force does not change a lot: the first peak is
identical; the second peak changes a little, probably
because of transient phenomena.

The propulsion force R, has an original shape: it seems
that only the central wheel applies a propulsion force. This
could be probably justified by insufficient tension in the
front and rear transmission belts. It should be corrected
very soon because the central belts cannot transmit the
complete torque so only one third of the potential
propulsion force is currently used by the vehicle. Another
interesting point is about the evolution of R, with the
steering radius R: when R decreases, R, must increase to
make the vehicle rotate. Along a straight line, R, does not
need to be very high to generate vehicle movement. But
during a turn with R = 6 m (respectively 3 m), R, reaches
454 N (resp. 553 N). This is clearly felt by the driver, who
needs to increase the power for small turns.

The lateral force R, has a negligible value when rolling
straight forward. This value increases particularly on front
and rear wheels when the turning radius R decreases. For
instance, for the 3 m turn, R, has a value of -321 N (resp.
532 N) on wheel 1 (resp. wheel 3). The signs are opposite,
which is normal. The absolute values of R, are not
symmetrical, probably because they are proportional to R..
Another possible explanation would be that the instant
rotation centre of the vehicle is not exactly on the the
central axle axis (trajectory error). This is probably the
case for the 3 m turn, where R, is non null on the central
wheel (-146 N).

B. Modified 6x6 vehicle

On the modified vehicle, test duration during turn takes
only 2s (Fig. 11-b-c) instead of 2.5s (Fig. 10-b-c)
because steering and power control are much easier for the
vehicle and the driver respectively. These improvements
were clearly experienced by the driver during tests.

For the straight line trajectory (Fig. 11-a), the normal
force R. has a strange shape with a peak during Phase 3.
This might be caused by forward leaning of the driver or
by vehicle tilting on a small obstacle. On Fig. 11-a-b-c, it
can be noticed that the R. curve does not change a lot with
the turning radius R.

For propulsion force R, , the curves still show that only
the central wheel applies a propulsion force. However, the
modified suspension seems to have decreased the
propulsion force. This means that a smaller force
generates the same movement. For a 6 m turn, R,
decreases from 454 N to 282 N, which means a 38% gain.
The driver needs to inject fewer energy in the electric
motors. Moreover, as the overall turning time is shorter
than with classical suspension, it can be concluded that the
global turning efficiency is definitely improved.

The lateral force R, has more or less the same shape in
Fig. 11 as in Fig. 10. For a 6 m turn whith the modified
vehicle, there is a 28% decrease of R, on the front axle and
a 36% decrease on the rear axle. This means fewer energy
dissipated during skid-steering.
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Fig. 10. Forces on the right wheels for the standard suspension. Fig. 11. Forces on the right wheels for the modified suspension.
Standard Wheel 1 (Front) Wheel 2 (Middle) Wheel 3 (Rear) Modified Wheel 1 (Front) Wheel 2 (Middle) Wheel 3 (Rear)
suspensions suspensions
Rx (N)EERY (N)BERz (N)BlIR x (N IRy (N SRz (N)} R x (N)BER y (N)BER 7 (N)SER x (N)@ER v (N)BER 7 (N)SER x (N)BER v (N)BER 7 (N

Rx (N)BIRy (N)BIR7 (N)
Straight line 23 10 635 -17 -67 848 -30 -40 930
Turn R = 6m 70 -270 627 454 -36 972 68 438 905
Turn R =3m 74 -321 534 553 -146 1016 86 532 914

Straight line 69 -105 446 -155 -33 1393 -43 -95 671
Turn R = 6m 49 -194 468 282 -80 1382 3 281 671

Turn R =3m 8 -331 563 450 49 1533 -55 398 666

TABLE III. Average forces on the right wheels for standard suspensions.

Another experimental result is represented in Fig. 12:
the trace of the centre of pressure on the force-plate for
different trajectories of the modified vehicle. Phases 1, 3
and 5 are represented by a curve segment going upward.
Phases 2 and 4 (where two wheels are present at the same
time on the platform) are represented by a sudden
inflexion of the curve downward. It is interesting to see
that the centre of pressure follows quasi-perfect arcs of
circles during phases 1-3-5. This confirms that trajectory
was correctly followed (see arrows on Fig. 12).

C. Some elements of physical explanation

These preliminary results are quite encouraging and tend
to suggest that turning efficiency is highly sensitive to

TABLE IV. Average forces on the right wheels for modified suspensions.

mass repartition. This phenomenon can be partially
explained by existing results. In [18], Halconruy shows
that the lateral force R, is a function of the slip angle «;,.
The beginning of the curve is linear (Fig. 13-a) up to a
limit angle &, which is of the order of 10° for a typical
car tire. Above this threshold, there is a transition zone
and the tire starts to slip on the ground. It has also been
proved that the lateral force R, depends on the normal
force R.. An increment on R. generates an increment on
R,. This phenomenon is exactly what was noticed during
our experiments.

The slip angle «; is the angle between the median plane
of the tire and rolling direction. There is a direct relation

between ¢, trajectory and vehicle geometry.
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Fig. 12. Trace of the centre of pressure for the modified vehicle
and for three types of trajectories.

If the centre of rotation of the vehicle is supposed to be
located on the middle axle, slip angles «,, and «,; appear
on the front and rear axles of the skid-steering vehicle
(Fig. 13-b). Larger wheelbase and smaller turning radius
generate higher slip angles. Consequently, lateral forces
increase and the vehicle needs more energy to turn.
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Fig. 13. The lateral force depends on slip angle and normal force (a).
The slip angles depend on trajectory and vehicle geometry (b).

VI. Conclusion

This preliminary experimental work proved that steering
efficiency of the 6x6 all-terrain Kokoon vehicle can be
substantially improved only by minor adjustments on the
vehicle suspension. An important modification in weight
repartition was obtained by a 10 cm adjustment on damper
fixtures. This minor adjustment allowed to reduce the
propulsion forces of about 20-30 % and also decreased the
lateral forces in the same proportion. The driver also
reported that he felt a substantial improvement of steering
capacities during tests with the modified vehicle.

This method could be generalized to many types of
multi-axle vehicles in order to improve their steering
performance. The absence of any steering system on a
vehicle is a guarantee of robustness and control simplicity
but has the drawback of high power consumption during
steering phases. With such a solution, one can imagine an
adaptative suspension capable of modifying normal force

repartition on the wheels without changing neither mass
nor payload repartition in the vehicle. This is currently
done manually. In a future version, the suspension
adjustment could be performed automatically during turns
by a dedicated mechanism.

Further work will focus on extended experimental
results including measurements on all the wheels of the
vehicle and an analytical model of the involved
phenomena.
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