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ABSTRACT

Three-wheeled scooter taxi (TWST) that is currently prevalent in developing countries, is fuel
efficient and cheap. It is used mainly for commercial purposes, also as a means of reducing
unemployment and tackling poverty. However, the vehicle is unstable and prone to accidents due
to its design configuration. The aim of this research work is to investigate the lateral stability of
TWST due to Tyre-Road Forces. Therefore, lateral stability equations for three-wheeled vehicle
(TWV) were developed and used in the analysis of TWST based on parametric values obtained from
static test. The results showed that the vehicle is stable with respect to lateral stability, which is
in line with what was obtained from literature, thereby validating the models with the driver alone.
However, with two or more occupants the vehicle became unstable. Possible ways of eliminating
this instability were discussed. The static test procedure, if adopted and legislated upon, would

significantly enhance safety of life and properties of stakeholders in developing countries.
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1. INTRODUCTION

Three-wheeled vehicle (TWV) is often referred to as
tricycle, trike or three-wheeler. Their use varies
according to need and purpose. They are used for
recreational, agricultural and commercial purposes.
The commercial tricycle called the three-wheeled
scooter taxi (TWST) is safer when compared with
motorcycle and cheaper when compared with four-
wheeled vehicle. The vehicle is fuel efficient and
environmentally friendly [1 — 5]. These advantages
have accentuated its use. With improvement in its
comfortability it would be further enhanced.

However, the lateral stability of this vehicle is of
concern. Few researchers [1, 6, 7] have investigated
this stability problem without much focus on the
various loading conditions of the vehicle which could
induce lateral instability. This instability places
limitation on the speed and usage of the vehicle.
Therefore, the aim of this paper is to develop lateral
stability models for delta trike design to enhance its
speed, safety of life and properties and general
acceptability of the vehicle in the market, both for
private and commercial purposes by taking into
consideration the specified loading conditions.

* Corresponding author, tel: +234 803 725 5380

2. MATERIALS AND METHODS
2.1. Theoretical Framework for Lateral Stability
of Delta Trike
Figure 1 shows a bicycle-model of a delta trike with
body-centred coordinate adapted from literature [6,
8].
The vehicle model is assumed to be under steady state
condition with the velocity fairly constant. This is the
commonest type of motion in real life. It is therefore
appropriate for the determination of lateral stability of
vehicles. The vertical motion of the model, the angular
motion in roll and pitch axes are neglected. The
analysis is restricted to planar motion involving lateral
acceleration, yaw rate and lateral forces due to tyre
deformation.
Nomenclature: U is the velocity in x direction, V is
the velocity in y direction, Qzis the angular velocity in
z direction, Iz is the moment of inertial about centre of
gravity (C. G.) in z direction, Fyeis front lateral force in
y direction, 2Fyr is rear lateral force in y direction, m is
the mass, Ws is wheelbase, L1 is the distance from C.
G. to centre of front tyre and L is the distance from
C. G. to centre of rear tyre.
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Fig. 1: Bicycle Model 1 of Plane Motion of Delta
Tricycle

Equation derivation was based on that of four vehicles
[8], with air drag taken into consideration.

Applying Newton’s and Euler's equations, the
equations of motion of the vehicle in the y direction,
due to changes in momentum in y and x directions and
net moment about centre of gravity based on that of
four wheeled vehicle [8] are:

m(V + QZ * U) = ZFYR + FYF (1)

12007 = L Fyp — 2L, Fyp (2)

The slip angle (a), is the angle between wheel
direction and the tyre contact part. Slip angle
increases more than the increase in lateral force with
more loads.

Linear relationship exists between lateral force and slip
angle up to about 5° [8].

Therefore:

Fy = —Cyha 3)
Fyp = —Corap 4
2Fygr = =2Cqpag (5)
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Fvy and « are in opposite direction. To ensure that the
simulation of the equation is in the first quadrant of
Cartesian coordinate Society of Automotive Engineers
(SAE) introduced negative sign into equation (3) so
that cornering coefficient (C,) can be positive [9] and
also to avoid its negative impact on the final equation.
Therefore,

ary

C, = (6)

da g=0

Slip angle can also be expressed as the ratio of the
lateral velocities (V) to the rolling velocities (Uy). That
is:

a =V,/Uy (7)

Therefore, the front wheel and rear wheels lateral
velocities are expressed in equations (8) and (9)
respectively.

Vg =V 402,01, ©))
Vi =V =041, )
The rolling velocity is approximately equal to the
velocity of the vehicle, therefore:

Uy = U (10)
Combining equations (8-10) based on equation (7) the

front and rear slip angles become:

ap = V+!:]ZL1 (11)

ap =22 (12)

Combining equations (1) to (12), the equations of
motion then become:

m(V + 0,U) = — (SertZan)y _ (aler-tlator) (13)

: L1Cqr—2L3C
IZQZ=_(1¢1F 2taRr

U

U

)V _ (Licap+2L§caR) 0, (14)

U

If Uremains constant, the dynamic equation can be written in vector-matrix form:

™+ et

The determinant can be written in the form below.

Det

ms + (CLZF+ZCLZR)/U (LICLZF_ZLZCO.’R)/U + mU _
(LlcaF_ZLZCaR)/U

With the determinant expanded, the expression is the characteristic equation:
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(L1Cqr—2LCqR)?
ml,s* + ms (L Car+2L5Car) /U + 1,5 (Capt+2Can)/U + [(Capt2Car) /U] [(L5 Capt2L5Cap) /U] — 2200 —

U2

m(LCap—2LyCqr) =0 (17)

Rearrangement of the equation (17) results in equations (18) — (21):

ml,s? + [m (L3Cur+2L3C,41) /U + 1, (Cor+2Cor)/Uls +

+L3C2 o+ 413 [ p+2CqR L3Car+2CaR L3 Car —L3C? yp— 4L5C? g +4L2CaRrL1CaF

U2

—m(LyCap—2L,Cor) = 0 (18)

ml,s? + [m (L3Cur+ 2L5C,5) /U + I, (Cort2Coz)/Uls +

+2CaR L3Cap+2CqRr L3 Cap +4L5CqrL1Car

U2

ml,s? + [m (L3Cup+ 2L5C,1) /U + I, (Curp+2Coz)/U]s +

— M(L1Cap—2L,Cor) = 0 (19)

20qRrCar( L3+ Li+2L,L1)
U2

m(LyCar—2L,Cog) = 0 (20)

2
ml,s? + [m (L2 Capt 2L3Co0) /U + I, (Copt2Cap)/U]s + 2CxRCar Latl)” 1) ¢ 21.Cp) = 0(21)

Equation (21) is a second order characteristic
equation. For the system to be stable, the last
coefficient of the equation must be positive [8].
Therefore:

2C4RrCqr (L2+L1)?

U2 + m(szcaR - Llcap) > 0 (22)

At high speed, the first term on the left hand side of
equation (22) diminishes such that it can be written
as:

szcaR - Llcap > 0 (23)

The vehicle will understeer: it means that it will be
laterally stable.
If however,

szcaR - Llcap < 0 (24)

The vehicle will become unstable at a particular speed
based on equation (21) being equated to zero. This
condition is called oversteer.

With the aerodynamic reactions due to drag force
[10, 11] the value of L, will change to L,, and L, will
change to L,,, when the frontal height centre of the
aero pressure is greater than C.G. The values of
cornering coefficients will also change. Otherwise
equation (23) stands. The equation (23) with air-drag
becomes (under steady state velocity):

2L;aCara — L1aCapa >0 (25)

In motor vehicle dynamics, increase in normal load,
will increase the slip angle in an increasing manner
while lateral force will increase in a decreasing
manner because of viscoelastic nature of tyre
material. Therefore, cornering coefficient (which is
now being called cornering stiffness in recent
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literature, C,) deceases with increases in lateral
force. In addition, increase in normal load will
increase lateral force and decrease cornering
coefficient more proportionately (Goran et a/., 2013).
Consequently, from equation (23) if the Centre of
Gravity (C.G.) of normal load is at distance 2/3 from
front wheel, the cornering coefficient will be the same
in all the three tyres since the load will be same in
each tyre. The equation becomes:

2L, — L, =0 (26)

The vehicle will just be laterally stable.

For the same tyre, if the Centre of Gravity (C.G.) of
normal load is at distance less 2/3 of wheelbase from
the front wheel, the front cornering coefficient of the
front wheel will be less than each of the rear and also
2L> will greater than Li. Therefore, the vehicle will be
lateral stable at all speed [6]. Hence, equations (27),
(28) and (29) hold:

2LZCOtR 2 L1CaF (27)
CaR = CaF (28)
2L, > L, (29)

Since L, + L, = Wy the equation (29) becomes:

2 1
3 > — (30)

2> 2o (31)

Where, mg is the weight of the vehicle and 2F,; is
the weight of the rear wheels.

Equations (30) and (31) are referred to as Lateral
Stability Factor (LSF) for Delta Trike with two rear
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wheels. Therefore, it can be safely concluded that for
same tyre, the issue cornering coefficient in the
determination of lateral stability is not relevant, all
other things being equal. Lateral stability of a vehicle
can be enhanced, for example, by introducing tyres
with higher cornering coefficient or wider width at the
rear.

2.2.Test Procedure for Lateral Stability
Determination of TWV with Two Rear
Wheels
There are various test procedures for lateral stability.
The following are some of the methods for vehicle
testing: Weight test method [6] and ISO
(International Organization for Standardization) 4138
method (constant-speed test method, constant-
radius test method and constant steering-wheel
angle test method) [14]. For the purpose of
implementation of these tests in a developing
country, weight test method is recommended
because it is simple and less involving, though it may
not be the best method. For lateral stability of a delta
trike with the same tyre, the average weight of the
rear wheels must be less than the average weight on
the front wheel. That is, the rear wheels weight divide
by the total weight of the vehicle must be less than
2/3, which is the maximum lateral stability factor
based on equations (30) and (31).
UNILAG Fluid Mechanics Laboratory was used for the
static test. Items used for the test were: Weighbridge
(1,000kg Avery Scale with wooden platform), Digital
electronic scales (180kg), Camera, Engineering Tape
and Three TWST (Registration Numbers: BDG 252
QH, AGL7180, and AGL 532 QH).
The vehicles were mounted on the weighbridge in
turn as shown Figure 2. The readings were taken for
each of the vehicle and repeated to minimise reading
errors. Also taken were the weights of individual
wheels and necessary vehicle dimensions. The
average overall weights of the vehicles were
compared with the average of the sum of individual
wheels loads. The difference in weights was within
1kg or 0.28% of the average overall weights of
vehicles, which is not significant.
Dimensions taken from the vehicles were:
Wheelbase, wheel-track, horizontal distance from the
ground centre of front axle to driver back support,
horizontal distance from the ground centre of front
axle to the passenger back support, vertical distance
from the ground to the top of driver seat and vertical
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distance from the ground to the top of passenger
seat.

Fig. 2: Weighting of TWST in Fluid Mechanics
Laboratory, UNILAG

For the purpose of this work, 72kg weight for an adult
was adopted based on the random survey that was
carried out at Ogun State Property and Investment
Cooperation (OPIC) Estate Agbara, Nigeria.

3. RESULTS AND DISCUSSION
3.1. Lateral stability Static Test Results of
Model 2006

Tables 1- 4 show the static test results that were
obtained from series of test and calculations that
were carried, with the centre of gravity of an average
adult taken into consideration [19].

From Table 4, it can be deduced that the vehicle itself
without any occupant is laterally unstable. With the
driver alone the vehicle becomes stable. The reason
is quite obvious. The weight of the driver shifted more
load to the front wheel than the rear, bringing down
the value of lateral stability below the maximum
required. The result is line with that literature [1].
However, with passenger(s) at rear seat, more loads
were transferred to the rear wheels than the front
wheel because of the position of C. G. of the vehicle.
This made the vehicle to be laterally unstable.
Therefore, the non-compliance of the vehicle, in
terms of lateral stability is due mainly to the loadings
at the rear seat. It can be deduced from the variances
that the vehicle itself is laterally unstable and it will
suffer lateral instability with two occupants and
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above. Therefore, to say that a vehicle is laterally
stable when testing it with driver alone, based on ISO
4138 [14], will amount to overlooking the loads which
affects lateral stability. There may have been an
implicit assumption by ISO that the weight of
passengers is not significant when compared with the
weight of the vehicle. However, in this case the
weights of passengers were significant. From
equation (23) it can be seen that the factors that
affect lateral stability are the cornering coefficient
and load distribution. When the tyres are the same,
all other things being equal, the cornering coefficient
becomes irrelevant as seen from equations (29) (30)
and (31). Therefore, in this case of TWST where the
vehicle is laterally unstable, apart from redesigning
the vehicle, there are other requirements that can
specified to improve the lateral stability of the vehicle
based on those two factors. Some of them are:

Tyre type, height and width: Introducing tyres type

G. A. Asuelinmen, et al

impact positively on the lateral stability of the vehicle.
However, manufacturers of non-specialised vehicles
like TWST may not be too willing to adopt higher
height of tyres because it might increase its centre of
gravity. However, they may be willing to adopt the
ones with higher cornering coefficient or wider width
or both at the rear when compelled to ensure lateral
stability of their vehicles. If this happens, dynamic
test may be adopted in establishing veracity of their
claims.

The tyre pressure does affect lateral stability.
Increase in tyre pressure at the rear wheel more than
that of the front will impact positively on lateral
stability because cornering coefficient increases with
tyre pressure. To implement tyre pressure difference
on rear and front wheels of TWST in a developing
country may be not practicable.

Table 1: Average weight of TWST

with higher cornering coefficient, higher height or AVERAGE 359%g
wider width at the rear, like that of the racing car, will
Table 2: Average weight of wheel reactions of TWST
Front Wheel Left Wheel Right Wheel Total Rear Total Weight
Reaction in kg Reaction in kg Reaction in kg Weight in kg in kg
a b C b+c a+b+c
AVERAGE 108 115 135 250 358
Table 3: Weight and horizontal dimension of C.G. of occupants
S/N Item Weight in kg Horizontal distance of C.G. from the centre of front
wheel in m
1 Driver 72 0.9303
2 Passenger 72 1.6303
3 TWST 359 1.3928
Table 4: Lateral stability report for TWST
Item Occupants Total Weight on Actual Standard Variance Compliant (C) /
Weight of the Rear c/b b/a< 2/3 Non-compliant
Vehicle Wheels Maximum (NC)
a b C d e f g
1 0 359 250 0.697 0.667 -0.030 NC
2 1 = Driver 431 284 0.658 0.667 +0.009 C
3 2 = Driver + 1 503 344 0.681 0.667 -0.014 NC
Passenger
4 3 = Driver + 2 575 401 0.697 0.667 -0.030 NC
Passengers
5 4 = Driver + 3 647 460 0.711 0.667 -0.044 NC
Passengers
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The effect of curvilinear motion can impart negatively
on lateral stability of TWST. In extreme case of
vehicle manoeuvring, the vehicle may essential
become a two-wheel vehicle, thereby transferring
more load to the outer rear wheel, which will increase
lateral instability. Acceleration also transfers more
load to the rear wheel thereby increasing lateral
instability. These effects can be taken care off in the
selection of appropriate tyres for the rear wheels.
The effect of camber. Outward cambering will
increase lateral stability. In case of the redesign of
the vehicle, the effect cambering of the wheels
should be taken into consideration, including
suspension, and roll resistance.

There are other factors such as steering compliance,
gyroscopic couple due to road bumps, Coriolis force
due to curvilinear motion, etc. that could impact
negatively on lateral stability. All these will complicate
the initial models derived. Therefore, it would be
advantageous for now to stick to basic model, which
will of course lead to improvement in safety of life
and properties of stakeholders in developing
countries.

All said and done, as a temporary measure, the
current TWST could be fitted with tyres with higher
cornering coefficient and wider width like that of
racing car at the rear to improve their lateral stability.
Another option for lateral instability reduction is
ensure that maximum speed of vehicle, when moving
in straight line will not attain up that which could
cause lateral instability. However, this will limits its
commercial purpose of competing with four wheel
vehicle. Finally, there should be a major modification
of the vehicle at the initial stage of its design to be
lateral stability compliant. It could be noted that the
current trend in design of tricycle is to have two
wheels in front where the stability factors will
reinforce each other. However, its limitation is in the
number of occupants that can be accommodated,
which will defeat the commercial purposes of TWST.

4. CONCLUSION AND RECOMMENDATION

4.1, Conclusion

This study came up with lateral stability models,
which include static test procedure, for the design
and regulation of TWV (delta trike) in developing
countries, in order to enhance safety of life and
properties.

In addition, the test procedure based on the models,
were used in the analysis of the lateral stability of one
of the commonest TWST on Nigerian road. The
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vehicle was found to be laterally unstable with two
occupants and above. However, this instability could
be eliminated on the current TWST by introducing
tyres with higher cornering coefficient or wider width
at the rear. The ultimate solution lies in redesigning
of the vehicle at initial stage to take care of the
problem.

4.2. Recommendation

The TWST currently being used by developing
countries including Nigeria is not too safe in terms of
lateral stability due basically to the loadings.
Therefore, the following recommendations are made
to ensure its lateral stability:

That the Lateral Stability Factor should always be less
than 2/3 (with the loadings inclusive) either through
design or by the introduction of other safety
measures at the rear wheels.

ISO 4138 [14] could be modified to include all the
loadings for the purpose of testing vehicles worldwide
in order to enhance safety of life and properties.
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