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An experimental investigation is carried out in this study to investigate the efect of wheel alignment, particularly the front total
toe-in angle, on tire wear and emissions for a light-duty vehicle. Such investigations reveal that there is a substantial correlation
among rolling resistance, energy consumption, tire wear, tire travel life, and the total toe-in angle of the front wheel. It is observed
that the rate of loss in tire travel life with regard to a condition without misalignment is up to 98.33% when the front total toe-in
angle is out of alignment (ranging from 0.00° to 4.20°). It is found that rolling resistance increases by about 128.86%, while CO2,
CO, and NOx emissions rise by nearly 36.67%, 26.83%, and 31.25%, respectively, as the front total toe-in angle increases from 0.00°
to 4.20°. Te experimental results also reveal that tire circumferential groove wear is observed at 0.04mm after the vehicle’s
travelling distance of 500 km, where the front total toe-in angle is 0.00°, and the tire travelling life is 92250 km. In addition, the tire
circumferential groove wear is investigated as 2.40mm after the vehicle’s travelling distance and tire travel life are recorded to be
3,500 km and 1537.50 km, respectively, due to the occurrence of misalignment (the front total toe-in angle is 4.20°). Finally,
a regression model is proposed using the test data. Such a model would be useful to explain the relationship between the related
factors and determine the rate of tire wear and emissions. It is noteworthy that the wheels should always remain aligned in
accordance with the manufacturer’s specifcations in order to ensure optimal performance and longevity of the tires

1. Introduction

Motor vehicles are essential modes of transport in daily life.
With the advancement of automotive technology, the
travelling speed of an automobile has signifcantly increased;
however, the vehicle’s safety and stability are continually
discussed today. Automobile safety and stability depend on
a variety of factors, tires being one of them. Tires are a key
subsystem of vehicles responsible for comfort, fuel con-
sumption, and trafc safety. It is a primary component that
directly interacts with the road surface. Its main job is to
guide the wheel on the road and support the associated
forces. Despite the pavement’s roughness and the vehicle’s
dynamic motion, the tire bears a combined force, encom-
passing longitudinal, lateral, and vertical forces. Te tire

becomes worn out rapidly due to the combined efects of
pitch, roll, or yaw. In the past, researchers [1–3] have focused
on tire wear reduction for enhanced tire life and increased
vehicle fuel efciency. Xu et al. [4] demonstrated that tire life
is inferred when the tread is worn to a minimum depth or
becomes irregular. Patrick [5] has investigated and found
that about 75.4% of the tires assessed had uneven wear
profles due to incorrect tire-road contact efects. It is also
confrmed that incorrect tire-road contact is associated with
irregularities in the pavement surface. Te researchers in
[6, 7] have also shown that tire safety and road vehicle
stability, as well as driver and passenger satisfaction, are
related to tire quality, tire material, appropriate tire size, and
inadequate tire characteristics. According to previous re-
search [3, 8–12], most researchers measured tire wear using
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various approaches, such as the fnite element method
(FEM) and the analytical method, with most case model-
based analyses supporting the experimentally measured
data. Te quantity of tire wear is predicted numerically for
use in tire design [11]. Te tire dynamic rolling analysis of
a 3D-patterned tire model computes the tire frictional en-
ergy rates produced in each driving mode. Based on labo-
ratory testing of rubber abrasion, a power function wear
model has been presented in [3, 13, 14] to test uneven tire
wear. It involves applying a single layer of refective paint to
the tread surface by spraying and measuring the intensity of
light refected from a matrix of blocks on the unworn tire. Li
et al. [15] analyzed tire wear based on various factors such as
speed, ambient temperatures, tire pressure, and sprung
mass. Pan et al. [16] suggested a new multiaxle steering
vehicle (MSV) kinematics model to achieve more than 30%
reduction in tire wear on multiaxle heavy commercial ve-
hicles. Based on route data and a vehicle model, Lepine et al.
[17] introduced a novel empirical tire-wear model that can
be employed to estimate tire wear for multiaxle vehicles.
Gohane et al. [18] suggested several approaches for reducing
tire wear, including the use of fuzzy logic, alignment
techniques, and tire sensing. Tey also showed that by using
an automated tire monitoring and infation system, proper
tire pressure can be maintained better to meet the safety and
stability of the vehicle. Among the various models, the
elasto-kinematic axle is a relatively good match with the
experimental results.

Uneven tire wear, on the other hand, has a more sig-
nifcant impact on vehicle safety. Te typical source of this
issue is commonly attributed to wheel misalignment and
imbalanced tire pressure, either being underinfated or
overinfated. Further, improperly aligned wheels can poten-
tially damage vehicles’ axles, springs, and shock absorbers and
lead to faster tire wear. Many modern passenger vehicles are
equipped with diferent wheel alignment techniques for se-
curity reasons [19–21]. Te primary purpose of the wheel
alignment is to ensure the vehicle runs in a straight line and in
the correct position without pulling to one side or the other
[20]. Te diferent characteristic angles of diferent types of
tires can be determined by adjusting their angle of rotation,
which can greatly increase fuel performance, tire longevity,
and driving satisfaction. Young et al. [21] have found that an
appropriate adjustment of wheel characteristic angles can
considerably improve the vehicle’s fuel efciency and tire
wear resistance. Das et al. [6, 22–25] have developed a re-
lationship between various factors and the alignment of the
wheels. Tey have experimentally investigated how the fuel
consumption of an automotive vehicle depends on several
factors. It is noted that improper alignments, such as toe-in
and toe-out, camber, and caster, ofered tire wear. However,
toe-in and toe-out angles had signifcantly more tire wear
than others. Tis misalignment occurs as a result of the
sudden shock that appears due to the abrupt application of the
brakes when the vehicle drives on the road surface. In [26], the
authors have shown that wheel slip angle (toe angle) has
a negative efect on rolling resistance. With a few degrees of
slip, the rolling resistance coefcient can almost double, which
leads to rapid tire wear that is not anticipated. Interestingly,

many people are not concerned about wheel misalignment in
their daily driving and are not focused on tire wear until and
unless it has ruptured or worn out. Te truth is that they are
ignorant of how lousy wheel alignment afects a vehicle’s
performance and its relationship to fuel economy. Also, there
is a dearth of statistical information in the open literature
about tire wear caused by wheel toe-angles.Tus, the research
work in this study explores the efect of wheel alignment,
especially the front total toe-in angle, on tire wear and tire
travel life for a light-duty vehicle. Te test will also be per-
formed to examine the relationship betweenwheel alignments
(front total toe-in angle), rolling resistance, and CO2, CO, and
NOx emissions for light-duty vehicles.

2. Experimental Setup and Test Condition

2.1. Wheel Alignment. Wheel alignment is the process of
adjusting the angles of the wheels, so they are perpendicular to
the ground and parallel to each other. Wheel alignment
functions are related to the caster, camber, toe-in and toe-out,
kingpin inclination, turning radius, etc. In this study, only the
front total toe-in angle (as shown in Figure 1) is considered to
examine tire wear and emissions (CO2, CO, and NOx) for
light-duty vehicles. It is important to note that the toe angle is
the key factor responsible for vehicle stability, performance,
and tire life, despite other wheel alignment functions. Te
initial step of the experimental analysis involves a manual
inspection of all components related to the alignment of the
wheel’s toe angle. Te vehicle is then aligned through
a computer-assisted wheel alignment machine, the E-Modern
(Best-5800), as shown in Figure 1. Due to the proper ar-
rangement of the experimental setup in the above procedure,
the vehicle is on a level surface. Te wheel alignment ma-
chine’s cables are connected, and once the alignment turn-
table locks are unlocked, the car is positioned in the alignment
pit.Te sensor connection boards are connected to each of the
four wheels. After that, the steering wheel is turned to adjust
the wheel’s position and attach the steering handle holder.
Finally, the wheel alignment is thoroughly checked by pre-
cisely adjusting the front toe-in angle and capturing detailed
images. In this setup, the open-end wrench is used to adjust
the tie rod and push rod functions to adjust the front toe-in
angle, and the measured data are stored on a computer drive.
As mentioned below, the vehicle’s characteristics, the sus-
pension’s condition, the engine’s cylinder performance, and
other alignment parameters are considered while measuring
the correct front total toe-in angle.

2.1.1. Experimental Test Conditions

Weather temperature: 20.06°C to 37.63°C
Humidity: 29.0% to 85.67%
Engine outer temperature: 77.97°C to 82.73°C
Number of test runs, n� 5
Road condition: Fair pavement
International Roughness Index (IRI) value: 1.8
Pavement Condition Rating (PCR) value: 72.32% [27]
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2.1.2. Tire Particulars

Tire size: 165/80R13
Brand: Maxxis, DOT, 20E9, EEC, 2721, SNI (83T), (E4),
027277, S2WR2, 0285667
Tubeless Radial, Max. Load: −487 kg (1074 lb); Max.
Pressure: −44 psi (300 kip), MA-P₃-04
Tread: 1 Polyester + 2 Steel + 1 Nylon Sidewall: 1
Polyester, Made in Tailand

2.1.3. Vehicle Particulars

Vehicle Model: TOYOTA COROLLA-2E-86
Engine displacement: 1300 cc; Vehicle weight: 830 kg
Air conditioning system: Non-air conditioning
Gear condition: Manual transmission
Tire pressure (front and rear wheels): 40 psi
Vehicle speed: 40 km/hr
Te driver and one passenger weight� 125 kg

2.1.4. Engine Cylinder Performance Conditions. Te per-
formance of cylinders 1, 2, 3, and 4 is 78.84%, 79.37%,
79.37%, and 77.78%, respectively.

2.1.5. Suspension Conditions

Front left and right suspension weights: 1.43 kN and
1.53 kN, respectively.
Te adherences of the front left and right are 50% and
45%, respectively.
Rear left and right suspension weights: 1.24 kN and
1.34 kN, respectively.
Te adherences of the rear left and right are 42% and
19%, respectively.

2.1.6. Alignment Conditions

Front total toe-in angle (α)� α1 + α2
Where α1 = Front left toe-in angle (°), α2 = Front right
toe-in angle (°)

Te left and right Caster angles are 0.12° and 0.10°,
respectively
Te left and right Camber angles are 0.17° and −0.25°,
respectively

2.2. Determination of the Rolling Resistance and Energy
Consumption. Rolling resistance refers to the force that
opposes the motion of a tire as it rolls on a road surface due
to the deformation of the tire [28]. Te following equation is
used to calculate the rolling resistance (RR):

RR � μRRC × Wv, (1)

where μRRC is the rolling resistance coefcient and Wv is the
vehicle weight.

Developing a formula that takes into account all vari-
ables afecting rolling resistance is a highly complex task due
to the numerous factors involved. Researchers have de-
veloped several equations over the years to estimate rolling
resistance. Te study considers the slip/toe angle graph by
Clark et al. [29] as a reference and utilizes the rolling re-
sistance coefcient (μRRC) in conjunction with it. Using the
graph, a general polynomial equation of 2nd order
(y � ax2 + bx + c) is considered, where x is the toe-in angle
(α) and y is the rolling resistance coefcient (μRRC). As
a result, equation (2) is converted to

μRRC � aα2 + bα + c. (2)

Te absolute values of the front total toe-in angle (α) and
rolling resistance coefcient from Clark et al. [29] can now
be used to estimate a, b, and c by solving the above second-
order polynomial equation through the least square method.
Ten, the equation can be written as

μRRC � 0.0015α2 + 0.000143α + 0.021. (3)

Te values of the front total toe-in angle of 0.00°, 0.40°,
1.00°, 1.60°, and 4.20° are now entered into equation (3). Te
rolling resistance coefcient is then found to be 0.021, 0.021,
0.023, 0.025, and 0.048, and the rolling resistance is found to
be 196.74N, 199.52N, 212.13N, 234.86N, and 450.26N,
respectively.

Te amounts of energy consumption listed in Table 1 can
also be calculated using a simplifed equation as

Ec � RR × Td( 􏼁. (4)

In the current study, a light-duty Toyota Corolla-2E-86
vehicle is taken into consideration to examine the impact of
wheel front total toe-in angle on tire wear and emissions
(CO2, CO, and NOx). In the experiment, the rolling re-
sistance and other parameters (listed in Table 1) are cal-
culated using equations (3) and (4) based on the total toe-in
angle of the front wheels

2.3. Exhaust Emission Measurement. Exhaust gas emission
measurement can be done through laboratory or feld
testing using diferent methods. However, laboratory

α1

α2

N

VW

RR

Figure 1: Experimental setup of vehicle wheel alignment system
with wheel alignment machine (Best-5800).
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testing methods are more complex and repeatable as they
utilize precise and sophisticated equipment. On the other
hand, feld testing is more straightforward. Tis exper-
imental analysis used a portable emission measurement
system (PEMS) to measure exhaust emissions [30, 31].
During the emissions’ test, the front toe-in angle was frst
adjusted to 0.00° and the engine RPM was recorded while
the vehicle was driving at 40 km/h, as shown in Table 1.
Te exhaust gas emissions, namely, CO2, CO, and
NOx,were then measured using a portable K-Kane
AUTOPlus Gas Analyzer (manufactured by Distek) at
that particular engine speed. Te Gas Analyzer was
calibrated prior to the experiment. Similarly, the exhaust
emissions were measured at the front toe-in angles of
0.40°, 1.00°, 1.60°, and 4.20°, respectively, as a function of
the engine speed during the experiments.

2.4. Tire Wear Estimation. Tis analysis uses the Maxxis
brand tire (165/80R13), which features two types of grooves
in its tread: lateral grooves and circumferential grooves.
After each set of test runs, the tire wear is measured using
a digital depth gauge (manufactured by Insize), as shown in
Figure 2. Tree sets of repeated data are measured for each
test over a period of time to determine an average and
reduce the amount of error in the results. Te tire wear is
measured based on the wheel front total toe-in angle (as
shown in Table 1) with a tire pressure of 40 psi and vehicle
speed maintained at 40 km/hr. For the analysis, we use the
fair road pavement condition with an International
Roughness Index (IRI) value of 1.8.Te tests are carried out
at midnight on a quiet, car-free road without signifcant
braking or acceleration.

During the tests, other parameters such as weather
temperature (ranging from 20.06°C to 37.63°C), humidity
(29.0% to 85.67%), and engine outer temperature (77.97°C
to 82.73°C) are also measured. In the frst case, the depth
of the lateral and circumferential grooves is measured
using an electronic digital tire tread depth gauge after
a travel distance of 500 km with one driver and one
passenger at a 0° front total toe-in angle. Te depth of the
grooves is then measured by the change in the front total
toe-in angle of 0.40°, 1.00°, 1.60°, and 4.20°, respectively,
with a travel distance of 1000 km, 1500 km, 2000 km, and
2500 km. Tese measurements are shown in Table 2.
Initially, two new tires were mounted on the front wheels
before the experiment started, and the toe angle of the
front wheel was set to 0.00°. Ten, tire wear is measured
after 500 kilometers of driving in this setting. Likewise,
replace the old front wheel tires with new ones before each
test. Hence, throughout the experiment, a total of 10 new
tires were utilized. A light-duty vehicle weighing 955 kg,
including the driver and one passenger, is used for all
tests. It is important to note that a number of factors, such
as wheel alignment, road conditions, load, vehicle speed,
braking, operating conditions, tire material, etc., afect tire
wear. Since the tests are carried out in relatively controlled
conditions, other factors that might afect tire wear are
assumed to be minimal.

3. Results and Discussion

Te experiment is carried out under steady-state test con-
ditions (i.e., constant load, speed, and tire pressure), with the
only variation in slip angle taken into account being the
wheels’ front total toe-in angle, which is thought to be the
most critical factor that afects the tire wear of the vehicle. As
a function of the front total toe-in (left and right) angle, the
tests have recorded engine RPM (measured using a ta-
chometer) and emissions (measured using a K-Kane AUTO
plus Gas Analyzer). Rolling resistance and energy con-
sumption are calculated for each experiment, as shown in
Table 1 and graphically illustrated in Figures 3 and 4. Te
experimental investigations show that the engine RPM,
rolling resistance, rolling resistance coefcient, energy
consumption, tire wear, and emissions’ rate increased with
an increased front total toe-in angle. Figure 5 shows that the
engine RPM increased as the vehicle’s front total toe-in angle
increased. It is well known that an increase in the toe-in
angle causes the rolling resistance to increase more rapidly,
as shown in Figures 3 and 6. Tis is likely due to the lateral
acceleration over the curve and the surface’s local stifness.

It should be noted that the variation in tire vertical load
also infuences the stifness or lateral force of the tire during
cornering [32]. However, the rolling resistance generated is
also dependent on a variety of factors, such as vehicle type,
tire properties, tire materials, operating conditions, etc. It is
noted that increasing the toe-in angle of the wheels results in
greater rolling resistance, which requires an increase in
engine speed to maintain a consistent vehicle speed. Hence,
energy consumption would be higher as more fuel was
burned (Figure 4). As a consequence, the rate of emissions
increases. When the front total toe-in angle is set to 0.00°
(Figures 7–9), the emissions for octane are 3% (30,000 ppm)
CO2, 3.03% (30,300 ppm) CO, and 32 PPM NOx. When the
front total toe-in angle is raised to 4.20°, the emissions rise to
4.1% (41,000 ppm), 3.83% (38,300 ppm), and 42 PPM, re-
spectively. It is worth noting that low-rolling resistance tires
may help reduce CO2 and NO emissions, as well as local
pollutants like CO emissions from gasoline engines. It is also
pointed out that reducing energy consumption is a national
goal for a number of reasons, including improvements in air
quality and reductions in greenhouse gas emissions. A
survey report at the University of British Columbia in
Canada has shown that a 10% variation in the coefcient of
rolling resistance of a tire will result in 1.5–2% lower CO2
emissions per ton of carbon dioxide (CO2) [14, 33]. Due to
the misalignment of the front total toe-in angle from 0.00° to
4.20°, there has been a signifcant increase in engine RPM,
rolling resistance, CO2, CO, and NOx emission by 30.53%,
128.86%, 36.67%, 26.83%, and 31.25%, respectively, as
shown in Table 1.

Te results in Figures 3–6 suggest that the front total
toe-in angle strongly correlates with rolling resistance. It is
also observed that tire rolling resistance signifcantly impacts
vehicle tire life and emissions. Uneven tire wear, especially
on the outside edges of the tires, can result from toe-in
misalignment. Tis is due to the fact that the inside edges of
the tires are actually travelling a shorter distance than the
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outside edges, which causes more friction and heat to be
produced there. Furthermore, excessive toe-in can cause
a car’s tires to rub or drag on the pavement. Tis can have
a detrimental efect on handling and fuel efciency, as well as
increase tire wear. However, it should be noted that a pos-
itive toe angle (toe-in) benefts vehicle stability when driving
straight. Whereas, Yurko [34] has been reported to say that
a bit of change in toe-in angle (0° to 0.5°) should cause only
a minimal increase in rolling resistance. Tus, it can be
concluded that little changes in toe angle can be allowed;
however, more changes in the toe angle lead to rapid in-
creases in tire wear and emissions, which are not
recommended.

Tis study looks at how changes in the vehicle’s front
total toe-in angle afect uneven tire wear. To do this, tests and
estimates of tire groove wear are done under fve diferent
test conditions, which are listed in Table 2 and shown
graphically in Figures 10 and 11. It should be noted that tire
wear depends largely on the cornering forces, which are
mainly developed by the efect of suspension and steering
geometry on the slip angles of the two front wheels [35]. In
Figure 10, the tire circumferential grooves’ wear increases as
the wheel front total toe-in angle increases. Te trial fndings
revealed that the tire circumferential groove wear is observed
to be 0.04mm after the vehicle’s travel distance of 500 km
when the front total toe-in angle is at 0.00° (Table 2). In that
case, the tire travelling life is found to be 92250 km, where
the tire wear increment rate and tire travelling life reduction
rate at total toe-in angle at 0° are considered to be 0%.

On the other hand, while the front total toe-in angle
reaches 4.20°, the tire circumferential groove wear is ob-
served to be 2.40mm after the vehicle’s travelling distance of
3,500 km, and the tire’s travel life is reduced to approxi-
mately 1537.50 km (Figure 12). Tereby, it is observed that
due to misalignment of the front total toe-in angle (from
0.00° to 4.20°), the tire travel life is approximately 90712.5 km

less for the same tire size. Te tire life reduction rate is about
98.33% (Figure 12), which increases the cost by about 3.7 TK
(BDT) per kilometer of travel. It is also seen that the tire wear
increment rate is minimal up to the front total toe-in angle of
1.6°; however, further increases in the front total toe-in angle
can cause a much faster increase in tire wear. It is worth
mentioning that the toe angle over 1 degree is rarely used on
vehicles; however, in the worst-case scenario, the 4.20° toe-in
angle has been used in this study. Figures 10 and 11 show
that circumferential groove wear is more severe, particularly
in LG1 and CG1. Figure 13 shows the passenger car tires with
asymmetric wear at a diferent total toe-in angle. Te cir-
cumferential grooves CG1–CG3 (Table 2) showed nearly
similar wear patterns. Te minimum groove wear is ob-
served at the tire’s inside lateral groove (LG2) compared to
the outside lateral groove (LG1). In cases of misalignment of
the toe-in angle, tire wear primarily began from the outer
shoulder to the inner shoulder of the tire. Te outside of the
tread wears out much faster for a front tire with an excessive
toe-in (4.20°) in Figure 13(a). It is also observed that if one’s
hand rubs through worn-out tread (from inside to outside
and vice-versa), he or she will experience smoothness from
outside to inside. However, sharp edges on the inside edges
of the tread are observed. In either case, the tread wear is the
same around the tire, and both tires showed the same type of
asymmetrical wear. It can be seen that outside and inside
shoulder wear around the tire depends on the wheel’s front
toe angle. Te experimental result is well in agreement with
the theoretical wear pattern for the toe-in angle of the
wheel [36].

Te experimental result is further verifed using Pear-
son’s correlation coefcient. Te Pearson correlation co-
efcient (r) is the most often usedmethod for fnding a linear
correlation. Te magnitude and direction of the relationship
between two variables are stated as numbers ranging from
−1 to 1. Pearson’s correlation coefcient can be defned as

Tire outside lateral
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Tire circumferential
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Tire circumferential
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Figure 2: Tire marked for wear measurement.
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Te correlation coefcient (rαtcg
) is found to be 0.97 for

front total toe-in angle and tire circumferential groove wear,
and the correlation coefcients (rαECO2

), (rαECO
), and (rαENOX

)
are found to be 0.98, 0.91, and 0.88 for front total toe-in angle
and CO2, CO, and NOx emissions, which is within the range
of 1< rαtcg

> 0.75 [37]. It demonstrates a strong positive
correlation among front total toe-in angle, tire wear, and
emissions (CO2, CO, and NOx) for light-duty vehicles.

4. Data Analysis and Correlation Development

4.1. Regression Analysis. It is found in the literature [8, 11]
that most researchers have discussed their research out-
comes using various models where the experimental results
support the case model-based analyses. Apart from various
models, a regression analysis is one of the most powerful
statistical methods for examining the relationship between
two or more variables of interest. Te most frequently
employed method by sociologists is the linear equation. As
a result, the multiple linear regressions can be written in the
following form:
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Y � a + b1X1 + b2X2 + b3X3 + · · · · · · · · · · · · + bkXk, (6)

where Y is the dependent variable to be determined; X1,
X2, X3,. . ., Xk are the known variables on which the
predictions are to be made, and a, b1, b2, b3,. . ., bk are the
coefcients to be determined through the least squares
method.

In this study, the analysis of variance (ANOVA) is
employed to determine the level of signifcance of the efect
of wheel front total toe-in angle on tire wear and CO2
emissions. Tables 3 and 4 present sample ANOVAs for tire
wear and CO2 emissions with respect to the total toe-in angle
of the front wheel. Te mean efects of wheel front total toe-
in angle on tire wear and CO2 emissions are highly sig-
nifcant at the 0.01 probability level.

Te experimental method was developed based on the
concepts of Singh and Taheri [38] and Kim and Lee [39],
which focused on the regression model and the wheel
alignment inspection process. Regression analysis is carried
out to determine the best prediction equation describing tire
wear and CO2 emissions in relation to the wheel front total
toe-in angle. Regression models are chosen according to
their best R square and their level of statistical signifcance. It
was found that the proposed regression model maintained
a good correlation with the experimental data for the de-
pendent variables (tire wear and CO2 emissions) and the
independent variables (front total toe-in angle, engine RPM,
rolling resistance, rolling resistance coefcient, and energy
consumption). Te following correlation models in terms of
diferent factors, such as front total toe-in angle, engine

4.20°

Tire inside lateral
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)Tire circumferential
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Figure 13: A photographic view of tire wear at diferent front total toe-in angles (a) at 4.20° and (b) at 0.40°, 1.00°, and 1.60°.
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RPM, rolling resistance, rolling resistance coefcient, energy
consumption, tire wear, and CO2 emissions, are developed
by defning their relationships.

4.1.1. Efect of Wheel Front Total Toe-In Angle on Tire Wear.
Based on experimental data, nine diferent correlation
models are developed using the regression method, which
are (i) Model 1: correlation between front total-in angle and
tire wear; (ii) Model 2: correlation between engine RPM and
tire wear; (iii) Model 3: correlation between rolling re-
sistance coefcient and tire wear; (iv) Model 4: correlation
between rolling resistance and tire wear; (v) Model 5: cor-
relation between energy consumption and tire wear; (vi)
Model 6: correlation among the front total-in angle, engine
RPM, and tire wear; (vii) Model 7: correlation among the
front total-in angle, rolling resistance coefcient, and tire
wear; (viii) Model 8: correlation among the front total-in
angle, rolling resistance, and tire wear; (ix) Model 9: cor-
relation among the front total-in angle, energy consumption,
and tire wear.

Each regression model is subjected to a total of fve tests.
Te R square, adjusted R square, and p values of the cor-
responding regression model are shown in Table 3. Tis
value is found to be 0.9272 in model 1. It can be said that the
front total toe-in angle explains 92.72% of the variation in
the tire wear rate. It is observed that the values of R2 and
adjusted R2 are 0.9272 and 0.9029, respectively. Tese values
are very close, and the p values are less than 0.05, indicating
a perfect relationship between front total toe-in angle and
tire wear. Based on the statistical analysis, it has been de-
termined that making changes to the front total toe-in angle
from 0.00° to 4.20° shows a substantial correlation with the
change in tire wear rate. Te correlation coefcient value
between these two variables is approximately 92.72%, in-
dicating that there is a strong relationship between them.
Tis fnding suggests that changes in the front total toe-in
angle can signifcantly impact the tires’ longevity and
performance.

Similarly, models 2 to 9 show a true relationship between
the dependent and independent variables that predict the
tire wear rate. Te correlation R square values of 85.41%,
99.84%, 99.82%, 99.82%, 94.24%, 99.93%, 99.91%, and
99.91% for models 2, 3, 4, 5, 6, 7, 8, and 9, respectively, were
tending towards 1. Hence, the developed regression model
can be used to explain the variation in tire wear.

4.1.2. Efect of Wheel Front Total Toe-In Angle on CO2
Emissions. Likewise, nine diferent correlation models are
developed using the regression method in terms of the
impact of wheel front total toe-in angle on CO2 emissions,
which are (i) Model 1: correlation between front total toe-in
angle and CO2 emissions; (ii) Model 2: correlation between
engine RPM and CO2 emissions; (iii) Model 3: correlation
between rolling resistance coefcient and CO2 emissions;
(iv) Model 4: correlation between rolling resistance and CO2
emissions; (v) Model 5: correlation between energy con-
sumption and CO2 emissions; (vi) Model 6: correlation
among the front total toe-in angle, engine RPM, and CO2

emissions; (vii) Model 7: correlation among the front total
toe-in angle, rolling resistance coefcient, and CO2 emis-
sions; (viii) Model 8: correlation among the front total toe-in
angle, rolling resistance, and CO2 emissions; (ix) Model 9:
correlation among the front total toe-in angle, energy
consumption, and CO2 emissions.

Te corresponding R square, adjusted R square, and p

values of the regression model are shown in Table 4. In
Table 4, the value is found to be 0.9640. Tus, it can be said
that the front total toe-in angle explains 96.40% of the
variation in the CO2 emissions rate. It is also seen that the
values of R2 and adjusted R2 are 0.9640 and 0.9510, re-
spectively; these values are very close, and the p values are
less than 0.05, by which it can be claimed that the re-
lationship between the front total toe-in angle and CO2
emissions is acceptable. Similar results are obtained for
models 2 through 9, respectively. Te correlation R square
values of 99.90%, 86.50%, 86.50%, 86.50%, 99.90%, 97.30%,
97.30%, and 97.30% for models 2, 3, 4, 5, 6, 7, 8, and 9,
respectively, are approaching to the value of 1.Terefore, the
developed regression model can explain the variance of CO2
emissions.

5. Conclusions

Te presented research work has analyzed the efect of wheel
alignment (front total toe-in angle) on tire wear, tire travel
life, and emissions (CO2, CO, and NOx) for light-duty ve-
hicles. Based on the analytical and experimental fndings, the
outcomes are summarized as

(i) Te angle rate, engine RPM, rolling resistance,
energy consumption, and emissions rate increased
as the vehicle’s front total toe-in angle increased.

(ii) Te experimental results show that the front total
toe-in angle strongly correlates with rolling re-
sistance. Tire rolling resistance has been observed
to impact vehicle tire life and emissions consid-
erably. Te results show that the rate of increase in
rolling resistance is found to be about 128.86%,
and the rate of CO2, CO, and NOx emissions is
increased by nearly 36.67%, 26.83%, and 31.25%
for the car as the front total toe-in angle increases
to 4.20°.

(iii) In cases of misalignment of the toe-in angle, it has
been found that tire wear primarily began from the
outer shoulder to the inner shoulder of the tire. Te
outside of the tread wears out much faster on a front
tire with an excessive toe-in (4.20°).

(iv) It has been observed that due to misalignment of the
front total toe-in angle (from 0.00° to 4.20°), the tire
travel life is approximately 90712.5 km less for the
same size of tire and the tire travel life reduction rate
is about 98.33%.

(v) It has been found that the proposed regression
models have maintained a good correlation between
a dependent variable and an independent variable
with the experimental data.Te correlation R square
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values for the models are tending towards 1. Hence,
the variance in tire wear and emissions can be
explained by the developed regression model.

According to the observations, a proper wheel align-
ment, especially the manufacturer’s standard toe-in angle,
can signifcantly improve the tire’s travel life, reduce the
total emissions for the light-duty vehicle, and make pas-
sengers safer and more comfortable. Terefore, it is rec-
ommended to maintain the standard front total toe-in
angle at all times for better tire life and lower exhaust
emissions.

Nomenclature

α: Values of the front total toe-in angle (°)
α: Mean of the values of the front total toe-in

angle (°)
tcg: Mean of the values of the tire

circumferential groove
rαtcg

: Pearson’s correlation coefcient for front
total toe-in angle and tire circumferential
groove

μRRC: Rolling resistance coefcient
(dimensionless)

tcg: Tire circumferential groove (mm)
Vs: Vehicle speed (km/hr.)
RR: Rolling resistance (N)
Wv: Vehicle weight (N)
Td: Traveling distance (km)
Tp: Tire pressure (psi)
Ec: Energy consumption (KJ)
αt: Slip/toe angle (°)
RPM: rev/min
LG1: Tire outside lateral groove (mm)
LG2: Tire inside lateral groove (mm)
CG1, CG2, CG3,
CG4:

Tire circumferential groove (mm)

Ttl: Tire travelling life (km)
Tcgd: Tire circumferential groove depth (mm)
Tw: Tire wear (mm)
IRI: International roughness index
PCR: Pavement condition rating.
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