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ABSTRACT

A new interest in the field of dynamic response analysis is expanding as the number of
accidents involving the all-terrain vehicles (ATV) are increasing in daily life. All-terrain vehicles
are four wheeled motorbikes made for off-road utilities and recreation. The vehicle safety is an
important feature to the public and automotive industry. Accident statistics show that deaths have
been increasing year after year for this category of ATV accidents. This is due to several factors
including, unsupervised and careless driving habits of the human beings and tendency of these
vehicles to undergo unsafe dynamics. Rollover and Frontal flips are two of the table toppers in this
category of injuries.
The aim of this thesis is to reconstruct the dynamic response of an all-terrain vehicle and
its driver in typical crashes. First the dynamics of the vehicle on an uneven road is examined. Next,
among all the crash causes, two types of crash simulations; i.e., side rollover and frontal flip are
considered. These simulations are carried out using the multibody dynamics simulation tool MSCADAMS and the occupant safety design analyzing tool MADYMO. The primary tasks of this
thesis are (i) creating an ATV computer model, (ii) creating three different tracks for uneven road
performance, roll over and frontal flip simulations (iii) including a hybrid III 50th percentile
dummy to analyze the potential injuries and fatalities in these events. The results are analyzed and
compared with the awareness of various specifications. Overall the study indicates that the ATV
accidents could pose significant potential for injury and fatality to the driver.
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CHAPTER 1
INTRODUCTION
1.1

Background
The all-terrain vehicle (ATV) is a four-wheeled motorcycle also familiar as quad bike

designed to be used on different types of unpaved contours. American National Standard Institute
and Consumer Product Safety Commission characterize the vehicle as an off-road motorcycle with
3 or 4 low-pressure tires [1]. There has been an accelerated increase in the use of All-terrain
vehicles all over US in both recreational and work function such as military, agriculture and many
more. The use of ATVs shot from 1.8 million to 10.6 million from 1990 to 2010 and according to
Power Sports Business, around 11 million ATVs were on road. Major Manufacturers of the allterrain vehicles are Honda, Yamaha, Suzuki, Polaris, Kawasaki and many more. These
Manufacturers provide several variants in All terrain vehicles and they sell about 800,000 to 900,
000 units every year. Figure 1.1 shows a standard all-terrain vehicle.

Figure 1.1. Standard all-terrain vehicle [20].
ATVs are also used for racing. Pro riders race on indoor and outdoor tracks. Over the years
the design of the ATVs has been developed and made more reliable and fast. There are different
models based on suspensions (dual suspension, IRS- independent Rear suspension), engine type
1

(two-stroke, four stroke, air cooled and liquid cooled) and body types. Increase in the ATVs has
increased the market of the safety products such as helmets, hand gloves, body gear, leg pads and
few more.
As the number of ATVs has increased, directly proportional to it, the rate of accidents has
also increased. The CPSC (Consumer Product Safety Commission) estimated 97,200 ATV-related
injuries treated in emergency departments all over US in 2015 and 93,700 in 2014, as shown in
Table 1.1 [2,6]. Table 1.2 shows the total number of deaths reported were 14,129 in 2015 and
13,617 in 2014. To focus on the arbitrary dangers of injury and deaths associated with the ATVs,
the Consumer Product Safety Act (“CPSA”) and the Federal Hazardous Substances Act (“FHSA”)
proposed rules with reference to the mechanical operation of the all-terrain vehicles and
specifications to provide safety information and training. These commissions expect that the
proposed rules are required to address the excessive risk of deaths and injuries with respect to
ATVs [3].
TABLE 1.1
REPORTED ALL-TERRAIN VEHICLE RELATED INJURIES FOR PERIOD 2007 TO
2015 [2]

2

TABLE 1.2
REPORTED ALL-TERRAIN VEHICLE RELATED DEATHS FOR PERIOD 2005 TO
2015 [2]

1.2

Regulations
The American National Standard Institute began developing standards for four-wheel all-

terrain vehicles in 1985, The first Standard of the American National Standard Institute was
approved in 1990 which formulated the qualifications for configuration, equipment, and
performance of the ATV. It defined the various categories of ATVs and the standards created had
to be implemented and followed by the manufacturers. Few tests conditions and procedures for
braking, speed, pitch stability and sound levels were conducted as a standard. This was defined in
the ANSI/SVIA-1-200X which created with reference to Code of Federal Regulations and the
Federal Motor Vehicle Safety Standards (FMVSS) [4].
The members of Specialty Vehicle Institute of America developed the Standards of the
ANSI. The Consumer Product Safety Commission under the Federal Register proposed rules with
respect to Consumer Product Safety Act (“CPSA”) and Federal Hazardous Substance Act
(“FHSA”), which is directing the all-terrain protocol in the United states and is also authoritative
for the approval for manufacturing, production, the operation of the ATV. The CPSC Federal
3

Register 16 CFR Parts 1307,1410,1500 and 1515 proposed rules with respect to the training and
safety of the riders of the all-terrain vehicles considering the risk of injury and deaths [5].
The Vehicle Dynamics Division of the SEA ltd. in Ohio test for vehicle characteristics
measurements of ATV and ATV baseline vehicle testing for the Consumer Product Safety
Commission [7]. The tests include laboratory tests such as tilt table test, steering ratio test and
dynamic tests such as Circle test, J-turn test, and variable speed tests. The laboratory tests are
conducted using different loading conditions. The SEA also determines the Static Stability Factor
(SSF), which is used to measure passenger vehicle rollover resistance. The SSF is calculated as [3]

𝑆𝑆𝐹 =

𝑇𝐴𝑉𝐸
2 𝐻𝐶𝐺

(1.1)

where: TAVE = Average track width,
HCG = Vehicle CG height.
Higher values for SSF indicate higher lateral stability, and lower SSF values indicate lower
lateral stability. SEA carried out tests to evaluate SSF at different vehicle ranks (vehicle ranks are
with respect to different loading conditions) and the value of the SSF ranges from 0.88 to 1.05
[24], as shown in Table 1.3.
TABLE 1.3
SSF VALUES FOR VARIOUS VEHICLE RANKS [24]
Vehicle Rank (SSF)
B
D
J
E
C

SSF
0.932
0.942
0.962
0.965
0.991

Vehicle Rank (SSF)
G
I
F
A
H
4

SSF
1.031
1.045
0881
0.887
0.918

The tilt table tests consist a rigid platform that can be rotated laterally and allowing it to tilt
in all four directions. It is conducted with three loading conditions. This will allow the tilt table
test to provide accurate and consistent slow tilt rates to measure the point of wheel lift and tilt
angle, as shown in Figure 1.2 [3].

Figure 1.2. Tilt table test setup with all-terrain vehicle and test dummy [3].
The dynamic tests are conducted with different kind of vehicles and loading conditions. The tests
include steering maneuvers and two wheeled drive mode on flat asphalt test pads and
configurations. The dynamic testing includes tests such as constant radius tests, J-turn tests,
increasing steer tests, constant steer tests, steering flick, and sinusoidal sweep steering. For all the
dynamic tests, the instrumentations used are shown in Table 1.4.

5

TABLE 1.4
DYNAMIC TESTING INSTRUMENTATION [3]

1.3

Literature Review
The Federal Motor Vehicle Safety Standards for the All-terrain vehicles were first

proposed by the American National Standard Institute with a scope of building a requirement
standard for four wheeled all-terrain vehicles. This standard was designed to be used along with
ANSI Standard Z535.4-2002, American National Standard for Product Safety Signs and Labels. It
also put forth the test procedures for the off-road vehicles in collaboration with Title 49, Subtitle
B, CH. V, Part 565 of the Code of Federal Regulations. Part 571 and part 574 of title 49 can be
found in the document. Title 40, Part 205 of the FMVSS portrays the test procedures [4].
The 2014 and 2015 annual reports of the Consumer Product Safety Commission present
the numbers of ATV related fatalities and ATV related emergency treated injuries in the years and
2014 and 2015 [2,6]. The safety standards and training implementation on the all-terrain vehicles
were proposed by Consumer Product Safety Commission (CPSC) as revisions to their standards
6

to focus on the injuries and fatalities correlated to the all-terrain vehicles which included 16 CFR
Parts 1307, 1410, 1500 and 1515 [5]. The CPSC also revised the safety standard of for portable
bed rails installed on the all-terrain vehicles [8]. Another study was conducted based on deaths and
injuries caused due to non-usage of helmet while riding an ATV. Considering the data from the
National Trauma Data Bank (NTDB), they concluded that majority of 10,786 ATV riders (9432
were drivers and 1354 were passengers) [14] were not wearing helmets and they could have
decreased the injury effects and social costs by using the helmet.
Shrivastava [9], designed a four-wheeled bike to manufacture a single passenger off-road
All-terrain vehicle. Various design aspects of the vehicle were considered, and the prime focus
was on chassis, suspension and drivetrain. The objective of this study was to design a single seater
off road vehicle with reference to large factor of safety and low cost.
The study on the loss of control events of the all-terrain vehicles in the agricultural field
are carried out by the Center of Physiotherapy Research at the University of Otago [10]. This report
considered three major factors leading to the loss of control of the all-terrain vehicle: pitch, roll
and velocity. The pitch and roll info were recorded using a tri-axial gravitational accelerometer.
The study included data attained from over 30 farmers and presented that the velocity, roll and
pitch components can be modified by correcting the driving behavior to increase the prevention of
injuries.
A compelling technique to evaluate the performance of the all-terrain vehicle suspension
system can be found in this study [11]. The primary objective of the study was to propose a
technique to develop an efficient process to assess the performance of the vehicle suspension
system. This study also involved mathematical modeling of the all-terrain vehicle and sensitive
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factors like masses, stiffness of tire, stiffness of spring and its damping co-efficient and optimized
the suspension system for satisfactory driving comfort and safety.
The static and dynamic analysis, mathematical data and the design considerations are
considered in detail to design an all-terrain vehicle in this study [12]. The prime concern of focus
in this project is the safety, design simplicity and efficient performance by designing the model
which is Aerodynamic, precisely engineered, and manufactured with ease. The design model was
tested with frontal and side impacts up to 159 MPa and 190 MPa respectively. The CATIA,
ADAMS and ANSYS tools are used to design the model and to perform static and dynamic
analysis.
Considering the immense numbers in injuries and fatalities, a study based on the side
rollover of the all-terrain vehicles was conducted [13]. The perception of side rollover for an allterrain vehicle was done by analyzing on one area of rural population. The objective of the paper
was to explore the understanding of the rural ATV drivers to gauge the slopes which would cause
a rollover. This was done using a hydraulic platform simulator with the all-terrain vehicle on the
platform. They found that the drivers were feeling unease at angles 22.7+/-3.7 degrees. It was
concluded that driving behavior and the over-estimation of the roll angles were the main reason
for the roll overs to occur.
One of the major factors responsible for the rollover of an all-terrain vehicle that is
considered infrequently is the tire stiffness. The following observation proposes a flexible back
stepping observer utilizing only the measurement of the yaw rate to measure the tire stiffness [ 15].
The complete analysis was carried out in two steps, at first the yaw rate was projected from a
global slip angle virtual measurement. Secondly, the concurrence of the global and virtual values
of the side slip angle measurement was ensured by implementing the global tire cornering stiffness.
8

Similar to the ATV, Virginia studied a crashworthiness and suspension analysis of a light
truck (1965 Nissan Patrol) [16]. The safety regulations and standards were considered, and the
analysis was conducted by developing a multibody dynamic model. The results of validation
model and the finite element model coordinated and was utilized to assess the improvements in
safety of the vehicle. The multibody dynamic model was crash tested according to the New Car
Assessment Program (NCAP). The ride and handling of the light truck was evaluated.
A Procedure to simulate real world roll over scenarios using a multibody dynamic model
was proposed by Kanetkar [18]. The principle intention of this study was to understand the
occupants’ reactions for the rollover simulations and to analyze the efficiency of the seat belt
restraint system which assists to reduce the intensity of the injury. It also portrays the calculation
Head Injury Criteria (HIC), neck loads and moments and the chest deflection and acceleration for
an occupant in a pick-up truck. The multibody dynamic systems were designed and analyzed
involving the hybrid-III 50th percentile dummy using the tools like ADAMS/car and MADYMO
[18]. Different scenarios of the real-world rollovers such as J-turns, ditch rollovers and fish hook
rollover scenarios were studied to obtain the kinematic feedbacks and dynamic behavior of the of
the occupants and the pick-up truck.
1.4

Injury Mechanisms
Major injuries are categorized into three mechanisms and are known as the three primary

injury mechanisms [22]:
•

Elastic

•

Viscous

•

Inertial

9

The compression of the human body is because of slow deformation of the human body or
the high velocity impacts which surpasses the elastic tolerances and are characterized under elastic
injury mechanism. Internal injuries caused due to impulsive loading exceeding the viscous
tolerances is defined under viscous injury mechanism. Injuries occurring because of inertia effects
damaging the internal structures due to accelerated leading are listed under injury mechanisms.
Figure 1.3 shows the three-principle injury mechanisms.

Figure 1.3. Principle injury mechanisms [22].
1.5

Injury Criteria
Major injury criteria considered for this thesis are the Head Injury Criterion, neck loads

and moments, and the thoracic chest acceleration and deflection. These are considered as the
dynamics and roll of the vehicle which may expose the driver to head impacts, neck loads and
moments, chest acceleration and compression, all due to contact onto the ground or with the ATV
parts itself. The injuries to lower and upper extremities are quite possible but ignored in this study
due to their relatively low severity compared to head, neck, and chest injuries.
1.5.1 Head Injury Criterion (HIC)
The Injury criterion used to estimate the head injuries are called head injury criterions. The
HIC was defined by the US government as [22,25]:
10

HIC = max

2.5
t2
(
)
[
∫ a t dt] (t 2
t2 −t1 t1
1

− t1 )

(1.2)

Where, t1 and t2 are initial and final time in seconds amid which the HIC reaches its peak
value, and a(t) is the resultant head acceleration in G’s with respect to the center of gravity of the
head. The HIC should not go beyond 1000 for a maximum window size of 36 msec or should not
exceed 700 for a maximum window size of 15 milliseconds. These are considered as concussion
tolerance level for frontal crash or impact. The head injuries are critical and are one of the major
sources for death of the rider.
1.5.2 Neck Injury Criteria
Extreme tension and compression forces acting along the axis of the neck or large shear
forces impacting perpendicular to the axis may cause severe neck injuries. Torque tolerance for
frontal flexion and frontal extension have been projected at 190 Nm and 57 Nm respectively [22].
Similarly neck peak tension, compression, and shear loads are respectively 4170 N, 4000 N, and
3100 N.
The neck injury criterions based on moments and loads combined effects were put forth by
Prasad and Daniel were classified into four modes of neck loading:
•

Tension-extension

•

Tension-flexion

•

Compression-extension and

•

Compression-flexion.

The following equation is used to assess the linear combination of loads and moments [22].
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Nij = FZ / FZC + MY / MYC

(1.3)

Where, FZ is the axial load, FZC is the critical intercept value of load used for normalization,
MY is flexion/extension bending moment, and MYC is the critical intercept value for moment used
in normalization. The Nij is the neck injury criterion and should never exceed 1.0 at any given
instant of time [22].
1.5.3 Thoracic Injury Criteria
Thorax is considered as one of the most critical regions after head to protect from injuries.
The ribcage and essential organs responsible for respiration ad circulation forms the thorax. Three
major important criteria define the thorax injuries:
•

Chest deflection (limit = 63 mm)

•

Chest Acceleration (limit = 60 G)

•

Viscous criterion (limit = 1m/s)

One of the best methods to foresee the chest injuries of dummies is the utilization of a single
acceleration-based criteria. According the NHTSA regulations the chest acceleration should not
exceed 60 G and the chest deflection should not be more than 63 mm for a hybrid III dummy. The
acceleration criterion for thoracic injuries in lateral directions extracted using the data base with
12 accelerometers to regulate the ribcage kinematics is called the thoracic trauma index (TTI). The
viscous criteria (VC) is calculated using the following equation [22]:

VC 

D(t ) D(t )
Do

where; VC = Viscous Criteria,

Ḋ(t) = Velocity of the deformation,
12

(1.4)

D(t) = Instantaneous compression function,
Do = Initial torso thickness.
The viscous criteria value is directly proportionate to the risk level of the injury and
should never exceed 1.3 m/s in frontal loading and 1.0 side loading of the Thorax [22].
1.6

Motivation
A total of 40,757 all-terrain vehicles were sold in the United States between January and

March of 2017 [17]. This increase in the utilization of all-terrain vehicles is proportional to the
increase in the injuries and fatalities in the category spiking the major concern about the rider
safety. Figure 1.4 shows an image of the accident caused due to rollover of the ATV.

Figure 1.4. ATV accident due to rollover of the vehicle [26].
Among the different scenarios the rollover and frontal flip of an all-terrain vehicle seem to
expose the driver to the highly intense injuries when compared to other form of crashes. The
exhaustive cost of the injuries reaches to billion dollars every year. Figure 1.5 shows the body part
injury estimate treated by emergency department [2].
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Figure 1.5. Treated injury body part estimates of ATV-related accidents [2].
Amidst of all the injuries, the head and neck injuries comprise of 29% and the torso injuries
sum up to 21%. Further research is needed to examine the dynamics of the ATV and its driver
during these accidents, and to assess potential injuries and fatalities.
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CHAPTER 2
OBJECTIVES AND METHODOLOGY

2.1

Objectives
Human body is quite fragile when it comes to automotive accidents, especially for ATV

accidents as the driver is unprotected. It is hence quite important to investigate the kinematic
response of the all-terrain vehicle and its occupant. To recreate the real-world scenarios, trials must
be chosen accurately so that the reaction of the all-terrain vehicle and its driver are captured. The
prime objective of this thesis is to investigate the dynamic response of the ATV and the potential
injuries to the driver. These include the Head Injury Criterion (HIC), Neck loads and moments and
Chest acceleration and deformation. To achieve this objective, the multibody dynamic model of
the all-terrain vehicle should be run under test scenarios that imitate the real-world frontal flip and
rollover events. The models are developed using the tools such as CATIA V5, MSC ADAMS and
MADYMO, which can be utilized to study their behavior in the test runs. With specific test
conditions and detailed analysis, the dynamic responses are examined.
2.2

Approach
To achieve the goals of this study, the major part of this thesis is done using the dynamic

tools MSC ADAMS and MADYMO. First the dynamics of the ATV on an uneven road is
examined using the ATV model itself. Two kinds of crashes are then considered to study the realworld scenarios, frontal flip, and rollover. For both crashes, the model of the all-terrain vehicle
and the test tracks are generated using the CATIA. To analyze the frontal flip crash event, the ATV
model is imported into ADAMS and initial contacts and forces are given to the model and is placed
on to the track designed for the frontal flip and the accelerations pulses is recorded. Similarly, for
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the rollover part, the model imported into ADAMS is loaded with the input values and the
acceleration pulses are recorded. The recorded acceleration pulses are imported into the human
body model in MADYMO and results are achieved for the head injury criterion, neck loads and
moments and the chest deflection and acceleration. The complete methodology is portrayed in the
flowchart. Figure 2.1 shows the flowchart for both frontal flip and rollover conditions.

Catia Model Development

Test Conditions

Model
Development

Import model into MSC
ADAMS

Uneven Raod Simulation

Frontal Flip

Input
Input the
the initial
initial conditions
conditions
and
and contacts
contacts and
and simulate
simulate
the
flipofofthe
theATV
ATV
thefrontal
rollover

Rollover

Simulation

Export the acceleration
pulses and input it into
human body in MADYMO

Head Injury Criterion,
Neck Loads and Moments,
Thoracic Chest
Trauma
Injuries.
Index

Figure 2.1. Flow chart representation of the methodology of frontal flip and rollover conditions.
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2.3

Computational Tools
The support of the design, analysis and dynamic tools is very vital in any for, of research

as it helps you to achieve many results at one place. The tools help you to vary inputs and allows
to check results in short durations. These computational tools are developed in such way that it
allows the user to replicate an exact physical test and equate the output with the real tests. The
following tools were utilized in this study:
•

CATIA V5

•

MSC ADAMS View

•

MADYMO

2.3.1 CATIA (V5)
Computer Aided Three-dimensional Interactive Application (CATIA) is a software tool
used to design, simulate, analyze, and manufacture products. CATIA aids major levels of product
development from drafting, design to manufacturing. Allowing the creation and development of
three dimensional sketches, parts, sheet metals and assemblies, it assists the user in infinite ways.
From aerospace to small part producers, the CATIA has a huge base of users from all sorts of
industries. It not only allows only to create a model of a part or product, but also allows to correlate
that with the real world. CATIA is perfect tool to bring your idea blueprints into life.
2.3.2 MSC ADAMS
ADAMS stands for Automated Dynamic Analysis of Mechanical Systems is a multibody
dynamics simulations software. The ADAMS is decked with solvers such as C++ and Nastran.
ADAMS assists users to exercise the dynamics of the parts in movement and helps to analyze the
distributions of forces and loads in mechanical systems. It is very crucial to virtual prototype
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development as decreases the time and costs for the development of products. ADAMS facilitates
the users to recreate the real-world physics. It allows the users to analyze and handle the
complicated interactions between multiple bodies to amend the designs for safety and
performance. The nonlinear dynamics recommended by FEA solutions are achieved in short
durations with the help of the ADAMS. ADAMS has variety of modules assisting the user from
linkage mechanism to automobiles and aeromodelling.
2.3.3 MADYMO
MADYMO is an acronym for Mathematical Dynamic Models. It is a software package
utilized to mimic the dynamic behavior of mechanical bodies or systems. MADYMO is used to
evaluate and optimize the occupant safety systems from automobile to aviation. MADYMO
deteriorates the time and cost associated with designing and testing products. MADYMO offers a
large number of applications by providing high quality dummies and human models, quick
simulations combined with multibody, computational fluid dynamics and finite element solvers,
well equipped solutions for simulations of airbags and real-time evaluations of crash simulations.
The coupling behavior of MADYMO allows the user to program with other FE tools such as LS
DYNA, ABAQUS, RADIOS and many more.
The human models in MADYMO affords expertise in a huge range of loading conditions
to attain the human response in the most realistic way. The human model database of MADYMO
involves both active and passive restraint system models providing immense detail of the human
body in various loading conditions. The human models of MADYMO are capable of being tested
in front, rear, side and vertical impact scenarios and complicated simulations like rollovers.
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As shown in Figure 2.2, the co-ordinate system (X, Y, Z) in MADYMO is associated to
the reference/inertial space. This co-ordinate system can be selected arbitrarily to the space coordinate system with respect to the origin and orientation. X-axis is the forward direction and Zaxis is the opposite direction to gravity facing upwards. All the contact surfaces in MADYMO
such nodes and elements in FE structures, ellipsoids, planes, spring dampers and restraint systems
can be connected to the reference space. The motion of all the systems is defined with respect to
the space co-ordinate systems [27].

Figure 2.2. Reference/inertial space co-ordinate system [27].
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CHAPTER 3
MODELS DEVELOPMENT

3.1

CATIA ATV Model
The detailed assembled model of the all-terrain vehicle was developed using CATIA. The

dimensions of the model were maintained to match the dimensions of an all-terrain vehicle. The
detailed model was created with the help of a third party through Grab CAD. Table 3.1 shows
the dimensions of the vehicle in millimeters.
TABLE 3.1
DIMENSIONS OF THE ALL-TERRAIN VEHICLE CATIA MODEL EXPRESSED IN
MILLIMETERS

Measurement

Value in mm

Height

1082 mm

Length

1740 mm

Width

1061 mm

Ground clearance

145 mm

Wheel Base

1125 mm

The CATIA ATV model has many parts varying from wheels to frame. The model is
primarily designed as a rigid model. The model dimensions are maintained properly to obtain the
human body reactions and to understand the suspension behavior. The dimensions utilized depict
an exact all-terrain vehicle as in reality. The CATIA ATV assembly is then imported into ADAMS
for further work. Figure 3.1 shows the CATIA ATV model.
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Figure 3.1. CATIA all-terrain vehicle model.
The two parts that are vital and important to the CATIA model are the body frame and
wheels. Figures 3.2 and 3.3 show the body, frame, and wheel of the ATV CATIA model
respectively.

Figure 3.2. Body and frame of the ATV CATIA model.
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Figure 3.3. Wheel of the ATV CATIA model.
The body frame of the all-terrain vehicle model houses all the important parts such as the
chair, handle, suspension, chassis, and few more. The wheels are made of rubber material with the
frame of the wheel is made of steel. The characteristics of these parts are investigated in detail in
MSC ADAMS.
3.2

Test Tracks
Three different test tracks were created in CATIA to simulate the uneven terrain, frontal

flip, and rollover scenarios. The tracks were designed in such a way to recreate the uneven terrain,
the ditch frontal flip and the ditch rollover. The uneven terrain track has humps which represent a
rough surface. The frontal flip track includes a ditch which forces the ATV into a flip as soon as
the front tires enter the ditch. The rollover track contains a ditch angled towards the left of the
ATV at 45 degrees. All the tracks were designed as a rigid body. Table 3.2 shows the three different
types of test tracks and provides a description of their dimensional features.
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TABLE 3.2
THREE TEST TRACKS WITH DIMENSIONAL FEATURES

Test tracks

Image

Dimensional features

Isometric view:
Uneven
Terrain Test
Track

•

Track has humps of height
100 mm

•

This track helps to analyze
the suspension behavior

•

The height of the ditch is
1m

•

The ATV will flip when it
enters the ditch

•

The total depth of the
slide ditch is 1m

•

The slide of the ditch is at
45 degrees to the normal

•

The left-front wheel enters
the ditch first and initiates
a rollover

Side view:

Isometric view:

Frontal Flip
Test Track

Side view:

Isometric view:

Rollover
Test Track

Side view:
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3.3

ADAMS ATV Model
The model of the all-terrain vehicle designed in CATIA was imported into ADAMS to

carry out the dynamic simulations of frontal flip and the roll over scenarios. Figure 3.4 shows the
ADAMS ATV model.

Figure 3.4. ADAMS all-terrain model.
The scaling of the model was not done as to keep the dimensions as it was close to the
dimensions of an all-terrain vehicle. The parts of the all-terrain vehicle had to be generalized as it
was in a detailed stage. Few parts were combined to form groups and material properties were
assigned to the groups. The chair and the tires were assigned an elastic material and the rest of the
parts were rigidly materialized.
The front and the rear suspensions of the all-terrain vehicle were assigned spring forces.
The groups created were connected using fixed joints and revolute joints. Initial motions were
input to the joints and the wheels. Figures 3.5 shows different parts of the ADAMS ATV model.
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a.

c.

b.

a.

d.

e.

Figure 3.5. ADAMS ATV parts. a) Body of the ATV, b) Seat of the ATV, c) Wheels of the
ATV, d) Frame of the ATV, e) Frame with suspensions.

All the parts of the ATV are assigned mass and materials individually. Various joints are
defined based on the connectivity required between the different parts of the ATV. Table 3.3 shows
the dimensional and geometrical properties of the different ATV parts.
TABLE 3.3
PROPERTIES OF THE ATV PARTS
Body
No.
1

Body Part

Material

Mass (kg)

ATV body

Steel

72.8

Moment of Inertia: Ixx, Iyy, Izz
(kg.m2)
1.6 E+007, 1.4 E+007, 5.4 E+007

2

Seat

Rubber/Belt

5.6

170.5, 136.9, 52.6

3

Frame

Steel

58.0

1.2 E+007, 1.1 E+007, 1.9 E+006

4

Wheel

Rubber

2.2

170.5, 136.9, 52.6
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The materials are defined with prescribed Poisson’s ratio of 0.29. These parts are
interconnected using different types of joints. Table 3.4 shows the types of joints between the
parts.
TABLE 3.4
TYPES OF JOINTS USED IN THE ADAMS ATV MODEL
Joint No.

Type of joint

First body

Second body

1

Fixed

Seat

Body

2

Fixed

Body

Frame

3

Revolute

Wheel

Frame

Revolute joints are defined between the wheels and the frame of the ATV body. Fixed
joints are defined between the seat and the body and between the body and the frame of the ATV.
Contacts are defined between the parts of the body and the track with static co-efficient and
dynamic co-efficient for friction being 0.3 and 0.1 respectively. Two front suspensions and one
rear suspension are positioned between the frame and the body. Table 3.5 shows the suspension
properties of the ADAMS ATV model.
TABLE 3.5
ADAMS ATV SUSPENSION PROPERTIES
Suspension
Action body
Reaction Stiffness Coefficient
No.
body
(N/mm)
1
Front left suspension
Frame
0.24
2
3

Front right
suspension
Rear suspension

Damping Coefficient
(N/mm)
6.0E-002

Frame

0.24

6.0E-002

Frame

0.24

5.9E-002
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The tracks designed in CATIA are imported into ADAMS and are used separately to create
the simulations. The contacts between the track and the all-terrain vehicle model were defined and
the track was fixed to the ground. Figures 3.6 and 3.7 show the models of the all-terrain vehicle
with the tracks assigned to simulate the frontal flip and the rollover conditions respectively.

Figure 3.6. ADAMS model and frontal flip condition test setup.

Figure 3.7. ADAMS model and rollover condition test setup.
The material used for the tracks is steel with the value of Poisson’s ratio of 0.3. The wheels
and the seat were assigned rubber material. Solid to solid type of contacts were defined between
wheels and the frame and between wheels and the track.
3.4

MADYMO Driver Model
The all-terrain vehicle model for MADYMO was created separately as a single block

model. The MADYMO model had to illustrate a human body (utilizing the Hybrid III dummy)
riding the all-terrain vehicle. The single block all-terrain model has been imported into MADYMO
and was positioned.
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The human dummy is selected from the dummy database of the MADYMO. The primary
objective the dummy is to mimic a human being during a crash simulation. A dummy helps you
to attain data that cannot be achieved on a human being. Table 3.6 shows the physiology of a
human is attained by framing the dummy with selected materials.
TABLE 3.6
MATERIALS USED IN A DUMMY [19]
Dummy Feature

Materials used

Head and Neck

Aluminum, rubber, vinyl skins

Upper Torso

Steel, polymers

Lower Torso

Urethane Foam, aluminum

The 50th percentile hybrid III dummy is the most regularly used male crash test dummy.
The height of the dummy is 5ft 9in and weighs 166 lbs (75.3 kg). Figure 3.8 shows the standard
hybrid III dummy model.

Figure 3.8. Hybrid III dummy model [19].
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Figure 3.9 shows that the dummy is positioned on to the seat of the all-terrain vehicle single
block model in such a way as it replicates a human riding the all-terrain vehicle. The dummy is
utilized to evaluate the injury criteria.

Figure 3.9. Hybrid III dummy and the ATV model in MADYMO.
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CHAPTER 4
SIMULATION OF ATV ON UNEVEN ROAD, FRONTAL FLIP, AND ROLLOVER
SCENARIOS
4.1

Simulation of ATV on Uneven Surface without Rider
The uneven surface is created by placing few humps on a flat track to observe the behavior

of the suspension. The all-terrain vehicle is positioned on the track and initial rotational motion is
applied to the rotational joints of the wheels. This simulation was carried out without human
dummy. Figure 4.1 shows the test set up with the ATV placed on the track.

Figure 4.1. Test set-up for uneven surface test simulation in ADAMS in isometric view.

The track used in the test set up for the uneven surface has few humps with a height of
100mm from the flat level. The understanding of the suspension was required to analyze the
vehicle behavior. The simulation was conducted to extract the seat position and acceleration pulses
of the all-terrain vehicle. The all-terrain vehicle is initially accelerated and directed towards the
humps. Figure 4.2 shows the animation of the simulation.
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.
0.0 sec

1.6 sec

2.08 sec

2.37 sec

2.64 sec

3.06 sec

3.76 sec

4.08 sec

Figure 4.2. Animation sequence for uneven surface simulation in ADAMS.
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The simulation shows the all-terrain vehicle moving over the humps between the times of
2.08 sec and 4.08 sec, and completely surpasses the humps at 4.08 secs. Figure 4.3 shows the seat
position of the all-terrain vehicle.

Start of the
uneven
terrain

End of the
uneven terrain

Figure 4.3. Seat vertical position for uneven surface simulation in ADAMS.
As observed from Figure 4.3, the difference between the start height and the peak height
of the seat is 115mm. As the height of the individual humps on the uneven surface is 100 mm, the
vertical height of the ATV CG moves +/- 15 mm. This shows that the suspension is fairly stiff /
rigid and the reaction of the vehicle is normal which defines the characteristic of the suspension
invovled in the model of the all-terrain vehicle. Figures 4.4, 4.5, and 4.6 represent the plots of the
acceleration pulses of the chair of the all-terrain vehicle for this simulation in X (longitudinal), Y
(vertical) and Z (lateral) direction respectively.

Start of the
uneven terrain

End of the
uneven terrain

Figure 4.4. Acceleration of the chair in X (longitudinal) - direction during uneven surface
simulation.
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End of the
uneven terrain

Start of the
uneven terrain

Figure 4.5. Acceleration of the chair in Y (vertical) - direction during uneven surface simulation.

End of the
uneven terrain

Start of the
uneven terrain

Figure 4.6. Acceleration of the chair in Z (lateral) - direction during uneven surface simulation.
Corresponding to the Figures 4.4, 4.5 and 4.6, it can be observed that the peak acceleration
in the Y (vertical) - direction is 29.4 g and the peak acceleration in the Z (lateral) - direction is 40
g, which shows that the suspension is rigid. The suspension acts stiff, as there is no rider weight
on the all-terrain vehicle the only weight acting here is the total weight of all-terrain vehicle. Before
encountering the uneven surface, the even surface influences 5 g in the vertical direction. After
entering the rough road, the peaks go upto 30 g. Longitudinal and lateral accelration could also be
high as a result of geometry of the ATV springs and due to the impact on the humps in the
longitudinal and lateral directions. The effect of the pitch is observed by plotting angular
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acceleration in pitch direction. The angular acceleration in the pitch direction do not show
prominent variations up to 2.08 sec, at which the first impact occurs. A significant peak of 781
rad/sec2 is noticed in the pitch direction. This shows the significant pitch acting on the ATV.
Figure 4.7 shows the angulare acceleration in pitch direction.

Figure 4.7. Angular acceleration of the chair in pitch - direction during uneven surface
simulation.

The simulation of the ATV on uneven road was also conducted with the addition of a
simple mass of 75 kg representing the rider. The response for the vertical height and vertical
acceleration was +/- 12mm and 34 g.
4.2

Frontal Flip without Rider
The simulation of the ditch frontal flip was set up using the all-terrain model of the

ADAMS and the track. The initial rotational motion was defined to the rotational joints at the
wheels of the all-terrain vehicle. The simulation was carried out without any human dummy to
record the acceleration pulses. Figure 4.8 shows the test setup for the frontal flip test simulation in
ADAMS.
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Figure 4.8. Test set-up for frontal flip test simulation in ADAMS in isometric view and side
view.
The track used in the test set up for the frontal flip has a ditch of depth 1m. The all-terrain
vehicle is initially accelerated and is directed towards the ditch. The simulation was conducted to
extract the acceleration pulses. Figure 4.9 represents an animation of the simulation.

0.0 sec

1.56 sec

2.34 sec

2.81 sec

Figure 4.9. Animation sequence for frontal slip simulation in ADAMS.
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3.21 sec

3.34 sec

3.74 sec

4.08 sec
Figure 4.9. (continued)

The simulation shows the all-terrain vehicle moving into the ditch at 2.81 sec and touches
the groud at 3.34 sec, resulting in a flip and lands upside down at 4.08 sec. The acclerations in all
the directions, longitudinal, vertical and lateral were plotted. Figures 4.10, 4.11 and 4.12 portray
the plots of the acceleration pulses of the chair of the all-terrain vehicle for this simulation in X
(longitudinal), Y (vertical), and Z (lateral) directions respectively.
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End of frontal flip

ATV
Enters
ditch

First Impact
Second Impact

Figure 4.10. Acceleration of the chair in X (longitudinal) - direction during frontal flip.

First Impact

Peak
acceleration

Second Impact

Figure 4.11. Acceleration of the chair in Y (vertical) - direction during frontal flip.

Frontal flip occurs
between 2.81 sec
and 4.81 sec

Figure 4.12. Acceleration of the chair in Z (lateral) - direction during frontal flip.
As observed from the plots, the accelerations of the chair does not excced 5 g in all three
directions till the ATV reaches the ditch in the simulation. A drop in the acceleration along the X
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(longitudinal) direction is observed, which occurs between two impacts happening at 3.28 sec and
4.08 sec, showing sudden deceleration. Maximum acceleration in the logintudinal does not exceed
3 g. Accleration in Y (vertical) direction has two impacts on to the track with a peak acceleration
reaching 19.5 g at 4.08 sec (second impact). Acceleration in Z (lateral) direction shows a drop in
acceleration due to the first impact that occurs at 3.28 sec and the maximum peak acceleration is
2.4 g. Angular acceleration is also considered to understand the effect of the pitch and roll acting
on the body of the ATV. Figures 4.13, 4.14, and 4.15 show the angular acceleration plots in roll,
yaw and pitch directions.

Drop in angular
acceleration

Figure 4.13. Angular Acceleration of chair in roll - direction during frontal flip.

Peak angular
acceleration

Figure 4.14. Angular Acceleration of chair in yaw - direction during frontal flip.
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Frontal flip
duration

Figure 4.15. Angular Acceleration of chair in pitch - direction during frontal flip.
The angular accelerations in all three directions, roll, yaw, and pitch do not show prominent
variations up to 3.28 sec, at which the first impact occurs. A significant drop of -2080 rad/sec2 is
noticed in the roll direction. The peak angular acceleration of all directions is 2373 rad/sec2, which
is observed in the yaw direction due to the frontal flip of the vehicle. The pitch direction has a peak
of 984 rad/sec2 occurring at 3.28 sec during the frontal flip.
4.3

Rollover without Rider
The simulation of the ditch rollover was set up similar to the frontal flip using the all-terrain

model of the ADAMS and the track. The initial rotational motion was defined to the wheels of the
all-terrain vehicle and carried out without the dummy to document the pulses. Figure 4.16 shows
the test setup for the rollover test simulation in ADAMS.

Figure 4.16. Test setup for rollover test simulation in ADAMS in isometric view and front view.
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The track used in the test set up for the rollover has a ditch of depth 1m towards the right.
The all-terrain vehicle is given the initial displacement values to initiate the movement towards
the ditch. The simulation was carried out to extract accelerations in all the three directions. Figure
4.17 shows the animation sequence for this simulation.

0.0 sec

1.6 sec

2.56 sec

2.87 sec

3.12 sec

3.39 sec

3.64 sec

4.01 sec

Figure 4.17. Animation sequence for rollover simulation in ADAMS.
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The simulation shows the all-terrain vehicle entering the ditch at 2.56 sec, slides into the ditch at
2.87 sec and touching the ground at 3.12 sec which initiates the rollover at 3.3 sec and lands upside
down at 3.9 sec. Figures 4.18, 4.19, and 4.20 show the acceleration pulses of the chair of the allterrain vehicle for this simulation.

Start of rollover

ATV enters ditch
End of rollover

Figure 4.18. Acceleration of the chair in X (longitudinal) - direction during rollover.

Multiple
impacts
due to
rollover

Figure 4.19. Acceleration of the chair in Y (vertical) - direction during rollover.

Period of rollover

Drop in
acceleration

Figure 4.20. Acceleration of the chair in Z (lateral) - direction during rollover.
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As observed rom the plots , the accelerations in the plots does not change much untill the
frist impact of the wheels to the track after the slide.The acceleration in the X (logitudinal)
direction suffers a drop at the impact at the end of the rollover at 4.01 sec and reaches high of 5 g.
Peak value of all directions, 85.5 g is obseved in the Y (vertical) direction at 3.9 sec (impact after
rollover) . The Z (lateral) direction has a drop in the accleration similar to the longitudinal direction
and the maximum acceleration reaches 18.7 g. The pulses portray enormous g, which could be
harmful to human body. Angular acceleration is also considered to understand the effect of the
pitch and roll acting on the body of the ATV during the rollover. Figures 4.21, 4.22, and 4.23 show
the angular acceleration plots in roll, yaw, and pitch rotations.

Peak angular
acceleration
Rollover initiated

End of
rollover

Figure 4.21. Angular Acceleration of chair in roll direction during rollover.

Peak angular
acceleration in Y
direction

Figure 4.22. Angular Acceleration of chair in yaw direction during rollover.
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Multiple angular
acceleration peaks
and drops
Duration of rollover

Figure 4.23. Angular Acceleration of chair in pitch direction during rollover.
The angular accelerations in all three directions, longitudinal, vertical, and lateral directions do not
show prominent variations up to 3.4 sec, at which the left wheels initiate the rollover. Two highs
are observed in the roll direction and the peak acceleration reaching 3715.8 rad/sec2 occurs during
the rollover of the ATV. A high of 573.1 rad/sec2 is noticed in the yaw direction. The pitch
direction has a high of 511.2 rad/sec2, occurring at 3.5 sec during the rollover of the all-terrain
vehicle.
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CHAPTER 5
MADYMO SIMULATIONS OF ATV WITH HYBRID III DUMMY

5.1

Frontal Flip with Hybrid III Dummy
The frontal flip silmulations of the all-terrain vehicle with the hybrid III model is carried

out in MADYMO. The ATV model is downgraded to a simple block model using CATIA and the
model is imported into MADYMO after converting it into a basic finite element model using LSDYNA. The hybrid III dummy is positioned onto the all-terrain vehicle making it to look like the
dummy riding the ATV. A track was designed very similar to the track in ADAMS to recreate the
frontal flip scenario. Figure 5.1 shows the all-terrain vehicle with the dummy positioned on the
track.

Figure 5.1. Test setup for frontal flip simulation in MADYMO.
The initial acceleration values are inputted from the acceleration pulses obtained from ADAMS.
It is not able to recreate the same frontal flip simulation/scenario as there is additional weight of
the hybrid III dummy acting on the ATV. The all-terrain vehicle is then given constant velocity of
7 m/s ( 15.6 mph which is within the average off-road speed range for an ATV). The frontal flip
simulation with the hybrid III dummy is then carried out. Figure 5.2 shows the animation sequence
of the simulation.
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0 ms

57 ms

160 ms

151 ms

326 ms

410 ms

592 ms

698 ms

Figure 5.2. Animation sequence of frontal flip simuation in MADYMO with the hybrid III
dummy.
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856 ms

1261 ms

Figure 5.2. (continued)
The simulation portrays the frontal flip of the ATV and the dummy behavior. During the simulation
it can be observed that the human dummy has direct impact to the track, which is the reason for
the dummy to suffer injuries to different parts of the body. The all-terrain vehicle enters the ditch
at 57 ms and initiates the flip at 155 ms. The ATV hits the bottom floor at 592 ms, and completes
the flip at 960 ms. The hydrid dummy takes of from the vehicle and lands on the ground from a
distinctive height at 1261 ms resulting in injuries to the dummy.
5.2

Rollover with Hybrid III Dummy
The Rollover silmulations of the all-terrain vehicle with the hybrid III model is carried out

in MADYMO similar to the frontal flip simulations. The simple block FE model of the ATV with
the hybrid III dummy is positioned onto the track. The track was designed very similar to the track
in ADAMS to recreate the rollover scenario. Figure 5.3 shows the all-terrain vehicle with the
dummy positioned on the track.
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Figure 5.3. Testsetup for rollover simulation in MADYMO.
Since the acceleration pulses are not sufficient for the MADYMO model to recreate the scenario,
the all-terrain vehicle is introduced to constant velocity of 7 m/s (15.6 mph). The rollover
simulation with the hybrid III dummy is then carried out. Figure 5.4 shows the animation sequence
of the simulation.

0 ms

55 ms

103 ms

151 ms

Figure 5.4. Animation sequence of roll over simuation in MADYMO with the hybrid III dummy.

47

206 ms

291 ms

465 ms

354 ms

579 ms

744 ms

799ms

902 ms

Figure 5.4 (continued)
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It can be observed that the human dummy has direct impact to the track, which is the reason for
the dummy to suffer injuries to different parts of the body. The simulation shows the vehicle
starting to flip at 55 ms and hits the ground completing the rollover at 206 ms. The dummy is
thrown into the air at 103 ms due to rollover and lands on the floor at 864 ms impacting the ground
at 902 ms. The impact of the dummy to the ground will cause severe injuries to the dummy.
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CHAPTER 6
BIOMECHANICAL RESPONSES IN ROLLOVER AND FRONTAL FLIP
CONDITIONS
6.1

Frontal Flip Simulation with Hybrid III Dummy
The simulation of frontal flip of the hybrid III dummy is completed and the injury criterions

are extracted to study the details and effects of the injuries occurring to the driver.
6.1.1 Head Injury Criterion
To extract Head Injury Criterion, the head acceleration pulse of the driver is obtained from
the frontal flip simulation and is shown in Figure 6.1. According to dummy injury criterion from
the NHTSA the HIC15 should not exceed the value of 700 [21].

Figure 6.1. Driver head acceleration pulse for frontal flip.
According to the plot of the head acceleration pulse, the peak value of the head acceleration
is 744 g. The value of the HIC-15 is 7,596 between times of 1247.2 msec and 1248.1 msec (∆t =
0.9 msec), which is significantly greater than the recommended injury criteria. The driver is

50

expected to be exposed to significant injury-producing or fatal head injuries. Figure 6.2 shows the
head path obtained from the frontal flip simulation.

Figure 6.2. Head path during frontal flip simulation.
From the head path, it can be observed that the head of the driver contacts the floor resulting
in a very significant HIC15 value during the frontal flip simulation.
6.1.2 Neck Injury Criteria
Neck Injury Criteria is based on 4 modes:
•

Tension-Extension

•

Tension Flexion

•

Compression-Extension

•

Compression- Flexion

Figures 6.3, 6.4, 6.5, and 6.6 show the neck injury criterion plots obtained from the driver frontal
flip simulation. The Nij criteria should not surpass the value of 1.0.
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Figure 6.3. Neck tension-extension plot for frontal flip.

Figure 6.4. Neck tension-flexion plot for frontal flip.

Figure 6.5. Neck compression-extension plot for frontal flip.
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Figure 6.6. Neck compression-flexion plot for frontal flip.
As seen from the plots, the neck injury criteria values are 0.2, 0.1, 0.13, and 0.23 respectively. The
Nij values are not crossing 1.0, the prescribed neck injury limit. It can be concluded that the neck
of the driver is not sustaining major injury.
6.1.3 Thoracic Injury Criteria
The thoracic injuries are evaluated here based on the following two criteria :
•

Chest Acceleration ( limit = 60g )

•

Chest Deflection ( limit = 63mm )

The plot of the thoracic resulant force is shown in Figure 6.7, which portrays the resultant of the
forces acting on the chest in all the three directions.

Figure 6.7. Thoracic resultant force plot for frontal flip.
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The maximum reslutant force value obtained from the plot is 5.3 kN. The chest acceleration and
deflection should not go over 60 g and 63 mm respectively in order not sustain considereable
injuries. Figure 6.8 shows the chest acceleration plot, from the driver frontal flip simulation.

Figure 6.8. Thoracic accleration plot for frontal flip.
From the plot, one can observe that the thoracic acceleration reaches 78.5 g, which is higher than
the recommended value of 60 g, confirming the significant injuries occurring to the chest. The
chest deflection is found to be 5.7 mm and is negligible with respect to the stated injury criteria.
Acceleration mechanism for chest injury is thus significant.
6.1.4 Other Injuries
The femur injuries are also considered as there is a noticeable impact of the driver lower
part to the ground during the frontal flip simualtion. The femur loads for both legs (left and right)
will suffer potential injuries if it exceeds 10kN. The femurs of the human dummy impacts the ATV
body due to the frontal flip and causes potential injuries. Figure 6.9 shows plots of the femur loads
for left leg and right leg.
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Figure 6.9. Femur load (L & R) plot for frontal flip.
The femur load of the left leg has a maximum value of 11.3 kN and the right leg femur load peaks
at 6.9 kN. Since only the frmur load of left leg is surpassing the 10 kN mark, the femur (left) of
the driver will suffer distinct injuries during the frontal flip simulation. All the injury values
obtained from the driver during the frontal flip simulation are tabulated in Table 6.1.
TABLE 6.1
INJURY VALUES OBTAINED FROM DRIVER DURING FRONTAL FLIP
Criteria

Recommended Limit

Obtained value

HIC15

700

7596 (∆t = 0.9 msec)

Neck Tension-Extension

1.0

0.42

Neck Tension-Flexion

1.0

0.09

Neck Compression-Extension

1.0

0.35

Neck Compression-Flexion

1.0

0.39

Chest Acceleration (g)

60

78.5

Chest Deflection (mm)

63

5.7

Femur Load - left (kN)

10

11.3

Femur Load - right (kN)

10

6.9
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The values of HIC15, chest accleration and femur load are in red showing that the recommended
limits are surpassed by the obtained values. These values portray the injuries happening to head
chest and left femur of the driver during the frontal flip simulation of the ATV.
6.2

Rollover Simulation with Hybrid III Dummy
The simulation of rollover of the hybrid III dummy is completed and the injury criterions

are extracted to study the details and effects of the injuries occurring to the driver.
6.2.1 Head Injury Criterion
To extract head injury criterion, the head acceleration pulse of the driver is obtained from
the rollover simulation and is shown in Figure 6.10. According to dummy injury criterion from the
NHTSA the HIC should not exceed the value of 700 [21].

Figure 6.10. Driver head acceleration pulse for rollover.
According to the plot of the head acceleration pulse, the peak value of the head acceleration is 248
g. The value of the HIC-15 is 711.4 between times of 888.9 msec and 890.25 msec for a ∆t = 1.3
msec, which is greater than the recommended injury criteria. Hence the driver is expected to have
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impact of head with the ground after the rollover, exposing the driver to head injuries. Figure 6.11
shows the head path obtained from the rollover simulation.

Figure 6.11. Head path during rollover simulation.
From the head path, it can be observed that the head of the driver contacts the floor resulting in a
very significant HIC15 value during the rollover simulation.
6.2.2 Neck Injury Criteria
Neck Injury Criteria is based on 4 modes:
•

Tension-Extension

•

Tension Flexion

•

Compression-Extension

•

Compression- Flexion

Figures 6.12, 6.13, 6.14, and 6.15 show the neck injury criterion plots obtained from the driver
rollover simulation. The Nij criteria should not surpass the value of 1.0.
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Figure 6.12. Neck tension-extension plot for rollover.

Figure 6.13. Neck tension-flexion plot for rollover.

Figure 6.14. Neck compression-extension plot for rollover.
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Figure 6.15. Neck compression-flexion plot for rollover.
As seen from the plots, the neck injury criterions are 0.45, 0.22, 0.2, and 0.4 respectively.
The Nij values are not crossing 1.0, the prescribed neck injury limit. It can be stated that the neck
of the driver is not sustaining major injury.
6.2.3 Thoracic Injury Criteria
The thoracic injuries are evaluated here based on the following two criteria :
•

Chest Acceleration ( limit = 60g )

•

Chest Deflection ( limit = 63mm )

Figure 6.16 shows the thoracic resultant force plot, which portrays the resultant of the
forces acting on the chest in all the three directions.

Figure 6.16. Thoracic resultant force plot for rollover.
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The maximum reslutant force value obtained from the plot is 9.7 kN. The chest acceleration and
deflection should not go over 60 g and 63 mm respectively in order not sustain considereable
injuries. Figure 6.17 shows the chest acceleration, plotted from the driver rollover simulation.

Figure 6.17. Thoracic accleration plot for rollover.
From the plot we can see that the thoracic acceleration reaches 74 g which is higher than
the recommended value of 60 g, confirming the significant injuries occurring to the chest. The
chest deflection is found to be 9.9 mm and is negligible with respect to the stated injury criteria.
The thoracic injuries due to chest acceleration is signuficant and the chest deflection is small as
there is not any impactful cantact between the driver dummy and the ATV.
6.2.4 Other Injuries
The femur injuries are also considered as there is a noticeable impact of the driver lower
part to the ground during the rollover simualtion. The femur loads for both legs (left and right)
will suffer potential injuries if it exceeds 10 kN. Figure 6.18 shows the plots of the femur loads
for left leg and right leg.
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Figure 6.18. Femur load (L & R) plot for rollover.
The femur load of the left leg has a maximum value of 26.6 kN and the right leg femur load peaks
at 15.2 kN. Since both the values are surpassing the 10 kN mark, the femur (left and right) of the
dummy will suffer distinct injuries during the rollover simulation. All the injury values obtained
from the driver during the rollover simulation are tabulated in table 6.2.
TABLE 6.2
INJURY VALUES OBTAINED FROM DRIVER DURING ROLLOVER
Criteria

Recommended Limit

Obtained value

HIC15

700

711 (∆t = 1.3msec)

Neck Tension-Extension

1.0

0.45

Neck Tension-Flexion

1.0

0.22

Neck Compression-Extension

1.0

0.20

Neck Compression-Flexion

1.0

0.40

Chest Acceleration (g)

60

74.2

Chest Deflection (mm)

63

9.9

Femur Load - left (kN)

10

26.6

Femur Load - right (kN)

10

15.2
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The red colored values such as HIC15, chest accleration, femur load left and right indicate
that the values obtained from the simulation exceed the recommended limit. This marks the injuries
happening in the head, chest and femurs of the human body occuring during the rollover simulation
of the all-terrain vehicle.
The HIC15 for the frontal flip is 7,596 with ∆t = 0.9 msec and 711 with ∆t = 1.3 msec for
rollover. The head is exposed to significant injury during the frontal flip case when compared to
the rollover. In both the cases the neck injuries are negligible as the Nij vales are not exceeding the
value of 1. Chest accelerations for frontal flip and rollover are 78.5 g and 74.2 g, showing potential
injuries happening to the chest of the driver in both conditions. Femur (left) of the driver is injured
in the frontal flip with an acting load of 11.3 kN due to the contact between the knee of the driver
and the ATV. In rollover, both the femur left and right are exposed to injuries with loads of 26.6
kN and 15.2 kN respectively due to the contact. The driver is exposed to potential / fatal injuries
in both test cases.

62

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1

Conclusions
The primary objective of this thesis was to investigate the dynamic response of an ATV on

an uneven surface maneuver, in rollover and frontal flip scenarios; and to examine the major
potential injuries to the driver. Utilizing the standards putforth from the American National Safety
Institute with respect to Federal Motor Vehicle Safety Standards and Consumer Product Safety
Commision, the simulations of the frontal flip and the rollover models were developed and
simulations were conducted with and without the hybrid III dummy.
The ATV was successfully modeled and assmebled in CATIA and was imported to
ADAMS and different kinematic joints were applied to the model. Three tracks were created to
simulate the uneven surface, rollover, and frontal flip scenarios. The conditions were succesfully
applied and all the simulations were obtained successfully without the dummy. The acceleration
pulses and the chair position plots were obtained from the simulations portraying the dynamic
response of the vehicle during the uneven surafce, rollover and frontal flip simulations.
A simple block model was created and converted to FE model using LS-DYNA and
imported into MADYMO. The hybrid III 50th % dummy was used and positioned on to the ATV
to replicate a rider on the ATV. Tracks were developed to recreate the rollover and frontal flip
simulations. Initial velocities were defined to the vehicle and the dummy and the simulations were
carried out successfully. Post-processing of the rollover simulations were done and the head injury
criterions, neck injury criterions and the thoracic criteria were plotted, and the obtained values
were compared to the recommended injury criteria from NHTSA.
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The following can be stated in terms of the individual tasks conducted in this study, and the
conclusions are obtained.
•

The ATV was successfully modeled and assembled in CATIA.

•

The materials and suspension properties were successfully input into the model in
ADAMS.

•

The different kinematic joints were identified and incorporated to the modeled ATV in
ADAMS.

•

The uneven terrain simulation was conducted to understand the suspension responses.

•

The frontal flip and rollover conditions were successfully applied to the ATV ADAMS
model without the rider.

•

The frontal flip and rollover scenarios were successfully simulated.

•

Simple ATV model was imported in MADYMO to evaluate the dummy responses.

•

The frontal Flip and rollover simulations were successfully obtained from MADYMO
and respective dummy responses were evaluated.

•

The injury parameters were obtained from plots of the simulations.

•

Injury values obtained portray potential injuries to head , chest and femur regions and the
impact of the driver onto the floor can be easily observed.

•

The head acceleration plot showed a HIC15 value of 711 and 7,596 for rollover and frontal
flip respectively, which were greater than 700 (recommended value), confirming the
potential injuries to the head of the driver, especially for the frontal flip case.

•

The neck injury criteria, mostly in terms of Nij had no dominant values exceeding the
threshold and hence the injuries to the neck of the driver was not assertive.
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•

The chest acceleration values stands at 74 g and 78 g for rollover and frontal flip
respectively exceeding the suggested value, proving that the driver’s chest would suffer
injuries.

•

The chest deflection or compression was minimal and thus neglected.

•

The femur load values for the left femur in both conditions exceeded the limit, and the
injury to the right femur was observed in the rollover condition.

The detailed comparison between the two test case scenarios with respect to the recommended
values of the injury criteria and the obtained value for both test conditions are summarized in
Table 7.1.
TABLE 7.1
COMPARISON BETWEEN TWO TEST CASE SCENARIOS
Criteria
HIC15

Recommended Obtained value for
Limit
Rollover
700
711 (∆t=0.9ms)

Obtained value
for Frontal Flip
7596 (∆t=0.85ms)

Neck Tension-Extension

1.0

0.45

0.20

Neck Tension-Flexion

1.0

0.22

0.10

Neck Compression-Extension

1.0

0.20

0.13

Neck Compression-Flexion

1.0

0.40

0.23

Chest Acceleration (g)

60

74.2

78.5

Chest Deflection (mm)

63

9.9

5.7

Femur Load - left (kN)

10

26.6

11.3

Femur Load - right (kN)

10

15.2

6.9

When the values of obtained injury parameters are compared for the two cases, it can be
observed that repetitive parts are exposed to injury due to impact. The HIC15 is significantly higher
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in frontal flip than the rollover, indicating that the head injury is quite severe in frontal flip. The
chest accelerations are almost equal in both test conditions. Femur (left) is affected in both roll
over and frontal flip test conditions and the femur (right) is injured only in the roll over scenario.
The vehicle’s dynamic responses from the different scenarios play a vital part in
understanding the driver response of the ATV. Overall, the study demonstrates that the ATV could
pose significant danger and potential for injurires and fatalities to the driver.
7.2

Recommendations for Further Study
The following recommendations are to be utilized for further studies on this ATV crash
dynamics.

•

Different crash scenarios for all-terrain vehicles such as elevated climb and reverse descending
of the ATV should be studied and analyzed.

•

Various types of suspensions similar to the dual rear suspension and mono suspension should
be incorporated in MADYMO to analyze the behavior of the all-terrain vehicle.

•

Different dummies such as child dummies, female dummies or a passenger need to be added
to the ATV model to examine the dynamic response of the various passenger systems in theses
crash scenarios.

•

A roll cage can be designed and added to the ATV to examine the potential it offers in terms
injuries of driver. The injuries can be evaluated and compared for the different dummies to that
of with and without roll cage.

•

Crash simulations of an ATV with other types of vehicles such as cars and trucks can be quite
informative to study the injuries of the rider and the effect on the driver of the car.

•

ATV into human accidents can be recreated to study the human body behavior and injuries.
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•

The LS-DYNA can be utilized to study the finite element properties of the all-terrain vehicles
and to analyze various kind of crashes in more detail.

•

The behavior of dummy on the ATV with the incorporation of helmet and other driving gear
can also be examined.

•

A motorcycle dummy (MATD) in MADYMO can be utilized to study in detail about the
injuries that occcur to wrists and arms of the driver.
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