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ABSTRACT

Crashworthiness is a crucial and complex design consideration in the
automotive industry. It involves multiple disciplines and intricate energy
absorption and dissipation phenomena. Numerical analysis using the finite
element method has become a widely adopted approach for studying vehicle
safety. This method offers cost and time efficiency, as it typically requires only

one physical test for result validation.

One specific aspect that needs investigation is the role of friction in impact
events and its influence on structural stability. This study aims to evaluate the
impact of friction in a crash test through numerical analysis using the finite
element method. Additionally, it will explore existing devices for measuring
friction under impact conditions and propose a new testing rig based on
available literature and functional requirements for friction tests. A data
acquisition system will be designed, and data obtained through the proposed

methodology will be presented.

To capture a broader range of tribological phenomena that affect the friction
coefficient, a new constitutive equation will be proposed based on a review of
relevant literature. Finally, a comparative analysis will be conducted,
comparing the friction models proposed in this work with commonly used
approaches in the industry. This analysis will emphasize the significance of
incorporating slip velocity and pressure dependence when modeling the

friction coefficient.

Keywords: Modeling and Simulation, Friction, Crashworthiness, Finite

Element Analysis, Mechanical design
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1. INTRODUCTION

Crashworthiness is currently one of the most important and challenging design
considerations in the automotive industry. This is a multidisciplinary field where
energy absorption mechanisms, materials engineering, friction, and

biomechanics are coupled, playing crucial roles during a vehicle impact.

Energy absorption mechanisms encompass a range of strategies employed to
dissipate and distribute impact forces, thereby reducing the severity of
deceleration experienced by the vehicle and its occupants. To enhance
vehicular safety for occupants, these mechanisms can include crumple zones,
deformation patterns, engineered structural elements, and materials designed

to collapse in a controlled manner.

Occupant restraint systems such as seatbelts and airbags have also drastically
reduced the fatality rate of crashes since they maintain the driver in the correct
position during the impact and avoid contact of passengers with the hard parts

of the vehicle.

Finite element analysis (FEA) has revolutionized the automotive industry's
approach to crashworthiness design. By creating virtual models of vehicles
and their components, engineers can simulate and predict the dynamic
behavior and structural response during impact events. This simulation
process considers various factors, such as material properties, geometry, and
boundary conditions to generate highly accurate representations of real tests.

The increasing accuracy of finite element models has numerous benefits for
the automotive industry. Firstly, it reduces the number of needed physical
prototypes and experimental crash tests, thereby saving both time and
resources in the product development cycle. Through virtual simulations,
engineers can iteratively refine designs, evaluate various scenarios, and

optimize vehicle structures for crash performance.

In recent times there has been a significant focus on investigating the influence
of friction on vehicle and occupant behavior in the field of crashworthiness
research. While friction may not directly contribute significantly to energy

absorption during a crash, it plays an important role in determining the



mechanical behavior of structures under critical conditions, such as buckling

and occupant positioning.

Friction profoundly affects the overall response of a vehicle during a crash
event. When structures experience high forces and deformations, the
presence of friction can affect the distribution and transfer of energy within the
system. It influences the interaction between different components, such as
the vehicle's body and its restraint systems, leading to changes in the

mechanical behavior of the entire structure.

One important aspect where friction plays a critical role is in determining the
buckling behavior of vehicle components. Friction at the contact interfaces
between different components can affect the initiation and progression of
buckling, thereby influencing the collapse pattern and overall deformation of
the structure. Understanding the frictional effects in these scenarios is crucial
for accurately predicting the failure modes and optimizing the crashworthiness

performance of vehicles.

Friction also influences the positioning of occupants during a crash. It affects
the interaction between occupants and their restraint systems, such as seat
belts and airbags. The frictional forces between the occupant and these safety
devices can affect the timing and effectiveness of occupant restraint and
reduce the risk of injury. Proper modeling and characterization of friction in
occupant simulations is essential for accurately predicting their motion,

interaction with restraints, and overall injury risk assessment.

It is interesting to note that the impact dynamics of a crash test can be
significantly affected by the dependence of friction on pressure and velocity.
This makes the measurement of friction under high speeds and pressures very
challenging. A better understanding of friction behavior and its modeling could

lead to improved finite element crash test models.

This research has as its main objective the study of friction on crashworthiness
and the development of a test rig and methodology to impact conditions, as
well as defining a modeling approach to capture slip velocity and pressure

dependent friction coefficient from a large set of experimental data.



Among various pairs of materials, the development of a friction rig capable of
measuring friction coefficients under impact conditions will be described. The
primary objective is to generate accurate input friction models for finite element

simulations of crash tests and apply them to dynamic loading scenarios.

The study will cover various aspects, including the CAD concept of the friction
rig, dimensioning of components, selection of sensors, and comprehensive
finite element analysis. These elements collectively form a framework for

examining and understanding the behavior of friction during crash events.

The CAD concept phase involves designing the friction rig with attention to
detail, ensuring its structural integrity and compatibility with experimental
requirements. Advanced computer-aided design techniques will be employed

to create a functional and robust prototype.

Dimensioning the rig's components is an important step that involves
determining the optimal sizes and specifications of various elements within the
system. Calculations and considerations will be made to ensure that the rig's
performance aligns with the objective of capturing friction coefficients under
impact conditions. Then, various types of sensors will be evaluated to ensure
accurate measurement of parameters such as forces, pressures, and

velocities during crash events.

Additionally, finite element analysis will be conducted to validate and optimize
the performance of the friction rig. This computational simulation technique
allows for virtual testing and assessment of the behavior of the rig under
different impact scenarios. Numerical models and algorithms will be used to
refine the design of the rig and improve its effectiveness in generating accurate

friction models for finite element crash test simulations.

Furthermore, the data acquisition system will be described, with a focus on the
LabView program used to interface with the end user. This program facilitates
the acquisition of high-frequency data and enables the triggering of tests.
Details of the system's configuration and functionality will be provided.



Then, a Matlab based software will be described for automated data treatment
and analysis using a regression method. This regression will be based on a
novel constitutive equation that depends on pressure and slip velocity. A new
parameter has been introduced to capture nonlinear frictional behaviors. An
acceptance criterion was also considered to ensure the reliability, repeatability,

and convergence of the data modeling.

Is worth mentioning that the proposed approach aims to input friction models
in table format in finite element software to avoid the use of computationally

expensive sub-routines.

The proposed friction models were then applied to the finite element simulation
of the friction rig machine, and the results were compared with the averaged
friction coefficient of each contact pair, representing the most used approach
in the industry. As an outcome, one noticed a drastic difference over the
measured forces on the tangential direction between models, especially on the
low and high pressures. A mean error reduction of 69% was achieved with the

use of the proposed friction model.

These findings highlight the potential of the proposed methodology to enhance
the understanding and prediction of frictional behavior, thereby contributing to

the overall accuracy and realism of crash test simulations.

It is worth noting that further research and validation are necessary to ensure
the robustness and generalizability of the regression model across various
crash scenarios and material combinations. The promising agreement
observed in this study lays a solid foundation for future advancements and

optimizations in the field of friction modeling for crashworthiness analysis.



2. LITERATURE REVIEW
2.1. TRAFFIC ACCIDENTS

According to the World Health Organization (2023), there were 1.24 million
road deaths when the world population was approximately 6.79 billion,
resulting in 18 deaths per 100,000 inhabitants. In Brazil, the numbers are even
more alarming. According to sources from the Department of Information
Technology of the Unified Health System, in 2013, the death rate was 21
deaths per 100,000 inhabitants. This reality is accountable for significant
personal and economic losses for victims, families, and countries, considering

the expenses of treatment and the required time away from work.

A significant effort has been made in recent years by society, industry, and
government to address the issue of traffic accident victims. This effort has
focused on implementing safety legislation and developing new technologies
that aim to prevent vehicle accidents (active safety) and minimize injuries for

occupants in unavoidable collisions (passive safety).

The mandatory use of safety belts and the heightened political dedication to
road safety were crucial factors in the decline of road fatalities across Europe
starting from the 1970s. According to the World Health Organization (2023),
using safety belts by front-seat passengers reduces the risk of fatal injuries by
around 50%, and the risk of death and serious injuries among back-seat

occupants by 25%.

Figure 1 shows the reduction in fatalities over the years in Europe with the
introduction of these measures, despite a significant increase in the number of

vehicles on the road.



Figure 1 — Decrease of road traffic fatalities in Europe (Statista, 2020, Eurostat 2020)

. 80 - 290
T c
= el
n R 70 - 270 =
€ 3 S 9
[ - @
2 — 60 - 250 o
® o)
2 50 <
= 230 o
E 2]
b 40 210 g
o o
g o
3]
g 30 190 2
2 g
= 20 170 x
(0]
(VY
10 150
1990 1995 2000 2005 2010 2015 2020
Years
Fatal victms —e— Registered passenger cars

In Brazil alone, according to Andrade et al. (2014), more than 43,000 people
were Killed in road traffic crashes in 2010, which accounted for 3.86% of the

total deaths in the country.

A reliable source of information on the fatality of traffic accidents in Brazil is
the Institute of Applied Economic Research (IPEA). This institute releases
annual data on violence in the country, including deaths related to traffic
accidents. Figure 2 shows the fatality rate per 100,000 inhabitants during the
period from 1989 to 20109.



Figure 2 — Fatality rate per 100,000 inhabitants (IPEA, 2023).
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It is interesting to note two significative peaks of fatalities during this period.
The first occurred in 1996, prior to the rigorous 1997 traffic legislation update
(Law 9.503/1997). However, the level of violence in traffic reached a new
record in 2012 when the so-called "dry law," number 12.270/2012, increased
the severity of penalties for drunk drivers. The trend of reducing violence in
traffic was confirmed after 2014 when Law 11.910/2009 came into effect,
making airbags and Anti-lock Braking System (ABS) mandatory in all new

vehicles.

Another justification for the reduction of fatalities is the continuous
improvement of the efficiency of vehicle active and passive safety systems.
Active safety refers to technology that assists in the prevention of a crash, such
as ABS, Electronic Stability Control (ESC), Autonomous Emergency Braking
(AEB), Lane Departure Warning (LDW), etc. Passive safety includes all
components of the vehicle that help to reduce the severity of a crash event,

such as seatbelts, airbags, and structural elements.

Passive safety systems have shown significant improvement over the last few
decades, primarily due to the increasing accuracy and fidelity of crash test
finite element analysis to real-world scenarios. These models have gained

crucial importance in new car development programs, as they significantly



reduce the number of physical prototypes, thereby shortening development
times and costs. The environment of this process is specially treated in the
field of crashworthiness.

2.2. CRASHWORTHINESS

2.2.1. Crash Management Systems

The term “Crash Management System” is generally used to describe the
structural module consisting of the bumper and the related attachments that
connect to the longitudinal beams of the car. Front bumpers are normally
connected to the front longitudinal beam by a separate deformation element
(“crash box”). Rear bumpers are, however, mounted directly to the rear
longitudinal beam. However, the bumper system can’t be considered as an
isolated structural module. Its design must be optimized taking into account
the crashworthiness of the overall body structure, in particular the deformation

characteristics of the safety cell and the crumple zones.

These components are designed not only to ensure occupant and pedestrian
protection and meet legislative requirements but also to improve the

repairability of the vehicle.

The analysis of real-world accidents determined that more than 85% of all
frontal impacts occur at velocities below 9 mph (15 km/h), resulting in one of
the primary crash safety requirements for the front structure of cars (Leimbach
and Kiebach, 2013). Ensuring both damageability and repairability
enhancements in vehicles is crucial, but it must be done without compromising

the safety of vehicle occupants or pedestrians.
2.2.2. Vehicular structure

A vehicle structure, commonly referred to as the Body in White (BIW), is
designed to withstand various loading conditions throughout the vehicle's
lifespan, while also ensuring occupant safety during a crash. The BIW needs
to possess specific characteristics, such as stiffness, lightweight construction,

and compatibility with conventional manufacturing processes and materials.



These attributes are essential not only for meeting performance requirements

but also for minimizing production costs.

The stiffness of the BIW is crucial as it provides structural integrity and
resistance to deformation. A rigid structure helps distribute loads efficiently,
preventing excessive bending or twisting during normal driving conditions and
crash events. By maintaining structural integrity, the BIW can effectively
protect the vehicle occupants and ensure their safety. A common BIW and its

components are shown in Figure 3.

Figure 3— Typical Body in White of a commercial vehicle (Duddek, 2016).
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One can divide the BIW in three sections: front structure, rear structure and

passenger compartment (Lima, 2016).
2.2.2.1. Front Structure

During a frontal vehicular impact, the front bumper cross member, crash box,
and longitudinal members play crucial roles in ensuring the safety and
structural integrity of the vehicle. Figure 31 illustrates the typical anatomy of an
automotive front structure.
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Figure 4 — Typical anatomy of an automotive front structure. (Duddek, 2016).
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The main functions and considerations of each of these will be discussed

below.

Front Bumper Cross Member: The front bumper cross member, also
known as bumper reinforcement or bumper beam, is a structural
component located behind the front bumper cover. Its primary function
is to absorb and distribute impact forces during a collision. The cross
member is typically made of high-strength steel or aluminum. It helps
prevent or minimize damage to the vehicle's front body structure and
other critical components, such as the engine, radiator, and headlights.
Its strength is particularly crucial in cases of offset or oblique frontal
impacts, where the force is not evenly distributed throughout the vehicle
structure.

Crash Box: The crash box, also known as the energy absorber element,
is typically integrated into the front bumper system. The crash box is
typically constructed using foam, honeycomb structures, or deformable
materials with crush initiators. This design ensures maximum energy
absorption in various situations, including oblique impacts.
Longitudinal Members: The longitudinal members are elements that run
along the length of the vehicle's body frame. During a collision, the
longitudinal members serve as the primary load-bearing structures,
transferring impact forces from the front or rear of the vehicle to other

parts of the chassis. Generally, each front longitudinal member absorbs
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25% of the impact energy in the event of a frontal collision with a rigid
wall.

2.2.2.2. Passenger cabin

The passenger cabin plays a crucial role in ensuring maximum stiffness and
preventing intrusion in the event of a frontal, rear, or side crash. It is designed
with a tunneling structure located above the floor, which transfers the forces
from a front or rear impact to the rest of the vehicle. Additionally, the cabin
must be specifically engineered to provide protection against side impacts, as
there are no designated zones for absorbing the energy. This can be achieved
by using high-strength materials on structural elements such as the B-pillar,
roof, and kick-up cross members, as well as ensuring the correct distribution

of load paths. Figure 5 illustrates the passenger cabin frame.

Figure 5 — Passenger Cabin typical structure (Duddek, 2016).
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In addition to its role in frontal, rear, and side crashes, the passenger
compartment also plays a critical role in protecting occupants during rollover
scenarios. The pillars, such as the A-pillars, B-pillars, and C-pillars, are
strengthened to withstand the forces experienced during rollovers. They
provide vertical support to the roof, helping to prevent it from collapsing inward
and reducing the risk of head and neck injuries to occupants (Duddek, 2016).

2.2.2.3. Rear structure

When it comes to rear impacts, vehicles usually show the following structural

elements to withstand these collisions.
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e Rear Frame Rails or Cross Members: The rear frame rails or cross
members are structural components that extend along the rear of the
vehicle's frame or chassis. They provide strength and rigidity to the rear
structure. During a rear impact, these elements help distribute the
forces throughout the vehicle's body, minimizing deformation and
protecting the occupants.

e Rear Energy Absorbing Structures: Rear energy absorbers, similar to
crash boxes, are often integrated into the rear structure of the vehicle.
These structures are designed to absorb and dissipate energy during a
rear impact. They are typically made of deformable materials or foam
that can compress and crumple, reducing the severity of the forces
transmitted to the occupants.

e Rear Longitudinal Rails: Rear longitudinal rails have the same function
as front longitudinal rails. When a rear crash occurs, rear rails shall
transmit the loads to the rest of the vehicle structure with minimum
collapsing as possible. Although most cars have a crumple zone at their
rear ends to reduce acceleration on the occupants, there are legal
requirements to avoid fuel tank damages and leakages that could cause
fire after the crash. Parenteau et al. (2020).

2.2.3. Buckling of thin wall structures

Modern vehicular structures are mainly built of stamped and welded steel thin
wall sheets due to the good stiffness, strength, low weight, and low costs that
this process offers to vehicle manufacturers. The front and rear regions of
vehicles typically utilize thin-walled closed section structures, which can
demonstrate significant energy absorption values during buckling when

exposed to frontal impact.

Structures involved in vehicular impacts can exhibit two distinct modes of
buckling: progressive folding and global bending. Progressive folding involves
consecutive plastic deformations, which result in a higher mean crushing force
and, consequently, higher energy absorption. On the other hand, global

bending is characterized by a single force peak followed by a sudden decrease
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in axial load, indicating a lower energy absorption capacity. Figure 6 and Figure

7 illustrate these buckling modes.

Figure 6 — Progressive folding and plastic hinge (or global bending) buckling
mechanisms (Duddek, 2016).
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Figure 7 — Force response of progressive folding and global bending buckling
mechanisms (Duddek, 2016)
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The symmetry of both the geometry of a structure and load distribution plays
a crucial role in determining its deformation behavior. It affects whether the

structure will exhibit progressive folding or global bending when subjected to
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external forces. In the case of an asymmetrical structure or significant shear
load, the development of global bending regions can result in reduced energy
absorption during impact events. To overcome this limitation, practical
applications often employ triggers that promote progressive folding, as shown

in Figure 7, even if it leads to a slight decrease in the mean crushing force.

By favoring progressive folding through the use of triggers, engineers can
Increase the overall energy absorption capacity of the structure, thereby
improving its crashworthiness. Although there may be a trade-off in terms of a
small decrease in the mean crushing force, the ability to sequentially engage
plastic deformations allows for higher levels of energy dissipation and
improved occupant safety. Figure 8 illustrates various types of deformation

triggers applied to a thin-walled square cross-section structure.

Figure 8 — Deformation triggers typically used on crash boxes. (Kumar et al., 2014.)
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2.2.4. Regulations

In the realm of vehicular safety, manufacturers are obligated to subject their
vehicles to rigorous testing procedures mandated by regulatory agencies.
These tests serve to assess the crashworthiness of vehicles and ensure that
they meet or exceed the specified standards set by the respective regulatory
bodies. In the United States, the National Highway Traffic Safety
Administration (NHTSA) establishes guidelines and requirements for vehicle

crashworthiness. Similarly, Europe follows the standards outlined by the
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United Nations (UN), while China adheres to the GB Standards (National
Standards of the People's Republic of China).

Regarding vehicle safety around the globe, there are different types of

legislation.

e International
o ECE (United Nations Economic Commission for Europe)
o EU (EG Directives)
e National
o United States/Canada (Federal Motor Vehicle Safety Standard, or
FMVSS)
o Australia (Australian Design Rules, or ADR)
o Japan
o India (Automotive Industry Standards, or AIS)
e State / Provincial
o Canada
o United States
o Australia

In addition to standards and regulations concerning occupant protection in
vehicles, there are also specific standards and regulations in place to address
pedestrian protection. These standards, known as Global Technical
Regulations (GTRs), are developed and implemented by the United Nations.
One significant GTR in this area is GTR No. 9, which specifically focuses on
pedestrian protection. Its aim is to enhance the safety of pedestrians in the
event of a collision with a vehicle and consider various factors such as the
design of the vehicle's front end, its interaction with pedestrians, and the

mitigation of potential injuries.

In Brazil, the National Traffic Council (CONTRAN) is the highest normative and
advisory body of the national traffic system. It establishes guidelines for the
national traffic policy and coordinates all entities within the National Traffic
System. In the context of crashworthiness, CONTRAN establishes the national
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protection requirements for vehicle occupants under different impact

scenarios.

Furthermore, the Brazilian Association of Technical Standards (ABNT) also
plays a role in establishing technical standards related to vehicle safety. ABNT
develops and publishes voluntary standards that are often adopted as
regulations by CONTRAN.

These regulatory standards serve as benchmarks to ensure that vehicles
provide sufficient protection to occupants in the event of a crash, thereby
reducing the risk of injuries and fatalities. The main types of crash tests and

their respective standards are mentioned below.

e Frontal Impact Tests:

o Full Frontal Impact Test: This test simulates a head-on collision
between two vehicles of the same weight, traveling at a speed of 50
km/h. It evaluates the vehicle's ability to absorb and distribute the
impact forces evenly across the front structure, which is usually critical
for dummy acceleration levels and HIC. Brazilian standards ABNT NBR
15300-1 and ABNT NBR 15300-2 describe the conditions for this test in
an equivalent manner to ECE R94.

Figure 9 — Full frontal impact crash test protocol ABNT NBR 15300-2 (Safety
Companion, 2023).
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o Offset Frontal Impact Test: In this test, the vehicle is impacted on one

side of the front structure, simulating a real-world scenario where only
40% of the front end is involved in a collision against an offset
deformable barrier (ODB). It assesses the vehicle's ability to protect
occupants when the impact is not directly centered and is usually critical
for firewall intrusions and deformations on the A-pillar. In Brazil, this test
can be considered for frontal impact according to the manufacturer's
criteria, as per the standards ABNT NBR 15300-1 and ABNT 15300-3.
This test is equivalent to FMVSS 208.

Figure 10 — 40% offset frontal impact crash test protocol ABNT NBR 15300-3
(Safety Companion, 2023)
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o Side Impact Crash Test: This test evaluates a vehicle's protection for

occupants during a side collision. A deformable barrier or a moving
trolley impacts the side of the vehicle, simulating the force experienced
in a typical side-impact crash. The standard ABNT 16204-1 describes
the procedures for side impact tests and should be used in conjunction
with ABNT NBR 16204-2 or ABNT NBR 16204-3, according to the
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manufacturer's criteria. The first scenario is very similar to FVMSS 214,
in which a 950 kg sled impacts the car laterally at a 90° angle and a
speed of 50 km/h. The second scenario is similar to ECE 95, where a
1368 kg sled impacts the side of the car at a 27° angle and a speed of
54 km/h.

Figure 11 — Side impact crash test protocol (a — ABNT NBR 16204-2; b —

16204-3)
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Side Pole Impact Test: This test simulates a vehicle striking a rigid pole
or tree on its side. It assesses the protection offered to the head and
chest of occupants, as pole impacts can be particularly severe.
CONTRAN Resolution 949, dated 28/03/2022, establishes the
requirements for side pole impact crash tests. These tests can be
conducted in accordance with either FVYMSS 214 or ECE R135,
depending on the automaker's preference.
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Figure 12 — Side pole impact crash test protocol as per a — FMVSS 214 and
b — ECE R135 (Safety Companion, 2023)
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e Rear Impact tests

o FMVSS 202a — Head Restraints: This standard sets requirements
for head restraints in passenger vehicles. It aims to reduce the risk
of neck injuries, particularly whiplash, in rear-end collisions. It is
based on a dynamic test to evaluate head restraint performance
during a rear impact.

o FMVSS 301 - Fuel System Integrity: This standard addresses the
integrity of a vehicle's fuel system in a 70% Overlap Deformable
Barrier (ODB) of 1368 kg at 80 km/h rear impact. It aims to reduce
the risk of fuel leakage and fuel-related fires in rear-end collisions. It
requires vehicles to undergo a rear impact test to evaluate fuel
system integrity. Mandates that the fuel system must remain intact

and free from major fuel leaks during and after the test.



20

Figure 13 — Rear impact test as per FMVSS 301 (Safety Companion,
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o Ejection Mitigation Test: This test establishes requirements for ejection
mitigation systems to reduce the likelihood of ejections of vehicle
occupants through side windows during rollovers or side impact events.
The standard is based on the impact of an 18 kg headform on up to 4
impact test locations on each side window, which head excursion may
not exceed 100 mm. It applies to the side windows next to the first three
rows of seats, and to a portion of the cargo area behind the first or
second rows. It is defined by the standard FMVSS 226 and is illustrated
in Figure 14.
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Figure 14 — Ejection mitigation test as per FMVSS 226 (Safety Companion,
2023).
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o Roof Crush Resistance Test: The purpose of this test is to assess the
strength of vehicle roofs to prevent or minimize injuries and fatalities in
rollover accidents. The roof crush resistance is specifically evaluated by
applying a load that is 1.5 times the weight of the unloaded vehicle and
it must not deform beyond a predetermined level. The test specification
is defined in the FMVSS 216 standard.

Figure 15 — Roof crush resistance test as per FMVSS 216 (Safety
Companion, 2023)
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Pedestrian Protection Tests:
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o Adult Headform Impact Test: This test evaluates the vehicle's front-end

design in terms of pedestrian safety. A headform impacts various areas

of the vehicle's front surface to assess the potential for head injuries in

the event of a collision.

o Child Head Impact Test: This test evaluates the protection provided to

a child's head in the event of a collision. It involves impacts with different

vehicle surfaces to assess potential head injuries.

o Legform Impact Test: This test assesses the risk of leg injuries to

pedestrians. It involves the impact of a legform on the vehicle's front

bumper and bonnet to evaluate the protection offered to a pedestrian's

lower limbs.

o Upper Legform Impact Test: Equivalent to the legform impact test, this

test focuses on the upper leg area. It assesses the protection provided

to the upper legs of pedestrians during a collision.

Figure 16 — Pedestrian protection tests as per ECE R127 (Safety

Companion, 2023).
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A broader picture of the different types of crash tests in different regions

of the world, their respective standards and main characteristics can be

seen illustratively in Figure 17.
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Figure 17 — Rules and regulations on occupant protection around the world (Safety

Companion, 2023)
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2.2.5. Independent institutions crash tests

Due to the great importance of improving vehicle safety on a global scale,
several independent institutions, such as the IIHS (Insurance Institute for
Highway Safety) and NCAP (New Car Assessment Program), voluntarily
publish safety reports and assign star ratings to new cars based on their
performance in various tests. These tests evaluate both active safety systems
such as Anti-lock Braking Systems (ABS), Electronic Stability Control (ESC),
Autonomous Emergency Braking (AEB), Lane Departure Warning, and more,
as well as passive safety systems like seatbelts, airbags, energy absorption
capacity, and structural integrity. These programs are not mandatory for
vehicle commercialization, but they impose quality checks on new cars in the
market. They have stricter specifications and regularly publish a detailed
analysis of their crash results, which encourages manufacturers to construct
safer vehicles. A comprehensive list of vehicle safety tests conducted by each
of the main independent institutions in America and Europe is shown in Figure
18.
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Figure 18 — Principal vehicle safety tests performed by independent institutions on

Americas and Europe (Safety Companion, 2023)
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One of the most challenging crash test protocols adopted by most of these

associations is the small overlap frontal impact, which is of particular interest

in this work.
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2.2.6. Small overlap crash test protocol

Over the years, vehicles have consistently achieved top ratings in both the
IIHS and NCAP, prompting these institutions to explore additional test
configurations for frontal impacts. One such protocol introduced by the IIHS in
the late 2000s is the Small Overlap Crash Test Protocol, as discussed by
Brumbelow and Zuby (2009). This test involves a frontal crash at 64.4 km/h
with a 25% overlap on the driver's side, directed towards a rigid barrier. Its
purpose is to evaluate vehicle safety under crash conditions where the front
rails are not fully engaged. The rating protocol includes analyzing the
responses of a 50th percentile male Hybrid 11l dummy, intrusion of the dash,
steering column, and floor pan into the passenger compartment, as well as the
effectiveness of the airbag, (Prasad, Dalmotas and German, 2014). Figure 19

provides an illustration of the small overlap test protocol.

Figure 19 — Small overlap crash test protocol (IIHS,2021).
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The specific test configuration described above holds significant interest in this
thesis due to the potential influence of friction on various aspects. Load
eccentricity and shearing forces within the vehicle structure can greatly impact
the occurrence of progressive buckling or the formation of plastic hinges,
ultimately affecting the effectiveness of energy absorption during the crash

event.

Furthermore, the driver-side small overlap frontal test presents notable
challenges concerning dummy kinematics and airbag interaction. The impact-

generated force often propels the dummy towards the A-pillar direction,
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leading to the dummy's head sliding over the frontal airbag. Gaining an
understanding of friction's role in this particular test configuration is crucial for
advancing our knowledge of the complex interactions among the vehicle

structure, dummy kinematics, and airbag performance.

To compare the stability of the dummy against airbag during the crash, two
specific cases will be presented and analyzed.

Figure 20 showcases a poor interaction between the frontal airbag and the
dummy during a small overlap crash test of a 2012 Mercedes C250. Initially,
the airbag effectively supported the head, but as the crash progressed the
dummy moved laterally and was thrown beyond the airbag's intended
protection region. The lack of side curtain airbags contributed to this
movement. As a consequence, the dummy's head contacted the roof ralil
during the rebound phase, resulting in a high acceleration peak.

Figure 20 — Mercedes C250 2012 small overlap crash test (IIHS, 2021).

Figure 21 shows a crash test of the 2012 Infiniti G25, which effectively
controlled the dummy's motion during the small overlap impact test. The
summation of the effects of front and side curtain airbags was crucial in this
case, as evidenced by dummy paint residue on their surfaces after the contact.
It was also observed that the rebound phase was much more controlled than
in former example, since the dummy was thrown back through the seat
direction and no hard contact with the vehicle structure was noticed.
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Figure 21 — Infinity G25 2012 small overlap crash test (IIHS, 2021).

2.2.7. Friction in crashworthiness

Friction plays a significant role in vehicular crashes, as it affects the interaction
between surfaces that come into contact at high speeds and pressures. While
friction itself may not be the primary mechanism for energy dissipation during
a collision, it can greatly influence the deformation mode of vehicle
components, thereby directly affecting their energy absorption capacity (Nia
and Hamedani, 2010).

In the context of structural buckling analyses and vehicular impacts, the
coefficient of friction is often determined based on user experience, relying on
literature references (that are often simplified for low-pressure and low-velocity
cases), or by using a single calibration parameter for a decay exponent.
Surprisingly, only a limited number of studies have been conducted in this field,

despite the well-established influence of friction on real-world crash scenarios.

For example, Stanislawek, Dziewulski, and Kedzierski (2019) have
demonstrated that the trajectory of a vehicle is affected by the friction
coefficient between tires and the ground during a crash. A series of numerical
tests were conducted to investigate the influence of the friction coefficient over

the normative EN 1317 specifications. The results obtained demonstrate that
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the trajectory of a vehicle is significantly affected by friction, as shown in Figure
22.

Figure 22 — The influence of friction on the impact of a commercial vehicle

against a road barrier (Stanislawek, Dziewulski, and Kedzierski, 2019).
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Trajkovski, Ambroz and Kunc (2018) found that the coefficient of friction has a
crucial effect on vehicle rollover scenarios. In this study, different vehicles have
been evaluated regarding rollover behavior on the oblique impacts on a
concrete safety barrier (CSB). The study considered different levels of friction

coefficient between the tires and the concrete, as shown in Figure 23.
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Figure 23 — Pickup Chevrolet C 1500 behavior on the impact against CSB
under different friction coefficients (Trajkovski, Ambroz and Kunc, 2018).
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In the study, it was observed that when a vehicle collides with a barrier at an
angle, the resulting lateral forces can create a moment around the vehicle's
vertical axis, which has the potential to cause a rollover. The coefficient of
friction between the tires and the road surface plays a significant role in
determining the magnitude of these lateral forces and, consequently, the

vehicle's behavior.

The findings of the study revealed that the value of the friction coefficient can
either induce or prevent a vehicle rollover. Through simulations, it was
demonstrated that when the tire-concrete safety barrier (CSB) coefficient of
friction was low (n = 0.4), the Chevrolet C 1500 successfully redirected itself
back into its driving lane. However, in all other cases with different friction

coefficients, a vehicle rollover occurred.

Friction is also a key element in the vehicle's interior, particularly in the contact
between occupants against airbags, seatbelt, and internal coverings. Mihora,
Friedman, and Hutchinson (2011) demonstrated that the friction between the
head and the airbag can affect the effectiveness of this component, particularly

when a lateral impact occurs at the borders of the airbag.
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Figure 24 — contact of the headform with side curtain airbag (Mihora,

Friedman and Hutchinson, 2011)

Authors found that in some cases, the high friction between the headform and
the lateral curtain airbag prevents the sliding of the fabric upward and off the
headform. This friction creates a rebound effect, ensuring that there is no hard
contact between the parts. This is important because hard contact could result
in severe accelerations and increase the risk of injury for the occupant. Further,
friction was found to be especially important for oblique impacts due to the
longer sliding distances along the curtain. An important finding of this study is
that human-like skin was found to have a significantly lower friction coefficient
against airbag fabric compared to dummy skin (vinyl plastisol). This could
result in more slippery and unstable behaviors than the ones found on crash

tests.

The study conducted by Eriksson and Piroti (2018) provides valuable insights
into the influence of friction on crash tests, with a specific focus on the oblique
collision of a dummy's head against an airbag. The rotational brain injury
mechanisms are evaluated in this type of test, and one of the metrics used is
the Brain Injury Criteria (BrlIC), which has been proposed for potential inclusion

in future New Car Assessment Program (NCAP) rating criteria.

The authors of the study investigated several parameters that affect the test

results, including impact velocity, airbag pressure, and surface conditions.
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They also examined the impact of surface conditions, such as the paint that is

typically applied to the dummy's face during a crash test.

Understanding the role of friction in these crash tests is crucial for assessing
the potential for brain injuries. By analyzing various parameters and surface
conditions, the researchers aimed to gain a better understanding of how
friction influences rotational brain injury mechanisms and the resulting BriC
values. An illustration of the experimental apparatus used in this work is shown

in Figure 25.

Figure 25 — Dummy head — airbag oblique impact test (Erikson and Piroti, 2018).

The authors tested a wide range of parameter combinations in a Design of
Experiments study. They examined three impact velocities (4.0, 5.4, and 6.7
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m/s), three impact angles (45°, 60° and 70°), two airbag internal pressures (15
and 20 kPa), and three dummy surface conditions (clean rubber, dummy shirt

fabric, and with grease paint, this last showed in Figure 26).

Figure 26 — Front and side view of dummy’s head with grease paint applied to the side that is

expected to be in contact with the airbag (Erikson and Piroti, 2018).

It was found that the rotational velocity of the head is heavily dependent on the
friction force between the airbag and the dummy's head. Furthermore, the
results of numerical simulations in LS-Dyna are enhanced when incorporating

pressure and slip velocity dependence in the friction model.

One important observation of this work is that friction shows a significant
reduction in regions where paint was applied. This is a very common technique
in crashworthiness to create marks on the contact regions of a dummy with
other parts such as the airbag and vehicle panel. This can be interpreted as a
lubricated system rather than a dry friction mechanism. No references were
found in the literature that considers paint as a lubricant in the dummy's

interaction with the airbag and the vehicle's interior.

The authors also stated that the friction force and its modeling have a
significant impact on the rotation of a dummy head during impact with the
airbag. This influence is even greater than that of internal airbag pressure.

Therefore, the improvement of friction models between these contact pairs can
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be a step towards improving vehicle safety and consequently reducing traffic-

related injuries.

Dong et al. (2020) experimentally characterized the friction coefficient between
human skin from post-mortem human subjects (PMHS) and airbag fabrics. The
authors also compared the results with different dummy skin samples made of
vinyl plastisol at different slip velocities and pressures. The authors found that
the difference between human and dummy skin friction with the airbag
samples varied significantly among different airbags.

Figure 27 — Friction coefficients comparison between Dummy skin and Human skin
for different airbag samples. Dong et al. (2020).
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2.3. TRYBOLOGY

Before describing any tribological phenomena one must keep in mind that a
tribological system has multiscale and multidisciplinary interaction. According
to Holmberg (2007), a tribological problem can be divided into three scales:

nanotribology, microtribology and macrotribology.

¢ Nanotribology: At this scale, intermolecular interactions between surfaces
occur, such as van der Walls forces, which are responsible for the
phenomenon of surface adhesion. It ranges between 0.1nm to 100nm.

e Microtribology: In this field, one studies small surface irregularities that can

lead to discontinuities in contact between two surfaces. These irregularities
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characterize the roughness of the material and may cause local variations
in contact pressure as well as influence the static and dynamic tangential
behavior of the pair. In addition, other phenomena of great importance to
tribology occur at this scale, such as the formation of surface layers, debris,
and surface plastic deformations. Micro-scale phenomena can be
considered as those that occur within a range of 0.1 mm to 100 mm.

e Macrotribology: at this scale, superficial conformations determine the initial
contact geometry, as well as the stress fields arising from the contact
between the pair. These stress fields may extend for considerable
distances depending on the transmitted force. It is generally considered

within the scale of 0.1 mm to 100 mm.

In addition, according to Vakis et al. (2018), a wide range of phenomena occur
across different length and time scales that can play an important role in

tribology, as illustrated in Figure 28.

Figure 28 — A time-length scales map of models developed in tribology, highlighting the
intrinsic link between multiscale physics that needs to be captured in order to provide

predictive tools for engineering applications (Vakis et al., 2018).
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All tribological phenomena occurring near interfaces between solids are
determined by the atomic interactions within and between solids, as well as

those between atoms of the substances present at the interface. Since these
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interactions give rise to various physics phenomena, which are described at
the macroscale by different theories and models, the tribological interface can
be considered a "paradise" of multiphysics, as shown in Figure 29. The
diagram illustrates the multifaceted nature of tribological interactions. It depicts
two distinct solids with rough surfaces and their corresponding material
microstructures. These solids come into mechanical contact and are subjected
to different types of loads, including mechanical, thermal, electric, and

environmental forces (Vakis et al., 2018).

Figure 29 — The multifaceted nature of tribological interactions (Vakis et al., 2018).
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Mechanical phenomena refer to the deformation of solids and their contact
interactions. The process of material removal or surface deterioration, such as
micro-cracking, abrasive wear, and adhesive wear, can also be included within
this type. Thermal phenomena are related to heat transfer from one solid to
another, as well as heat generation resulting from interfacial friction or
dissipation within the bulk. Heat exchange can be either ballistic or diffusive,
depending on the size of the contact spots. The local heating of contacting
asperities up to the point of local melting, recognized in early tribological
studies and known as flash-heating, has significant implications for friction,
particularly in dry contacts. Metallurgical phenomena occurring in near-
interface layers encompass a range of microstructural changes. These
changes can be induced by temperature variations (such as Joule or frictional
heating) or by severe deformations. They include dynamic recrystallization and
various phase transformations in metals. An example is the formation of the

so-called "white layer,” which is a fine-grained and rather brittle martensitic
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layer. For materials undergoing glass transition, the localized increase in
temperature can have a significant impact on their mechanical performance.
In general, mechanical properties are highly influenced by temperature,
making the thermo-mechanical problem one of the most inherent and strongly
coupled multiphysical problems in tribology, particularly in dry contact or in the
mixed lubrication regime. Because of excessive local heating, the solids can
reach their melting or sublimation point and experience phase transition A
complex interaction of the aforementioned physics with a fluid present at the
interface creates a strongly coupled multiphysical problem, particularly in the
context of Elasto Hydrodynamic Lubrication (EHL). Because of the complexity
of direct experimental measurements and the inseparability of various physical
mechanisms in real interfaces, a big challenge is to construct reliable and
precise models that have predictive power while, at the same time, being

verifiable and sufficiently comprehensive (Vakis et al., 2018).

Although all of these concepts are important to keep in mind, due to the
complexity of this subject, this work will aim to focus only on the most relevant

fundamentals of physics for the current application.
2.3.1. Friction

According to Hutchings (2017) “The force known as friction may be defined as
the resistance encountered by one body in moving over another” and “The
ratio between this frictional force F,; and the normal load W is known as the

coefficient of friction”, as defined by Equation (1).

Fat (1)

w
This relation depends on a series of interfacial mechanical behaviors and

surface interactions, and the study of the involved phenomena and their

related patterns has been known to be studied since the 15th century.

In 1493 Leonardo Da Vinci was considered to first understand the
fundamentals of this phenomena. Two hundred years later Guillaume
Amontons is credited to describe the three laws of friction. Although these laws
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may not be considered valid nowadays, they preceded multiple discoveries in

tribology field.

2.3.1.1. 1stFriction Law: Frictional force is proportional to load.

Despite the first works affirmed this relation was true for most pure metal
cases, as shonw in Figure 30 — a, in contact between ceramics, polymers and
in situations where surfaces are coated with surface oxide films (Figure 30 —
b) this law is not true, since increased load may break the interfacial film and
change the contact system. Another important example is that on rough metal
surfaces of similar hardness, there is a tendency for the wear of these
irregularities generate so-called debris, which can increase or reduce the

friction coefficient as in the case of Figure 30 — c.

Figure 30 — Different behaviors of the coefficient of friction on normal load variation (a — Steel
sliding over aluminum in air; b — Copper sliding over copper in air; ¢ — Stainless steel sliding
over NiAl alloy in air) (Hutchings, 2017).
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2"d Friction Law: Frictional force is independent of apparent

area.

Although less explored than the first law, the second law is nevertheless well

attested for most materials, with the exception of polymers.
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Figure 31 — Behavior of the friction coefficient on apparent area variation during slip between

steel and wood (Hutchings, 2017).
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2.3.1.3. 3"Friction law: Frictional force is independent of sliding speed.

The third law of friction is less grounded than the first two, as slip velocity
involves factors such as wear, interface temperature, and various other
phenomena that can strongly influence a tribosystem. These factors range
from the generation of debris to the phase change of materials in contact.
However, for many contact pairs, the dynamic friction coefficient is
independent within a certain range of speeds and may depend on this
magnitude only for speeds above tens of m/s. In general, there is a drop in the
dynamic coefficient of friction with increasing sliding velocity, as shown in the
case of Figure 31. In (a), a linear drop of about 30% is noted, while in (b) it is
more noticeable. A nonlinear variation of about twenty times was observed for
copper, indicating the predominance of different friction mechanisms between

the contact pairs.
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Figure 32 — (a) Coefficient of friction behavior as a function of the sliding velocity for
titanium sliding on titanium at 3 N normal load; b) Behavior of the coefficient of
friction as a function of the slip speed for copper and bismuth on themselves at 3 N
normal load (Hutchings, 2017).
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When the temperature of a sliding metal increases, several effects occur: its
mechanical properties change, the rate of oxidation and other chemical
reactions at the surface increases, and phase transformations may take place.
All of these factors will influence its frictional behavior (Hutchings, 2017).

2.3.2. Engineering surfaces

Engineering surfaces are often composed of different layers of materials,
which can be formed naturally through the oxidation of the bulk material,
electrochemical deposition such as galvanization, or even mechanical
deposition such as coat paintings. These coatings are essential for the
tribomechanics of contact pairs because their mechanical properties are the
primary factors that govern friction behavior, and they can increase the

strength of the interface when compared to the properties of the bulk material.

From Holmberg (2007), friction of engineering surfaces is the force that

opposes motion and can be defined by three fundamental phenomena.

e Adhesion — Is the breaking of adhesive bonds between two surfaces.
e Ploughing — Is the resistance that arises from elastic and plastic

deformation.
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e Hysteresis — Resistance originating from continuous elastic deformation

within one of the moving surfaces.

These phenomena cause stress on contact regions and are often associated
with fracture mechanisms and material removal, resulting in what is known as
wear. The same author classifies wear into three mechanisms associated with

the aforementioned friction.

¢ Adhesion + Fracture — Adhesive lifting of shearing force causes stresses
that exceed the material strength, resulting in crack growth and material
detachment.

e Abrasion + Fracture — A hard countersurface moves across a softer
surface, causing deformation. The high shear stresses cause crack growth
and material detachment.

e Fatigue + Failure — Compressive cyclic loading on a surface causes shear
stresses that exceed the material's endurance limit, resulting in crack

growth and material detachment.
A representation of these phenomena can be seen in Figure 33.

Figure 33 — Basic friction and wear mechanisms (Holmberg, 2007).
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It is important to remember that the basic mechanisms of friction and wear are
typically combined in a complex manner. This complexity arises from various
factors, such as intricate contact geometries or conditions, which involve
roughness and debris, as well as inhomogeneous surface materials.

Additionally, mass and heat transfer, transient loads, and other multiphysics



42

phenomena contribute to the complexity. During sliding contact, several
parameters undergo changes. Surface layers are formed, strain hardening
occurs, local temperature increases, material properties changes, and after
this transient stage a new set of parameters will govern friction and wear,

consecutively.

In a contact situation, there are typically a limited number of around five to ten
parameters that significantly influence the friction and wear behavior. Some of
the dominant parameters include the relationship between coating and
substrate hardness, coating thickness, roughness, and debris during contact.

An illustrative example of these relations is shown in Figure 34.

Figure 34 — Main parameters influencing the friction in engineering contact situation
(Holmberg, 2007).
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2.3.3. Wear maps

Lim and Ashby (1987) have performed substantial amounts of laboratory tests
and introduced wear maps where the wear coefficient is plotted as a function
of sliding velocity and pressure. The wear map corresponding to medium
carbon steel, based largely on pin-on-disc data, is generally divided into two
main regions of mechanical and chemical wear. Mechanical wear occurs at

low sliding velocities where the wear coefficient is more a function of nominal
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pressure than the velocity. The chemical mechanism occurs at higher sliding
velocities (above 1 m/s). The mechanical part contains three regions of mild
and severe wear together with a transition area in between. The chemical part
of the map, however, contains two regions: mild and severe oxidational wear.
As seen in the figure, mild oxidation could even be protective as at a given
level of pressure and high sliding speed the wear coefficient drops to low
values. This mild oxide material behaves like a lubricant in between the
surfaces (Nia, 2017). Figure 35 shows a wear mechanism map for steel-on-

steel sliding under various pressures and slip velocities.
Figure 35 — Wear mechanism map for steel-on-steel sliding (Lim and Ashby,1987).
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These two mentioned areas of the map also affect the behavior of the friction
coefficient. Although at low sliding speeds friction appears to be independent
of slip velocity, significant variations in friction are observed when different

wear mechanisms are present. Figure 36 presents an equivalent map for the
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friction coefficient where similarity with Figure 35 can be observed. This

reinforces the importance of correctly interpreting the relationship between

friction mechanisms, wear rate, and friction coefficient.

Figure 36 — Frictional map for sliding of steel on steel under various normalized

pressures and slip velocities (Lim and Ashby, 1987).
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Although this example illustrates steel-to-steel sliding, the friction and wear

coefficients dependence on pressure and slip velocity may also be found in

other contact pairs as well.

2.4. FRICTION TESTING

Many different experimental methods have been used to study sliding friction

and wear. Laboratory investigations are typically conducted to either examine
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the mechanisms by which wear occurs or to simulate practical applications and
provide valuable design data on wear rates and coefficients of friction. For both
purposes, selection, control, and measurement of all variables that may
influence friction and wear are very important, since they are often highly
dependent on the sliding conditions, and even apparently minor changes in
these conditions can lead to radical changes in the primary mechanism and
the rate of wear. Careful choice of test conditions and their close control and
monitoring are essential, regardless of whether the results are being used for
the simulation of a practical application or for scientific purposes or not. In a
sliding tribological test, the main aspects that should be considered are

mentioned below.

e The materials of the two bodies in contact and their method of surface
preparation.

e The test geometry, including both the shape and dimensions of the
samples.

e The applied load and contact pressure.

e The sliding velocity.

e The test environment (the nature of the environment surrounding the

contact, including its temperature and humidity).

In designing a test, each of these factors needs to be considered and justified.
It is important to remember that the behavior of a tribological contact is related
to the behavior of the whole system and not just of a material pair, and that
one can never define the tribological behavior of a material without a full
description of the system. Due to this, understanding the underlying physical
mechanisms of damage and wear is essential, as it may allow the conclusions
to be extrapolated beyond the strict range of the test condition (Hutchings,
2017).



46

2.4.1. Pin on Disk (ASTM G-99)

This method is one of the most well-known tribomechanical tests and
describes a laboratory procedure for determining the wear of materials during
sliding using a pin-on-disk apparatus. Materials are tested in pairs under
nominally non-abrasive conditions. The principal areas of experimental focus
in using this type of apparatus to measure wear are described. The coefficient

of friction may also be determined.

For the pin-on-disk wear test, two specimens are required. A pin with a
rounded tip is positioned perpendicular to a flat circular disk. A rigidly held ball
is often used as the pin specimen. The testing machine causes either the disk
specimen or the pin specimen to rotate around the center of the disk. In either
case, the sliding path forms a circle on the surface of the disk. The pin
specimen is pressed against the disk at a specified load, typically using an arm
or lever with attached weights. Other loading methods have been used, such
as hydraulic or pneumatic. Figure 37 shows a schematic drawing of a typical
pin-on-disk wear test system, as well as photographs of two apparatuses with
different designs.

Figure 37 — Pin on disk apparatus (Tribonet, 2023)
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Rotating speeds are typically in the range of 0.3 to 3 rad/s (60 to 600 RPM).
Although there is no radius limit according to the standard, pin-on-disk
machines usually allow discs with a diameter no larger than 200 mm. Also,
normal forces are typically less than 200 N, with pin or ball diameters not
exceeding 5 mm. This often results in slip velocities of less than 0.3 m/s and
contact pressures of less than 100 MPa under steady-state conditions, which

IS not suitable for impact scenarios.
2.4.2. Reciprocating test apparatus (ASTM G133)

This test method covers laboratory procedures for determining the sliding wear
of ceramics, metals, and other candidate wear-resistant materials using a
linear, reciprocating ball-on-flat plane geometry, as shown in Figure 38. The
direction of the relative motion between sliding surfaces reverses periodically,
causing the sliding to occur back and forth in a straight line. The primary
guantities of interest are the volumes of wear in the ball and flat specimen
materials that come into contact. Indeed, the coefficient of kinetic friction can
also be measured. This test method encompasses both unlubricated and
lubricated testing procedures. It is designed to simulate the geometry and
motions experienced in many types of rubbing components. These
components undergo periodic reversals in the direction of relative sliding

during normal operation.

Friction forces are measured during the test and can be used to evaluate

variations in the contact conditions or the kinetic friction coefficient over time.
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Figure 38 — Reciprocating test apparatus (ASTM G133).

LOADING ARRANGEMENT
(Normal Force)

BALL SPECIMEN
FLAT SPECIMEN
HOLD-DOWN

ROLLER

7’ /
7 OSCILLATING DRIVE
LUBRICANT BATH ///// e
LUBRICANT LEVEL [ POO—
(when used) /
/} / /
_ %%
FRICTION FORCE = _) W _ _ -4 -
TRANSDUCER / i i 7

7// / 7, I Y Y 7 W
///

7 -
STROKE LENGTH

{2 strokes = 1 cycle)

FIG. 1 Reciprocating Test—Schematic Diagram

According to this standard, the oscillation frequency should not exceed 10 Hz,
with a stroke length of 10 mm. The recommended pin tip radius is 4.76 mm,
and the maximum normal force is 200 N. This test setup ensures that the
maximum contact pressures for metallic Hertzian contact are on the order of
100 MPa, and that slip velocities do not exceed 0.1 m/s. So, similar to ASTM
G-99, this test is not suitable for capturing the transition from static to dynamic

events that occur during impact events.

2.4.3. Standard Test Method for Static and Kinetic Coefficients of
Friction of Plastic Film and Sheeting (ASTM D1894 — 001)

This test method covers the determination of the coefficients of starting and
sliding friction of plastic film and sheeting when sliding over itself or other
substances under specified test conditions. The procedure allows the use of
either a stationary sled with a moving plane or a moving sled with a stationary
plane. Both procedures yield the same coefficients of friction values for a given
sample. The standard states that tests shall occur at constant slip velocities
ranging from 120 mm/min to 180 mm/min and pressures ranging from 70 kPa

to 100 kPa. Figure 39 illustrates the test procedures and assembly process.
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Figure 39 — Friction measurement by ASTM D1894 — 001.
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Although this test setup design is closer to the objective of this work, it does
not reference high speed and pressure tests, nor does it address friction
modeling as a function of pressure and slip velocity. The methodology shown
in this standard will be considered as a motivation for the development of a

new device for friction measurement.
2.4.4. Strip Drawing test method

The principle of the strip drawing test is similar to ASTM D1894 test rig, where
normal force is applied by a clamp head instead of weights. Due to this, two
contacting surfaces are necessary to ensure the force equilibrium in the normal
direction. Figure 40 illustrates the concept in the work developed by
(Makhkamov, 2021).



50

Figure 40 — Strip drawing test concept with two side fabric samples. (Kruse et al.,
2022)
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The greatest advantage of this concept is the compact and simple design of
normal actuators, which allows normal pressures ranging from Pa up to MPa
magnitude orders. Thus, it also allows low normal force application, for low
pressure measurements. Further, the drawing force can be applied in multiple
forms, such as electric motors, pneumatic or hydraulic actuators as well as
impact hammers, allowing the slip velocities from pm/s up to m/s magnitude

orders. This concept makes this design well suited for the role in this work.

One of the disadvantages of the strip drawing test is that both contacting sides
are assumed to have the same friction coefficient, thus the clamping heads
must possess the same materials. Depending on the sample count and
material properties, the test operation might also be work intensive, since the

assembling and disassembling of samples is doubled.
2.4.5. Friction rigs for impact applications

Lai et al. (2012) stated that contact friction can impact the mode of structural
deformation and the capacity for absorbing kinetic energy during a vehicle
crash. Due to the lack of information on friction modeling for crashworthiness
applications and the unavailability of suitable test devices, the authors
developed a friction rig. This rig enabled the measurement of friction on
metallic samples under dry friction and impact conditions, with pressures of up
to 100 MPa and slip velocities of 6 m/s. These high pressures and slip

velocities can occur both in contact between different components and in self-
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contact during a vehicle crash, especially during the progressive buckling of

front rails.

The primary objective of the rig proposed in this study is to replicate the
conditions found in a vehicle crash event. This includes simulating not only
high pressure and slip velocities but also considering the specific
characteristics of such crashes, namely short time durations (approximately 10
ms) and limited sliding distances (less than 35 mm) in a single pass slide.
These parameters are strategically chosen to prevent significant surface
modifications resulting from wear, heating, and their subsequent effects. By
accurately replicating these crash conditions, the proposed rig enables
researchers to investigate and analyze the behavior of materials and interfaces

in realistic crash scenarios. The proposed test rig can be found in Figure 41.

Figure 41 —Impact friction rig scheme (Lai et al., 2012).
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It has been found that, in the ranges of contact pressure and sliding velocity
tested in this study, the friction coefficient of dry contact of steel-vs-steel can
exhibit significant dependence on the applied contact pressure and sliding

velocity, as shown in Figure 42 and Figure 43.

Figure 42- Slip velocity dependence of friction coefficient (Lai et al., 2012).
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Figure 43 — Pressure dependence of friction coefficient (Lai et al., 2012).
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Following the tests, the authors conducted a detailed surface analysis, which

revealed important findings. At a low contact pressure of 10 MPa, the dominant
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tribological mechanisms observed were plowing and abrasion. These
mechanisms were responsible for causing scratching and polishing effects on
the surfaces of the specimens that were tested.

However, under higher contact pressure conditions of 40 MPa, a different set
of tribological mechanisms became prominent. Adhesion between the
surfaces resulted in severe plastic deformation, which caused the formation of
cold welds and the transfer of material between the contacting surfaces. The
adhesion mechanism played a significant role in this pressure range and

contributed to the surface modifications that were observed.

Furthermore, the authors observed a significant phenomenon related to the
dependence of slip velocity, even in cases with short durations and limited
sliding distances. This effect was illustrated in Figure 44, where the friction
coefficient exhibited path-dependent behavior in relation to the slip velocity.
The friction coefficient increased almost monotonically throughout the test,
emphasizing the cumulative effect of surface and tribosystem modifications

that took place during the test period.

Figure 44 — Slip velocity path dependence due to surface and tribosystem modifications
during testing (Lai et al., 2012).
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One further comment on this work is that dynamic friction was considered as

the value at maximum velocity, as shown in Figure 44. The present author
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believes that these phenomena should be considered in friction modeling for
crashworthiness applications, as they are expected to play their roles during a

vehicle collision.

Interestingly, this path-dependence behavior was noticed by Oden and Martins
(1984), who also noticed friction coefficient dependence of system natural
frequency when two metals are subjected to unlubricated sliding. This implies
that the experimental friction-sliding velocity curve is not defined uniquely by
the nature of the surfaces in contact, but it is a consequence of all the dynamic
variables involved. Figure 45 shows the different behaviors of friction force vs.
sliding velocity depending on the system’s natural frequency.

Figure 45 — Friction force vs. sliding velocity characteristics for various driving velocities and
natural frequencies of the system Oden and Martins (1984).
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The same authors also mention the influence of the time of stationary contact
on the value of the static coefficient of friction, since creep deformation and
variation of real contact area in material as polymers could become a relevant

variable.

Sutter and Ranc (2010) developed a rig based on a ballistic device to measure
the friction coefficient at high sliding velocities, in local instantaneous

temperatures (flash temperatures) in the contact pair exceeding 1100°C.
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These high temperatures are mainly caused by energy dissipation during
plastic deformation in the near-surface layers, within 5um of the contact
surfaces, which is then transformed into heat. They were found to strongly
influence the mechanical behavior of the materials involved in dry friction. They
are responsible for oxide formation, spot weld regions, thermoelastic

instabilities, thermomechanical failure, and wear.

Figure 46 — Devices used by (a) Sutter and Ranc (2010) and (b) List, Sutter and Arnoux

(2013) to measure the friction coefficient at very high speeds.
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List, Sutter and Arnoux (2013) also worked with a test apparatus similar to that
used by previous authors. In their work, they also point out the relevance of
material transfer between contact surfaces for the overall behavior of
tribosystems and the friction force caused by the shear or breakage of
asperities. They considered that during asperities interlocking, there is
competition between strain hardening, strain rate hardening, and thermal
softening processes. This is due to the very high flash temperatures, which
result in oxidation processes and changes in oxide mechanical properties. A
microscale asperity finite element model has been developed in Abaqus to
demonstrate an asperity collision model under the conditions previously
presented by Sutter and Ranc (2010), and is illustrated in Figure 47.
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Figure 47 — Asperities collision model for ballistic friction testing (List, Sutter and
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Lin et al. (2014) developed a novel setup based on the Split Hopkinson bar

technique (Alves et al., 2012) to test the dynamic friction coefficient under

impact loading. In the setup, a wedge-shaped geometry was used to apply a

combined compressive normal and shear frictional loading.

Interestingly, the authors considered two shear sensors for measuring and

correlating the results, one on each contact side. They found that although the

results are similar, some intrinsic differences due to the dynamic nature of the

event can be found, as shown in Figure 48.

Figure 48 — Interfacial compressive stress, shear stress, and friction coefficient histories (Lin et

Stress(MPa)

al., 2014).
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In a counterintuitive manner, although the average values can be considered

similar between the contact sides, one side exhibits a constant friction
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coefficient while the other side appears to have a transient behavior in the first
50 ps. In conclusion, the authors remark that the behavior of the friction
coefficient between pairs changes throughout the test and is often very
unstable. This is due to the complex nature of both the tribosystem behavior

and the highly dynamic process.

Shi et al. (2017) also developed a friction rig for forming applications in
aluminum. This rig enabled tests with a variation of slip velocity ranging from
25 to 150 mm/s, contact pressures ranging from 3.3 MPa to 12.8 MPa, and
temperatures up to 300°C. Although temperature was found to be very
significant to friction, no relevant effect on the friction coefficient was found due

to slip velocity and pressure variation.

Klocke et al. (2015) developed a methodology for modeling friction in forming
applications, which considers the dependence of slip velocity, pressure, and
temperature. This methodology is based on strip drawing tests. To develop a
phenomenological friction model, the authors conducted a strip drawing test at
pressures of 2 MPa, 4 MPa, and 6 MPa, and slip velocities of 10 mm/s, 50
mm/s, and 100 mm/s. They utilized a non-linear least square regression model
in Matlab to analyze the experimental data. A brief overview of the fitted results

can be seen in Figure 49.
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Figure 49 — Friction model fitted from slip velocity, pressure and temperature data (Klocke et
al. 2015).
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Furthermore, the authors have also developed a subroutine in Abaqus that
enables the visualization of local coefficients of friction on a finite simulation
model for each contact node. This allows for the identification of critical
frictional regions in situ of the die tool in real-time, facilitating design
optimization that considers tribological aspects during forming. This

visualization can be seen in Figure 50.
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Figure 50 — Local coefficients of friction on finite simulation model (Klocke et al.
2015).
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Besides, the authors have also compared the final thickness of the stamped
part after the process at 5 different positions, considering Coulomb constant
coefficient of friction and using the proposed model. The contours can be seen
in

Figure 51.
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Figure 51 — Contour plots of friction coefficient during a deep drawing

process of a dishwasher indoor panel (Klocke et al., 2015).
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In the previous figure, five positions were considered to validate the friction

model in correlation with experimental results. These regions' thicknesses

were measured and compared with finite element models, considering u=0.1

u=0,05and u = f(p,v,T). Results are shown in Table 1.

Table 1 — Comparison of sheet thickness determined by experimental forming and FEA

analysis using different friction modeling approaches (Klocke et al., 2015).

STH Exp. FEA FEA FEA
s [mm] n=0.1 u=0.05 w= f(p,v,T)
Pos. 1 0.26 0.31 0.30 0.29
Pos. 2 0.40 0.43 041 0.40
Pos. 3 0.38 0.40 0.40 0.39
Pos. 4 0.26 0.33 0.31 0.29
Pos. 5 0.32 0.40 0.38 0.34
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According to

Figure 51 and Table 1, it can be concluded that the simulation using the
proposed friction model is more realistic and provides more accurate results,
particularly in the regions near the draw beads (Position 5), given that the
deviations with the variable friction model are smaller than the deviations with

a constant friction coefficient.

Hu et al. (2016) studied the frictional behavior of an interactive friction-lubricant
system under different lubricant quantities, pressures, and slip velocities. The
system involved a Tungsten Carbide ball sliding against a disc made from
AA6082 Aluminum alloy. Their work focused on metal forming applications.
The authors state that current finite element models often utilize constant
friction coefficients, which can result in inaccuracies in the results. The
proposed model herein depends on contact pressure, slip velocity, time, initial

lubricant amount, lubricant, and surface topography parameters.

Through a pin-on-disk test procedure, partially based on ASTM G99, the
authors found that a three-stage friction behavior can occur in lubricated

systems.

e Stage I: The coefficient of friction is low and stable (approximately 0.1), with
no scars on the surfaces. This suggests that the two surfaces were fully
separated by the lubricant film.

e Stage II: The thickness of the lubricant decreases to the height of the peaks
on the counter surface. The normal force is supported by the residual
lubricant trapped between the contact surfaces and the surface asperities.

e Stage lll: The friction coefficient reaches a plateau with a higher average
value (0.65) and exhibits instabilities, which are consistent with the
characteristics of dry friction in a contact pair. In this stage, the lubricant is
almost completely removed from the contact interface, and therefore

ploughing friction plays an important role in the overall friction force.

The stages of evolution of the friction coefficient are shown in Figure 52, using
measurement data and wear track images. through the measurement data and

wear track images.
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Figure 52 — Evolution of the friction coefficient at a sliding speed of 10 mm/s, a pressure of
550 MPa, and a lubricant density of 0.2 mg/mm?2 between a disk made of AA6082 Aluminum
alloy and a Tungsten carbide ball (Hu et al., 2017).
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A comparison of the modeling and experimental results of the coefficient of
friction under various lubricant quantities, contact pressures, and sliding
speeds, as well as the behavior of the lubricant for breakdown distance, where
lubricant thickness has same height as the highest asperity of the surface, is

shown in Figure 53.

Figure 53 — A comparison of modeling and experiment friction models in Hu et al. (2017) as

function of lubricant density (a), contact pressure (b) and sliding speed (c).
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This breakdown phenomenon agrees with the trend predicted from the

generalized Stribeck curve and the Hersey number, % (where n is the viscosity
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of lubricant, v is the sliding velocity and P is the load), that is, the increasing
load will result in thinner lubricant film and thus premature breakdown. Figure

54 shows the Stribeck curve with the three mentioned lubrication regimes.

Figure 54 — Stribeck curve (adopted from Hamrock, Schmid, and Jacobson, 2004)
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Despite the focus of the current work is the modeling of friction coefficient in
dry contact situations, the Hersey number dependence of friction coefficient
for lubricated contacts might be considered when developing a general friction

coefficient modeling equation.

A brief overview of the reviewed literature is provided, focusing on contact
pressure, slip velocity and the application of each type of friction test is shown

in Figure 55.
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Figure 55 — Map of pressure and slip velocity capabilities of literature available friction rigs.
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Table 2 provides a summary of the available rigs and their capabilities,

including information about the rig concept, reference, application, and
objectives.



Table 2 — Summary of literature available rigs and their capabilities.

65

) Application
Rig Reference i —
Rig concept Objective
1 ASTM G-99 Pin on disk General friction and wear
2 ASTM G133 Reciprocating Test Apparatus General friction and wear
3 ASTM D 1894 — 001 Sliding sheet by weight actuator  General friction and wear
4 Shi et al. (2017) Strip drawn Metal forming
5 Klocke et al. (2015) Strip drawn Metal forming
6 Hu et al. (2017) Pin on disk Metal forming
Sliding sheet by Ballistic (gas o
7 Sutter and Ranc (2010) Ballistics
gun) actuator
List, Sutter and Arnoux Sliding sheet by Ballistic (gas o
8 Ballistics
(2013) gun) actuator
) Sliding sheet by ballistic o
9 Lin et al. (2014) Ballistics
actuator
) Sliding sheet by impact vertical )
10 Lai et al. (2012) Crashworthiness
hammer actuator
Sliding sheet by impact vertical .
11 Present work Crashworthiness
hammer actuator
2.5. NUMERICAL MODELING OF FRICTION

Finite element software provides several approaches for modeling frictional
contact, ranging from simple frictionless models to more complex cases that
take into account variables such as pressure, slip velocity, temperature,
surface roughness, and others.

The selection of an appropriate friction model depends on the specific physical
and operating conditions of the system. When selecting a friction formulation,
it is important to take into account characteristics such as the capability to
reproduce stiction, slip velocity dependence, and pre-sliding displacements.
These features play an important role in accurately representing real-world

friction phenomena.

In mechanical systems, where fast and responsive dynamic computations are

required, computational efficiency is a critical consideration. The efficiency of
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the algorithm used to model friction is essential in ensuring efficient

simulations.

Data inputs in friction modeling are often described as functions of equation
parameters or as piecewise linear tabular data. These input representations
allow for flexibility in capturing the behavior of friction under different

conditions.

In the following section, traditional approaches to friction modeling will be
discussed, exploring their strengths and limitations. By examining these
approaches, valuable insights can be gained into the advancements made in

the field of friction modeling.
2.5.1. Coulomb friction model

The classic Coulomb friction is used as an example in the discussion about
the macroscopic effects of friction. This model appears elementary from a
mathematical standpoint and is straightforward to implement in a dynamic
simulation environment. In particular, the friction force, which is tangent to the
contacting surface, is analytically expressed by Equation (2) (Pennestri et al.,
2016).

A I @)

= —pgFysign(v) v+0
Where:

e F; isthe frictional force exerted by each surface on the countersurface;
It is parallel to the surface, in a direction opposite to the applied force;

e U, is the static coefficient of friction;

e u, is the dynamic coefficient of friction;

e Fy is the normal force exerted by each surface on the other;

e v is the slip velocity.
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Figure 56 — The Coulomb friction model (Pennestri et al., 2016).
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In order to simplify the Coulomb model, it is possible to eliminate the static
friction force, resulting in a simplified friction coefficient as presented in

equation 1.

Notice in Figure 56 that while the friction coefficient remains constant and
continuous, the force is discontinuous. This discontinuity can lead to

convergence issues in numerical environments.
2.5.2. Smooth Coulomb friction model

The smooth Coulomb friction model, also known as the continuous model, is
a variation of the classic Coulomb model. It has been introduced to avoid the
computational burden caused by the discontinuity in forces. As shown in

Figure 57, a smooth curve replaces the discontinuity around v = 0.
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Figure 57 — The Smooth Coulomb friction model (Pennestri et al., 2016).
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Several smoothing functions can be utilized to achieve the desired effect,
including linear, exponential, or trigopnometric functions. However, the focus
will solely be on investigating the hyperbolic tangent smoothing function.
Therefore, the smooth Coulomb model can be formulated as demonstrated in

Equation (3).

F = —Fytanh (=) 3)
d

From it, it is also possible to deduce the value of the friction coefficient using

Equation (4).

u(v) = %tanh (%) (4)

Where v, is the velocity tolerance. Since the force is null at zero velocity, this
model cannot reproduce stiction. The main advantage is the improvement in

computational stability, which now depends on the chosen value of v,.
2.5.3. Exponential decay

As observed by experimental evidence (Hutchings, 2017), the friction force
varies with the relative velocity. This variation can be divided into three main

regions when plotting the friction force. The first region, characterized by low
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values, can be accurately approximated using the Coulomb model. However,
beyond a certain velocity limit and within a finite interval, a decrease in force
is observed. Outside of this interval, there is a slight increase in the friction
force with speed. While the classic Coulomb model results in stiff equations of
motion and can be inaccurate, experimental observations demonstrate a more

intricate relationship between friction force and velocity.

One of the most used functions in this role is the Benson exponential friction
model. This model was first described by Benson and Hallquist (1989) and is

shown in Figure 58, apud Pennestri et al. (2016). The model is by Equation (6)

Figure 58 — Benson exponential friction model (Pennestri et al., 2016).
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This function assumes that friction varies from static to dynamic values

according to an exponential decay, given by a constant c. It returns the friction

coe