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ABSTRACT

Millions of vehicles traverse our roads every dag automobile safety is ever
more important. Automotive control arms are an eglecomponent of a vehicles
suspension system and their design and construzaiomirectly affect vehicle safety.
The purpose of this thesis is to evaluate contimol deflections and if using a specific
cross sectional shape for a machined inner streicti@termines the increase in stiffness
of aluminum control arms. Aluminum control arms redbm a 6061 alloy, utilizing a
machined inner bracing were manufactured and testelfailure occurred. Various
control arms were machined each using a differergscsectional shape as the bracing
which composed the inner webbed structure. The arens then strategically tested and
monitored to determine if stiffness can be reliabiproved. Using a specially designed
Jig and a universal testing machine the arms wade/zidually subjected to a steadily
increasing load at the tip of the control arm. gsinLinear Variable Differential
Transducer, strain gages and the tensile tastiradpimals computer interface the
deflections, load and stresses were recorded amitoned for comparison.

The results will provide a determination that acsii@cross sectional shape can
be used to better increase a control arms resestandeflections. The thesis provides an
in-depth study of deflections in planar control arm be used by automotive engineers.
The results are particularly interesting to lighaight sport compact, hybrid and racecar
suspension designers. The experimental resultsne £ases compared favorably with
the associated FEA simulation results. Althoughk,rtbmerical values did not agree, the

general trends were consistent in both the expataheortion and the FEA Simulation.



The patterns were similar and consistent considehiere was an acceptable
amount of experimental error. The results proved slome cross sectional shapes used in
the bracing members performed better in certairagadn. It was found that decreasing
the amount of deflection in the test specimen warenso dependent on the trajectory of
the cross bracing. The bracing trajectory had gelainfluence on the associated
deflection than the cross sectional shape of theihg itself. It was also observed, that in
some trajectories of the cross bracing the loadhath the specimen failed changed very
little in comparison to the unbraced arm. Howettee,associated deflections varied quite

drastically.
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Chapter 1: Introduction

1.1. Introduction to Control Arms

In modern automobiles, the control arm is onehefrhost important components
of a vehicles suspension system. Excluding heavyaark vehicles and a limited
number of other select vehicles controls arms egsgmt on just about every vehicle we
encounter. Control arms can vary greatly from viehia vehicle but are generally
identical in their purpose. They vary in shapeg simaterial and even the processes in
which they are formed and manufactured. Each cbatro material and method of
manufacturing has specifics advantages and diséatyes At this point in time, there is
no mutually agreed upon ideal control arm. Thievglent by a simple evaluation of vast
number of different control arms that can be foondhe vehicles.

Industry leading automobile manufacturers havebeenh able to agree as to
which configuration of automotive control arm issheThis is primarily because there are
essentially an infinite number of possibilitiestasiow a control arm can be produced. A
control arm can be made in many different configars and of various materials while
still achieving the same desired capabilities. BEwéh the many advances in engineering
practice control arms are still being designechay have been for many years. The
current approach is to design the arm to meetéiseet objective only. This often leads
to control arms that are far more robust than whegquired to perform as needed.
Optimizing the designs of future control arms ailow for stronger lighter arms.

With increasing environmental concerns and costaelf it is becoming more

important to maximize the performance and efficieattoday’s vehicles. One way in



which performance and fuel economy can be imprasyéy decreasing a vehicles
weight. Colin Chapman a famous automotive desigineer, and founder of tHeotus
automobile company, said, “Adding power makes yagidr on the straights. Subtracting
weight makes you faster everywhere". This quotegaased momentum and is echoing
even louder than ever before. In simple physicéin@@hapman could not have been
more right; if his famous quote were to be restéeldy it would probably contain some
segment related to efficiency.
1.1.1 Control arm Function

Despite the variations and complex geometriesdalatbe associated with vehicle
control arms their function and purpose are reddyigsimple in nature. The control arm is
just one of the many suspension components tha¢ mala vehicles suspension system.
It is responsible for positioning the wheels in tesired location and orientation. Vehicle
suspension systems may contain or utilize multpletrol arms per wheel. Each arm
works to position the wheel by use of a ball jomtoordination with the vehicles
steering knuckle. The control arm fixes the movenoéthe wheel in the wheel well by
only allowing it to translate vertically. It conains the motion of the wheel by not
allowing it to translate horizontally with respéctthe ground. The diagram shown in
Figure 1 is one of many suspension configuratibngjever: it is useful in depicting the

way a control arm is used in a vehicles suspersystem.



Figure 1 - Diagram of a Vehicle Suspension

The steering knuckle attaches directly to the whethe vehicle. The control
arms orient and limit the movement of the steekingckle which in return limits the
movement of the wheels. All of these componentsareial to the vehicles ability to
provide suspension and maneuver efficiently. Susparcomponents are subject to
many harsh conditions as well as experience mamgstyf loading. The suspension
system is of the most importance in a vehicle bgedumaintains controllability. Being
able to control a vehicle is important for the safef anyone who comes in contact with
them.
1.2 Thesis Overview

This thesis focuses on evaluating effects of adtnaging members to the
interior of common planar control arms affects thesistance to deflections. The study
evaluates the possibility of constructing alumincwntrol arms with mechanical
properties comparable to those of steel arms. Ting are studied by both Finite Element
Analysis (FEA) and experimentally. The specimera@ated consist of a 1020 steel arm,

which served as the experimental control, and varomnfigurations of the same arm



made of aluminum. The aluminum variations utilizeirior bracing members with
various common cross sectional shapes. The pdttedfracing was initially chosen
arbitrarily to evaluate the effects of the diffareross sectional shapes.

Later the arms were studied again using the saaggeshout altering the path of
the bracing. The path for the bracing in both aginstances was chosen somewhat
arbitrarily. The path and shape combination wadistliagain, monitored and compared
to the previous arms as well as the control spatiering the evaluations the stresses,

strains, and deflections were monitored in bothREBA and the experimental portion.



Chapter 2: Literature Review

2.1. Introduction to Automotive Control Arms

In the modern automobiles of today control armsoaue of the most important
components of the suspension system. The primatitun of a control arm is to hold
the vehicles wheels in their desired location whilgging and absorbing the wheels
vertical movement. In automobiles, the driving corhind handling qualities are
directly affected by the suspension system [1]désigners struggle to meet consumers’
expectations for comfort and efficiency the tasklesigning effective and reliable

control arms is becoming increasingly daunting.

2.2. Control Arm Materials:

Automotive control arms can be safely constructechfmany different materials;
however, to maintain vehicle rigidity as well aseatieg driver expectations Aluminum
and Steel have prevailed as the most desirablerialato be used. These two competing
materials are desirable because of their spedifipgrties and practicality. The properties
as well advantages of each of the materials wifuio#ner discussed in this chapter.
2.2.1. Aluminum

Aluminum has many unique properties that differagjsefrom steel. Despite these
differences, the materials do have a few minorlamies. Each of the materials can be
incredibly strong depending on the alloying agerssd in their chemical makeup.
Aluminum has a large variety of specific alloys leagth properties similar to pure

aluminum but other properties that are alloy sped€nowing the exact mechanical



properties and uses of an alloy is essential irldg¥ng a control arm design. The
mechanical properties of a 7075 aluminum alloysarae of the most desirable in control
arm design, and closest in comparison to mild steich is the most commonly used
material in control arms. 7075T6 aluminum alloy dese of its alloying elements has
fatigue strength close to that of steel [2].

Many of aluminum’s material and mechanical progsrtan be altered by
addition of specific alloying agents and treatmeAtaminum when alloyed with silicon
has shown to have a significant increase in fatgitength as well as a reduction in
fretting wear [3]. Anodizing, a common surface tneent, when used with aluminum
alloys showed to improve fretting wear resistarchée better than medium carbon steels
when tested at 1 million cycles [4]. 6061M6 alummmwhen used as an upper control
arm, designed by optimizing the use of materialypd to be as strong as a steel
counterpart and 16% lighter [5]. On the contrang tipper control arm is typically
subjected to compression forces and does not exquerithe large tensile forces that the
lower control arm is subjected to. The lower cohdiron is more likely to fail as result of
fatigue than is the upper control arm becauseefdadings it endures [5].

Most control arms made of aluminum are generallyascstrong as steel control
arms because of aluminum being a softer more @utidterial. Aluminum control arm
designs need be carefully inspected to avoid higiss areas [6]. In addition, a result of
aluminum’s relative softness compared to steettifiggwear is a more serious topic of
concern, and should be carefully considered wheigdeg a control arm and associated
components [6]. Fretting is the wear or reductiostrength of a component due to the

friction and continuous relative rubbing motiongvibeen two entities. Despite increased



concerns, aluminum can still be used in controlsatimough a more thorough design
process is required [1].
2.2.2. Steel

Steel is one of the most widely used metals andhban the industry standard in
control arm construction. Steel has seen use iostlevery application imaginable. It
has many good properties such as being inexperestttemely hard, and quite strong
and comes in over 100,000 unique varieties. Sosaddantages of steel are its weight,
natural tendency to oxidize and formability. UsBig modeling software designers can
still meet the demands for lightweight and stronggension components made from
steel [7].

Due to steels material properties, it producesesdifiiculties in forming and
manufacturing of parts. Despite difficulties infting and manufacturing steel can still
be used to produce lightweight, strong and effectiontrol arms. Some of the most
crucial difficulties associated with steel are anmtered when press forming parts from
blank steel sheets [7]. The press forming procesates areas of high stress. In response
to the issues associated with press-formed stegtai@rms there are methods that can
be used to reduce these highly stressed ared8]7urface treatments and
electrochemical analysis methods can be used tgzenand improve fatigue life [8].

Being familiar with material processing technigaesl treatments relevant to
steel can offer the designer a larger selectiaulofs to choose. This is especially
important when designing for infinite fatigue litgs with aluminum, although not as
severe, fretting is still an issue of concern whenigning with steel [9]. Fretting wear on

steel control arms can be significantly reducedheyuse of surface treatments. After an



initial bed of debris is created by the wearingaces fretting is decreased [3], [9]. In
addition to traditional dry wear contact, changethe level of fretting wear occur
depending on environmental conditions and temper48].

Steel control arms have shown to experience henglat stress levels in the areas
located near arc-welded components [10]. Beingwledding is a typical method used in
manufacturing of steel products it is essentialdesigners to anticipate the reduction in
fatigue life after welding. Welding should be aveikif possible because not only does it
form weak spots, it also results in discontinuiesl uneven distributions of alloying
elements near the welds [10].

2.2.3. Material Treatments

Both materials discussed in this section have naosetreatment methods and
techniques to improve or alter their characterstocbe more desirable for designers.
These treatments and processes have effects omolkeeular level and can dramatically
change the mechanical properties. Attempting tawelfuse aluminum alloys or other
non-ferrous metals causes disruptions in the na$ematrix and an undesirable
distribution of the alloying elements [4]. This@lagrees with the results of arc welding
steel components [10]. To avoid these disruptiarteé material welding should be
avoided and fasteners should be used to join piétesy cannot be formed as one unit
[4].

Joining components by fasteners may cause fretiimgever; if done properly
the effects will be less than those caused by wglf#t]. Based on experimental data,
addition of silicon as an alloying agent in alunmmaan decrease fretting. Silicon not

only showed to increase fretting wear resistant¢enven alloyed at 20% silicon by



volume, fatigue strength was increased. In addiioimese results, similar conclusions
based on experimental data can be made [3], [4argizing the 20% silicon based
aluminum alloy the fretting wear was even furthegtuced, even after 1 million cycles
[4]. Contact of sliding surfaces formed initial weand debris between the materials. The
bed of debris formed by the wearing surface treatsand the large silicone particles in
the aluminum alloy together created a natural ki reducing the effects of fretting.
Steel samples were also found to have similar tesmld lower levels of fretting wear
when surface treatments were applied. The treasvagplied need to be varied
depending on the specific alloying agent used [8].

Although steel is typically harder than most aloom alloys and more resistive
to fretting wear, some aluminum-silicon alloys withodized surfaces showed to be more
resistive to fretting than steel [4]. Fatigue aedsile strengths can be increased by
alloying aluminum with scandium and zirconium [1A]loying aluminum with
scandium and zirconium showed desired increasemtarial properties such as fretting
wear resistance and hardness [11]. On the contrdugn an aluminum sample was
sprayed with a scandium and zirconium solutiorettiects were opposite and caused

reductions in mechanical properties [11].

2.3. Control Arm Failure Analysis:

Automotive control arms are subjected to a varedtpads. Understanding the
loading conditions and the modes of failure areialdor design engineers. Control arms
frequently experience deflections and deformatmmssed by impact loads. These

impacts loads occasionally results in failure @& tontrol arms, which will be discussed
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in this section.
2.3.1. Loadings and Deformations

Automotive control arms are constantly subjected v@riety of loading
situations. Control arms often experience tensikEsses, compressive stresses and often
impact and bending stresses. These combinatiostsaslses over long periods of time
greatly reduce the strength of the control arms [Blwver control arm on most vehicles
generally endures the greatest stressors as wibléanost severe loading conditions.

In order to properly design a vehicles control raesigners need to accurately
estimate the load conditions that an arm may bgestdul to. Estimating the loading
conditions is not only important for durability thfe arm, but also essential to the
calculation of expected control arm deformationsnt@ol arms that deform and deflect
under loading conditions can cause hazardous isiigator the driver. Deflections of the
lower control arms can greatly affect the abiliy & driver to maintain control of their
vehicle and steering ability is hindered [12]. Unbard breaking conditions, deflection
of the lower arms can cause the vehicle to expegiéateral drift and leave the intended
path.

Proper simulations must be performed before cimgosimaterial for both the
control arms and the vehicles lower sub frame cotor points. Despite the fact that all
control arms will experience some degree of datheat is ideal to minimize the distance
in which it will deflect in extreme conditions [12h order to reduce the shock and
impact loads that a control arm is subjected t@lsobber bushings are often inserted in
to the control arm at multiple points of connectidhis allows loads to be transferred to

the body of the vehicle in a smoother less dranmationer. These bushings often transfer
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the load as function of their stiffness and canehaesitive effects on fatigue life [13].
2.3.2. Fatigue

Fatigue is the number one cause of failure in atinanical components. The
cyclical loading which causes fatigue failure isntnon in most mechanical components
so being able to analyze and estimate fatiguefiedesign is essential. Fatigue strength
is defined as the amount of stress, particularly Mises stress, that a mechanical
component can with stand for a desired numbemaégithe load is applied. If a part is
designed for infinite life, it is expected to withad 1 million loading cycles. Fatigue life
is calculated depending on the specific shape &edo$ the part. Fatigue strength is
dependent on geometry and many other factors imgutie material to be used. Fatigue
strength can vary greatly depending on the spedésign. Fatigue is the most crucial
factor to be considered in the design process.

It is possible to develop a control arm made of5AGaluminum alloy that can
reach the minimum required fatigue strength ne@dedntrol arms [2]. Fatigue failures
result after microscopic cracks in the materialezignce growth due to the cyclical
loadings they endure. This crack growth is refetceds crack propagation and is often
assessed using many different techniques and wpieces of equipment. Some
designers spend their entire careers studying gemkth and specialize in the area of
fracture mechanics.

Fracture mechanics and predicting fatigue life bee® increasingly difficult as
environmental conditions change. Despite the aatstdifficulties, a process has been
developed to determine environmental effects agdatlife. When a material is exposed

to things such as steam, dry air, vacuum, and sdwetmospheric pressures, fatigue life
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can be significantly reduced. A Scanning Electranrbscope (SEM) can be used to
analyze the environmental effects and the assacatek growth in most materials [14].
This approach is ideal; however, it is only relevian small parts. As discussed
previously small disturbance such as fretting cdumsepressed-in bushings can have a
dramatic effect on fatigue life of control armspesially in aluminum [6]. The decreases
in fatigue life of aluminum due to pressed-in bugfsiis a result of the material being
softer then the steel sleeve being pressed ip@. it

Fatigue life can also be dramatically reduced eesalt of arc welding. Arc
welding steel control arms reduces fatigue lifarbiyating microscopic cracks at the root
of the weld [10]. Notches and other critically ssed areas can become severe weak
spots when arc welding is used in their inmediataity. Understanding the effects of
arc welded components is essential for engineesiginiag dynamically loaded steel
parts. Many control arms are constructed from stadlrequire arc welding to properly
join associated pieces. Arc welded control armsevieund to have critical stress
concentration factors as high as five in bendind)thinee in axial loaded situations [10].

Fatigue life predictions for control arms can uguae made when careful
considerations are taken, despite the inherentdifies. Complex geometry along with
dynamic loading situations increase these diffiealbut the use of assumptions and
various analysis techniques aid in simplifyingdae life determinations [2]. The
automotive industry has three widely used and dedemethods in determining fatigue
stress. The three widely used fatigue stress asatysthods are Static Response
Optimization, Frequency Response Optimization andspStatic Response

Optimization [15]. Each of these techniques hangfths and weaknesses that must be
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considered when choosing which method to employ.

Each method has an associated error in their osavhich can be accounted
for by using a multi-axial hybrid stress analysishinique [15]. This hybrid technique
satisfies the industry demand for lighter, stroreyeat safer components while minimizing
material usage by employing an optimization basgadrithm for use in control arm
design [15]. The technique will produce the mosiuaate estimations of fatigue life
when used with finite element analysis while redgany incurred errors.

In addition to the cyclical dynamic loads, vibratsocan also contribute to fatigue
failure [16]. Vibrations in automotive control arraee common and stem from a variety
of sources. The biggest sources of vibrations iawgonmotive control arm are generated
from road conditions and engine vibrations.

2.3.3. Critical Stress factors and fretting

Fretting is the failure of a component, which issad by premature wear,
resulting from direct contact of two or more madési Critical stress factors are
numerical values used in representing areas ofdtrglss for computational estimations
of fatigue life. Critical stress factors are primhaused for dynamically loaded
mechanical components. As previously mentionedgiwglhas shown to cause critical
locations where stress related failures are likelgccur. Areas where welding has been
performed need to be carefully analyzed, weldirgtas dislocations in the material
which form weak spots [6].

Fretting most commonly occurs in automotive cordrans when bushings are
press fitted. Frictional resistances between tikase of the control arm and the typically

steel sleeved bushings cause wear and frettingg\itinél two are being forced together.
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Even though fretting affects are relatively smdilsturbances in the material are formed
and often lead to failure points. Bushing locationmany control arms, because of their
changes in geometry, are naturally areas wherecobrated stresses already exist. When
these critical areas are combined with the additistresses resulting from pressed fit
bushings they often become the locations wherertaivill occur due to the increased
pressure, strain and wear [6]. A remedy to frettagsed by press fit bushings is to
shrink fit bushings into the control arm. This walfoid fretting wear and reduce material
strains [6].

Attempting to weld or fuse aluminum alloys or athen-ferrous metals causes
disruptions in the materials matrix and an undégralloy distribution. For these
reasons the materials are usually joined by fastemeadhesives which cause fretting
[11]. Some common fasteners used in assemblingat@rms and their associated
components are bolts, rivets and various adhes8igssequently, the best way to avoid
these unwanted fretting situations, if possibldoigarts to be formed in one piece. Also,
by addition of a silicon or scandium alloying agéetting wear can be greatly reduced.
A 2124 aluminum alloy with 20% silicon by volumeosted better fretting wear
resistance than some medium carbon steels whed teesi million cycles which is
considered to be infinite life. As previously memed surface treatments such as
anodizing up 20um thick significantly improves weesistance even after the anodized
coating has rubbed off [11].

During the sliding contact between surfaces utijzvarious anodized surface
treatments debris is formed. This debris formsdiibevhich the two materials now

slide. The bed of debris acts as a lubricant aheh#lg reduces fretting wear and
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frictional resistances when compared to componghish do not have surface
treatments [3]. Fretting wear in aluminum alloys t& decreased by a variety of
anodized surface treatments as well as by theiaddif silicon particles as an alloying
agent. Similarly, the addition of 3um silicon pelgs in .4% carbon steel showed to
increase fatigue strength up to 50% and improvettirig wear resistance [3]. This agrees
with the conclusion that an anodized surface cgaimto 20um thick will improve

fretting wear on aluminum alloys [11]. These resaliso agree with a study showing that
initial fretting wear on mild steel is significaat first but is greatly reduced after a bed of
debris is formed between the surfaces [9].

It can be concluded that fretting wear on a varoétsurfaces and materials is
most significant during the initial wear. After amtial bed of debris is formed fretting
wear is decreased considerably. In contrast, coatnas are frequently subject to
temperatures both above and below room temperadsre=pported in previous articles.
They can often experience higher localized tempegatdue to use in warmer climates
and excessive heat generated by breaking compomeihigh-performance vehicles this

becomes more significant and deserves an investiggt7].

2.4. Control Arm Components:

Control arms are an important component of a velsduspension system;
however, they do not function entirely on their ov@ontrol arms often have additional
components associated with them. The componets &ir proper operation of the
control arm while aiding in performance. These esabcomponents improve the

suspension system as a whole, but occasionallylaatiag effects on the control arm
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itself. The interaction between control arms aredrthssociated components is discussed
in this section.
2.4.1. Ball joints

In control arms, ball joints are one of the mospamant components. Control
arms incorporate ball joints as an essential corapbaiding to their functionality. The
ball joint is a relatively simple component whichaccasionally bolted or riveted in to
the control arm. Most times when a control arm lesube ball joint, it has been pressed
into a collar in the control arm. The collar whiablds the ball joint can be machined,
forged or casted with the arm itself. This coliusually an area where stress
concentrations will occur. Since the ball jointasated at the end of the control arm
which attaches to the steering knuckle and wheleldssembly it is typically the point
where the greatest loads are applied. Loads geebgtthe vehicle’s weight and tires in
contact with road surface, make up the dynamicddhdt the joint is subjected to.

Ball joints can swivel and rotate while handlingrsficant loads and that makes
them desirable for use in vehicle suspension systénmsome suspension systems the
ball joint is located in the steering knuckle askBnand the attaching or threaded end of
the joint is bolted into the control arm itself.dither situation, the control arm
experiences fretting and fretting wear as a redfuhe ball joint’s presence. In most cases
ball joints experience failure before control amhes The reason for this is because as part
of their design they incorporate some areas witlelaritical stress concentration factors
[18]. The joints fail due to the fatigue they expace from the cyclical loading on the
suspension system. Ball joints with lower critisaess concentration factors can allow

for more reliable operation of joint and increasatthue life.
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2.4.2. Bushings

As previously mentioned, control arms generallyude the use of at least one or
more bushings as essential components. Bushingtedoluce road noise, improve
comfort and vehicle control by absorption of vilwas. Bushing aid in reducing the
transfer of sudden shock loadings generated bycoaditions directly to the control
arm. The use of bushings generally improves fatljeend reduces strains in the
control arm. The stresses imposed on the armseblgubhings do not constitute a linear
relationship with the applied loads that are geteeray the road [13].

The stresses control arm’s experience at thelibgdocations vary significantly
depending on the driving conditions. Bushing camsedretting wear and decrease
fatigue strength not only during press fitting bigo under normal use [7], [13].
Bushings are generally exposed to rotational aartstational stresses which can have
effects on the control arm which they reside in[Edrtunately, there is an analytical
algorithm which has been developed to address giteseses. These algorithms can be
used during the design process along with the ioerfts of elasticity of the rubber

bushings to be used to estimate control arm sseddaushing locations.

2.5. Control Arm Design Analysis:

Control arm designs need to be evaluated beforduptimn can occur. Design
analysis can be performed by hand, however; thiysiea&an become very cumbersome
for complex designs. Analysis is usually performisthg 3D modeling software
packages with finite element analysis capabilifidsese software packages dramatically

reduce the work required in analysis and often dipr@vide extremely accurate results.
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2.5.1. Finite element analysis (3D)

Design engineers often use 3D finite element arsmaipethods to evaluate
product designs that utilize complex geometrys Itiore efficient for design engineers to
take advantage of 3D modeling software with fiekement capabilities rather than
performing physical experimentations. There is @e¥g of modeling software packages
that are typically used by engineers. For instaBodid Works is common software that
is used to analyze the fatigue stresses and dydaadings that control arms are
subjected to. The dynamic loading conditions areegeted using collected data from a
vehicle testing facility. The software allows ftyetcritical stress points to be determined
and altered for improvement. Solid Works offers squarticular design optimization
techniques and has the capability to generate mettieal models [1]. Another common
3D modeling software which incorporates a finiteneént analysis tool is Pro-Engineer.

Optimization techniques can aid the design probgseducing costs as well as
improving part reliability. The optimization meth®dan also help to improve vehicle
ride characteristics related to control arm desngspecific applications. Similarly, 3D
modeling software packages are also used in optijmthe manufacturing process.
Modeling software can offer possible solutions gewhniques to improve manufacturing
processes as well as provide an increase in qualitirol to ensure the parts are
manufactured to tight standards. There are estadismethods of using 3D modeling
software to analyze and identify critically streds@eas that occur during a variety of
manufacturing processes such as stamping or forprimgesses [7].

An optimally designed aluminum control arm camide that is equally as

strong as one previously made of steel. This ise@eld by employing a variety of
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computer aided design techniques to minimize theena used and analyze the stresses
involved. The weight of control arms can be reduagd6 % when using an optimally
designed aluminum arm (compared to steel) [5]. @gation has shown to improve both
ride control and establish aluminum arms with fa¢igtrengths comparable to their steel
counterparts. The use of engineering design ancthigattion software enhances product
design and analysis. This ultimately allows fohtigy, stronger and more effective

control arm design.

2.6. Control Arm Manufacturing:

Manufacturing of automotive control arms can beedona variety of ways as
well as from a wide array of materials. The moshown manufacturing techniques
include casting, machining and stamping. Previoashtrol arms were generally
constructed of steel only. With the ever-changingpmotive market, manufacturers are
now pushing towards constructing control arms fadominum alloys. Aluminum alloys
can exhibit mechanical properties close to thosgte#| at a fraction of the weight. This
section focuses on the two most widely used masesiiad the specifics of their forming.
2.6.1. Steel

Steel control arms can be manufactured in a vaaktyays. Some of the most
common control arm production methods include, pfeaming, casting and machining.
Machining steel control arms is the least commothottof the three. This is because of
the inherent difficulties associated with the ussteel as well as the time required for
machining. Machined steel arms are generally madeet highest standards and can be

made very accurately. The other two mentioned nustlaoe far more common because
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of the ability to mass produce many arms very dyickhe press forming or sometimes
referred to as stamping method to manufacturingrobarms stamps out and forms
control arms from steel sheets. This techniquefaan and manufacture high strength
yet lightweight steel control arms fast and comesily. This method of manufacturing
has shown to meet the demands for lightweight suspe components while
maintaining high quality and high strength [7].

Despite the popularity of the press-forming methdths some limitations. Press
formed steel control arms, depending on the coniylex their geometry, can develop
cracks and significant strains due to the matele&rmation during the stamping
process. Despite difficulties, there are solutiand techniques to improve the process as
well as increase quality control to ensure stangaets will be manufactured as desired.
An issue not directly related to the stamping pssas that of welding. Many times
stamped control arms require some degree of weldingder to join the stamped parts.
As mentioned before welding has shown to causesinadide disturbances in the
material, which is something designers must take ¢onsideration [7].

Casting of steel control arms is another populathiek which also has some
limitations as well. It is difficult to cast pangth complex geometry so casted control
arms are generally simple in nature. Casted coatrok are typically quite heavy and
this method is sometimes undesirable for that reasane. Casting steel control arms is
also and much less efficient method of manufactucompared to stamping or press
forming. Casting steel control arms also requiregyaificant investment of capital and
consumes more energy than other methods. Despitothin sides of casting control

arms, it is still common because the method allfmvgonsistent parts that are generally
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stronger and not pre-stressed as is common witle saher methods.
2.6.2. Aluminum

Aluminum control arms are often manufactured usigsame methods as those
used in steel control arm production. The onlyadighce is that stamped or press formed
aluminum control arms are not very common. The mostmon method to forming and
manufacturing aluminum control arms is casting heedt can be performed quickly and
easily. Also, being that aluminum melts at muchdovemperatures than steel it can be
casted much more efficiently and requires conslugiass resources. As mentioned
before aluminum cannot with stand very large indéstrains and stresses like steel can
so press forming is not desirable. Machined alumimontrol arms are very popular
among high-performance vehicles and race cars.i$ lscause they can be made very
precise as well as strong and lightweight. Maclgratuminum control arms is often
considered the best method to use for industri@pplications where time and money
are not of the biggest concern. For everyday coeswehicles, machining control arms
is not desirable because it costs considerably @addas time consuming when
compared to other methods.

As with steel control arms steel sleeved bushgtifisneed to be pressed into the
aluminum control arms which cause issues of frgttinke steel control arms, these
issues may be overcome by shrink fitting bushimgs the control arm [6]. These
pressed-in steel sleeved bushings become a s@gmifoc@use for concern in aluminum
control arms because of the inherent material ptegse Although aluminum control
arms can be manufactured to endure the same sti@sddoads as steel arms they

typically experience reduced fatigue life and ims®ed crack propagation [6].
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The most common method of aluminum control armutfecturing is casting.
Casting of aluminum though has some concerningssthat need addressing. During the
cast forming process impurities often arise inaheminum alloy and can cause
variations in the material properties. There aredlirelationships between the impurities
of an alloy and its associated fatigue strengtffeBant forming processes allow for
different impurities to be imparted in the metalsiag inconsistencies [19]. Also
porosity of the material also becomes of conceramtasting aluminum alloys.

Different alloying agents allow for varying porasg. Materials having increased
porosity showed a significant reduction in fatigieength. Certain alloying agents when
casted tend to cluster at locations in the matandldo not disperse uniformly, which
causes weak spots in the material [19]. This resitloe certainty of the materials
strength. Alloys with larger porosity and inclussooccurring at the surface of the
material experience the most dramatic effects addae fatigue life by the largest
amount.

Like steel, Aluminum has a wide range of availadlleys, each with its own
characteristics. Each of the alloys available hightty differing mechanical properties
and can undergo a wide range of treatments to wmepoo alter those unique properties.
Aluminum is also sometimes preferable to steel beedt can be easily recycled and
reused to produce new products. Aluminum, genesgigaking, can be machined twice
as fast as steel and in some case, this is a diesataaracteristic that can warrant the
tradeoff between the two. Overall, aluminum has yrdesirable characteristics making it

regular substitution for items currently made efest



23

Chapter 3: Materials and Methodology

The primary objective of the study is to determifren Aluminum alloy control
arm can be stiffened by using a machined web sire¢d reduce deflections caused by
hard braking conditions. This study is importantdese deflections of control arms
caused by hard braking conditions have been showeduce handling and can affect the
driver’s control of the vehicle. Deflections in ¢osl arms can contribute to lateral drift,
causing vehicles to leave their desired path atel ésmnes of opposing vehicles or

deviate from the road entirely [4].

Figure 2 - Basic Planar Control Arm

3.1 Material and Experiment

For the experiments conducted in this study, aysting design of a steel control
arm was scaled down to half of the actual sizeraadhined from a 6061 aluminum
alloy. The purpose of scaling down the control &no conserve material and minimize
waste, as well as time devoted to precision maegirin addition, scaling allows for
measurements that are more precise and simplifeesxperiments in regards to
construction of the testing apparatus that was.used

The experimentation portion of this study was penfed in two phases. Phase |
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consisted of four initial control arms. The firetée arms were designs utilizing
machined web structures with different cross seelishapes and the fourth was the
original scaled down control arm design with no @ structure. The web shapes
included one square and a rectangle in two difteseentations. The cross sectional area
of each shape was held constant at 0{0ineach shape used. The trajectory of the
machined bracing was chosen arbitrarily and kepstime for each part. The original
scaled control arm served as the control for thEeement. Due to the high costs and
difficulties of machining a steel control arm thiady only focuses on the aluminum
counterparts. However, the steel arm was compar#ekifinite element analysis portion
of this study. The purpose of this part of the gtistko establish a basis for comparison.
The preexisting control arm design was analyzedguaifinite element analysis to
determine predicted deflections under heavy brakorglitions. The scaled down
manufactured control arms were then weighed aretted into a specially designed jig.
Using the jig, a steadily increasing static load\applied to the control arm to represent
heavy braking conditions. The deflections and defirons of the control arms were
monitored and measured continuously as the aplaasts continually increased. The
results from the experiment and the finite elenaalysis were compared to determine if
they agree. The finite element analysis was thed ts analyze more complex
geometries and hard to manufacture cross sectapeshsuch as a circle and triangle.
These two shapes would ideally be studied expetialignhowever; due to complexity

of the CNC programming and the capabilities ofrttechines available it was decided
that the simpler shapes would be used to validetedsults obtained from the finite

element analysis and then the same principles eared over to the harder to machine



25

parts. The original scaled down version of thelste®m was also analyzed using FEA as
well due to limitations in budget and machining aaifities.

Phase Il of the experiment consisted of analy#eggathered data and
observations collected from phase I. The result®wsed in determining which shape
showed the greatest improvement in stiffness. Tiape that produced the greatest
improvement was then studied further by analyzimg tore control arms with the same
cross sectional area used in phase I. Only theci@jy was changed and again selected
somewhat arbitrarily. The profile/trajectory in whithe machined bracing follows was
selected to utilize an ‘X’ shape because of thieifaipoints that were identified in phase
I. The results from these experimental parts wgesraused to validate the results shown
in the finite element analysis. In addition, theeéctory was changed to show that the
results can be applied to more than one configurafihe remaining shapes were studied
using FEA only.

The finite element analysis of the testing fixtarel control arm assembly
showed that even a under a load of 4500Ibs theréxid not deflect or deform. The
much weaker control arms deformed and deflectetbased. This confirmed that the
fixture as designed would be extremely rigid anavjte acceptable results. These results

can be seen in Figure 3.
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Figure 3 - FEA Study of Fixture and Original Arm Assembly

Each experimental arm was tested by installimg ihe testing fixture and
inserting the assembly into a Tinius Olsen Univiefesting Machine (UTM). The
displacement of the arm was monitored through #eeaf a Liner Variable Differential
Transducer (LVDT). The strains in each of the afrom the first stage of the experiment
were monitored through the use of 4 strain gaufes.strain gages included one 45
strain gauge rosette and one single strain gaugesifain gauges were positioned on the
test specimen at exactly same location on eacls.Was performed in order to draw a
comparison on the maximum principal strains in each at that specific location. The
location for the gauges was chosen based on thésed the initial FEA of the arms.

The mounting location on the arms showed to hagegytbat maximum principal strains
so the gauges were placed as close to that poihegsould be. There were limitations
on how close the gauge could be due to the sitgedest specimen and interference
from the fixture. The strain data was monitored eswbrded using a P3 strain data

acquisition box. Figure 4 shows the testing setup@ocedure.



27

< R A _uu‘.‘_lrv':v
Figure 4 - Experimental Testing Setup

Each specimen was tested until complete failurehwve defined as fracture of
the specimen at any point or reduction in the lopdreater than 25% of the maximum.
The reduction in load criteria was set in ordedéfine a stopping point for data
collection in the test program. When an arm fraeduthe load would drop well below
25% of the maximum and therefore stop the testome cases the arms did not
completely fracture but one or more of the bracimggmbers did so, which allowed the
load to drop below the maximum by 25% and the cpmeetly ended the test for that
specimen.

All of the control arm designs used in the experis were first designed and

analyzed using a 3D modeling software and finiearant analysis. Following the finite
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element analysis of the designs, arms with the fe$drming cross sectional shape were
machined from the proper materials and insertealtimt same specially designed jig. The
arms were then all tested in the same manner.rramtal static loads were applied to the
arms and the strain, deflections and load appliecwnonitored and recorded. These test
results were then compared to the finite elemealyais as well as to the other designs
and controls for the experiment. The respectivagiedf each arm was also recorded and
taken into consideration for the purposes of feelh®my as well as material and

manufacturing costs.

3.2 Process

A billet sheet of 6061 aluminum alloy was thenghased from a local metal
supplier and cut into one inch thick 8"x8” blocksach of the blocks was then cut using a
water jet to match the top view profile of the gohtarms. The use of the water jet saved
a significant amount of machining time required gneiatly reduced the complexity of
the G&M codes used. Robert Krick of KB Systems InBath, Pennsylvania performed

the water jetting for this study.
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Figure 5 - Arms Pbst WaterﬁJetting
The arms were then finally machined to their fidimhensions using a HAAS
CNC. Each control arm design was then tested a¢mmental statics loads while the
force, displacement and strain data was simultasigaollected. A specially designed
Jig was created to test the arms and act as asemiaion of a vehicles sub-frame. The

loads were applied using a Tinius Olsen UTM capabkgpplying a 200,000 Ibf load.
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Figure 6 - Arms at Various Stages of Manufacture

A program was written to perform the tests usirgyrttachine. The program
directly monitored the force and the displacementsurring during the tests. The
program was set up to measure the force interaallijthe displacement externally
through the use of an integrated LVDT. The data stased in the program's software
and exported to MS Excel for analysis. The stragasurements were recorded
independently using a P3 strain data acquisitiondmal software. The resulting data and
measurements were recorded and displayed by dradtgraphs in the results chapter.
The data were compared against one another assvilthose of the finite element

analysis.
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igfjre 7 - Square Arm dding CNC Machin'ing

In order to manufacture each of the test specimadanultistage manufacturing
process was required. The profile for each armfwstscut out using the water jet as
previously mentioned. The mounting holes were thewould attach to a vehicle sub-
frame were then drilled into the end of each armsTan be seen in Figure 6 which
shows the arms in various stages and clearly skimsvsiounting features being created.
The arms then underwent several hours of CNC machimfhe CNC machining was in

itself a multistage process since the arms neexlbd tmachined on both sides.
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Figure 8 - Square Arm Post CNC Machining

3.3 Purpose

The experiments are designed to determine if obatms can be made stiffer
against longitudinal deflections by employing a tvedh center section. This study is
being performed because little has been discussedg@yrelative articles about
deflections in control arms due to heavy brakingditions. Prior articles only observed

that the deflections are present under harsh hyadanditions and did little to addresses
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the correction of the resulting deflections. Thedgtwill be particularly applicable to
lightweight sport compact vehicles, hybrids or a@etg of racecars. For the near future, it
is not anticipated that this will benefit the ty@ipassenger vehicle directly because of
the time consuming nature of manufacturing cordrois in this manner. Based on
current manufacturing techniques producing corgrolis in this manner is slightly
inefficient and expensive although the high strarigtweight ratios will ideally be

utilized in specialty applications. The bracing,iethis the same as the webbed center
section of the arms, used has the potential tofereewith some common suspension
systems although there are as mentioned applicatioracing and other industries where
this bracing would be desirable. Adaptation of cefitpn style suspension systems such
as those used in racing into passenger vehiclesattway for this style of control arm to

become more widely used.
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Figure 9 - Fixture Used for Testing

The testing fixture used to secure the control adareng the experiment was
designed to be as ridged as possible and resideftections. The purpose of this was to
provide a simplified model of a vehicle sub-frarmie fixture was constructed to
represent a sub-frame that would not deflect uegemely heavy braking conditions.
The arms were attached to the fixture through deeai a pin joint which was used in

representing the bolts that constrain a control taranvehicle's sub-frame.
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Chapter 4: Results and Discussion

In the first stage of the experimentation portidhis research project, computer
simulation results were compared with actual expenital results. This included
studying the testing fixture and a few of the cohtirms as an assembly. A load of
4500Ibs was applied during the FEA analysis ofassembly in order to make sure the
fixture would not deflect or deform during the exp®ental testing. Any deformation in
the fixture would skew the experimental results.

In both stages of this study each arm was firstistuby FEA. The results for
each arm being studied in both stages are presentked same manner. The stress of
each arm was studied first by preforming a compsiteulation and the results are
displayed appropriately. Next a simulation of thexmum principal strains was
performed and displayed as well. Additionally, teformation of each arm was studied
and displayed similarly. Lastly those arms whichrevable to be produced were
constructed and tested experimentally. The refwlts the simulations as well as the
experimental tests are displayed and discusseajpipgtely.

During the first stage, an arbitrary ‘Z’ shapedcpry was chosen and held
constant for all parts. The trajectory was usedetiine the path in which the bracing of
various cross sectional shapes followed. The perpbshis arbitrary trajectory was to
validate that the addition of some cross bracingldidecrease the deflections that
occurred in a traditional unbraced control arm.sTwas also used to help determine if
one particular cross sectional shape performeemsian the others did. The cross

sectional area of each shape used was kept coas@uii5in.
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Based on the results of stage | it was determihata stage Il was necessary to
further investigate the effects bracing memberstavcontrol arm deflections. The
previously studied arms identified a common trehthibure occurring at a location close
to the mounting holes. It was also observed duteg-EA of the stress in each arm that
the center member was being stressed significamdle than the other two. From these
results it was determined that a new trajectorythercross sections to follow was
needed. The new trajectory was chosen to utilize”dnshaped pattern and evaluated to
see if the same results occurred that were prelyimagiced. The new trajectory was
chosen to attach to the outer elements of the amareMailure previously occurred. This
was done in hopes of altering the point of failutevas also thought that creating an arm
with this "X' shape would help to further reduce titcurring deflections by decreasing
the deformation occurring in the vicinity of the amting holes. Choosing the trajectory

to take this shape allowed the arm to be symmatritideally universal.

4.1 Stage | — Simulations and Experiments
4.1.1 Original Unbraced Arm

The original unbraced arm was studied in two d#ife commonly used control
arm materials, 1020 Steel and 6061 Aluminum. Thas done to draw a comparison
between the mechanical characteristics of a steelvarsus those of an aluminum one.
Both materials were studied using Pro-Engineer’d Rtodule called Pro-Mechanica.
Due to limitations in water jetting and CNC machiimee and cost, the steel arm was not

constructed and tested experimentally.
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4.1.1.1 Steel

The first arm to be studied is the unbraced stem! &his arm was studied using
the techniques outlined in the methodology chapténis paper. The same process was
used for all of the arms in this study. The unbda@en was modeled after a common
control arm.
4.1.1.1.1 Stresses

The results of the FEA on the unbraced original asing 1020 steel as the
material showed stresses and deformation as expddte steel arm developed stresses
less than those observed in its 6061 aluminum eopatt. These results can be observed
by comparing Figure 10 and Figure 13. The objeatras to establish a basis for
comparison between arms with no bracing and thattebracing. The aluminum arms
with bracing were designed to evaluate whethemothrey could produce results

comparable to those of the steel arms.

Stress von Mises (WCS) 1.773e+05
(psi) 1.596e+05

Deformed 1.419e+05
Scale 2.9456E+01 1.241e+05

Loadset:LoadSet1 : CA_ORIGINAL_SCALED 1.064e+05

8.868e+04
7.095e+04
5.322e+04
3.549e+04
1.776e+04
3.338e+01

Figure 10 - Original Unbraced FEA Stress (1020)
The comparison between steel and aluminum arnmspsrtant because steel is

the most commonly used control arm material. Howewvging aluminum as a substitute
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material in control arms is becoming more commomaoudern automobiles. This is
because of aluminum’s many desirable mechanicagrties and low relative cost.
Previously, the advantages of aluminum did not eigtvthe added cost of the material.
Both of these specimens were tested through thefueme FEA with a load of 3500Ibs.

4.1.1.1.2 Strains

Strain Max Prin (WCS)

Deformed

Scale 2.9456E+01

Loadset:LoadSet1 : CA_ORIGINAL_SCALED

6.598e-03
5.9386-03
+ 5.279e-03
4.619-03
3.959¢-03
3.299-03
2.640e-03
1.980e-03
1.320e-03
6.603e-04
5.267e-07

Figure 11 - Original Unbraced FEA Strain (1020)

The maximum principal strain for the unbraced steel as determined by the
FEA was 6.598E-3 and that of the aluminum arm vedsrdnined to be 1.924E-2. Both of
these results can be seen in Figures 11 and JpEatazely.
4.1.1.1.3 Deformation

Following the study of the maximum principal staimas the FEA study of the
associated displacements for the same load of BSOAbain as expected the steel arm
was displaced less than the aluminum version. Tressdts can be seen in Figures 12

and 15.
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Displacement Mag (WCS)

(in)

Deformed

Max Disp 2.1388E-02

Scale 2.9456E+01

Loadset:LoadSet1 : CA_ORIGINAL_SCALED

0.02139
0.01925
T 001711
0.01497
0.01283
0.01069
0.00856
0.00642
0.00428
0.00214
0.00000

Figure 12 - Original Unbraced FEA Displacement (10Q)

The unbraced steel arm during the FEA produced@atiement of 0.0214in
while subjected to 3500Ibs load. The load was kepstant for all specimens as defined
by the constraints for the study. The Deformedarptf the finite element analysis
software was selected to help visualize how theergental arms will deform under
load. The 3500Ibs testing load was determined @xgertally. This was done by testing
two sacrificial specimens. They were subjectedhostame testing methods and
procedures as the actual specimen were. This aloweo determine a load where
permanent deformation would occur. It was alsograréd to validate that the
experimental procedure would perform as desired.
4.1.1.2 Aluminum

The same unbraced arm previously studied was rgzathfor an aluminum
alloy of 6061. The arm was studied following thanstard procedure outlined previously.
This was done to illustrate that an arm made @ st@nnot be directly produced from

aluminum and expected to perform on the same levels
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4.1.1.2.1 Stresses

The FEA of the unbraced aluminum arm showed hemgadeesults in all
categories when compared to its steel counterBath the maximum von Mises stress
and principal strains occurred at the location whbe arm was constrained to the testing
apparatus. This agrees with what was seen in dedsrsion of the same arm.
Intuitively the results make sense since that portif the arm is the location consisting

of the least amount of material.

Stress von Mises (WCS) 1.784e+05
(psi) 1.605e+05

Deformed 1.427e+05
Scale 1.0169E+01 1.249+05

Loadset:LoadSet1 : CA_ORIGINAL_SCALED 1.070e+05

8.920e+04
7.136e+04
5.353e+04
3.570e+04
1.787e+04
3.532e+01

Figure 13 - Original Unbraced FEA Stress (Al 6061)
4.1.1.2.2 Strains
The maximum principal strains for the unbraced atwmm arm as determined
from the FEA study can be seen in Figure 14. Theimam principal strain shown here

is representative of the strain in the arm at ib&inting location.



41

Strain Max Prin (WCS) 1.924e-02
Deformed 1.800e-02
Scale 1.0169E+01

Loadset:LoadSet1 : CA_ORIGINAL_SCALED

1.600e-02
1.400e-02
1.200e-02
1.000e-02
8.000e-03
6.000e-03
4.000e-03
2.000e-03
1.087e-06

"Window1" - Analysis2 - Analysis2

Figure 14 - Original Unbraced FEA Strain (Al 6061)

4.1.1.2.3 Deformations

The aluminum version of the unbraced arm defleafgatoximately 0.062in
according to the finite element analysis as sedfigare 15. This deflection is
approximately three times as large as was sedreisteel version. When compared to
the experimental results a significant differentéhie deflections was detected. This is
due to the way Pro-Engineer constrains the moveofehe arm. The FEA study
constrains the entire inner surface of the mourtiolgs and does not account for the
elongation of the mounting features. During thegitgl experiment it was noted that the
holes became slightly deformed and elongated immie oval shape. This elongation is

believed to have introduced some additional datiadn the test specimen.



42

Displacement Mag (WCS)
(in)

Deformed

0.06195
0.05576
0.04956
0.04337
-+ 0.03717
+ 0.03008

Max Disp 6.1952E-02
Scale 1.0169E+01
Loadset:LoadSet1 : CA_ORIGINAL_SCALED

0.02478
0.01859
0.01239
0.00620
0.00000

Figure 15 - Original Unbraced FEA Displacement (Al6061)

The experimental defection and associated loadbeaeen in Figure 16. At a
load of approximately 3500Ibs the unbraced armedégd 0.14in. This is approximately
twice the value calculated in FEA simulation; tisislue to the experimental error and the
inconsistencies between how the deformation is lsited using ideal conditions and the

manner in which it actually deforms in experiments.
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4500
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3500
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2500

2000

1500

1000

500

0 0.2 0.4 0.6 0.8 1 1.2

Figure 16 - Original Load vs. Deflection Graph

The graphed data from physical testing of the urddarm produced acceptable
results. It can be seen in Figure 16 that the wdatarm deflected to approximately lin
before fracturing. The arm also reached a peakddagpproximately 4500Ibs. The peak
load for this arm is comparable to the peak loagired to fracture the braced arms
following the ‘Z’ shaped trajectory. This indicatémt the addition of bracing in this
trajectory has little impact on the ultimate strgngf the specimen; however, it became
evident that the bracing did significantly lesska amount of deflection that occurred in
each of the specimen regardless of the cross satsbape used.
4.1.2 Webbed Arm — Square Cross Section

The following arms throughout the remainder of shely will be utilizing

bracing members on the interior of the control afime first cross sectional shape studied
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was a square. The square shape used here had dinseni0.223” x 0.223”. The square
followed the same ‘Z’ trajectory as all of the arstgdied in Stage | of this study.
4.1.2.1 Stresses

To assess the effects of adding bracing membeéretimterior section of a
control arm on deflections, a square cross sestiape was first used and followed a
standard ‘Z’ trajectory. The dimensions of the squaere manipulated to be equivalent
to a cross sectional area of 0.05 ifihis area was held constant for all shaped used

throughout the remainder of this study.

Stress von Mises (WCS) 1.815e+05
(psi) 1.800e+05

Deformed 1.600e+05
Scale 1.6573E+01 1.400e+05

Loadset:LoadSet1 : CA_SQUARE_SCALED 1.200e+05

1.000e+05
8.000e+04
6.000e+04
4.000e+04
2.000e+04
4.043e+01

Figure 17 - Square FEA Stress
Figure 17 shows the results obtained in the saraly/sis of the square shaped
bracing members. The results show that the maxinmmiVises stress that occurred was
increased from that of the unbraced arm. Howebhet, gtress was more localized at the
mounting locations and decreased in the outer eleoféhe arm. It can also be seen that
the center member of the cross bracing experieadezightened stress level as did some

of the points where the bracing merged with thesaooiter elements.
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4.1.2.2 Strains

Strain Max Prin (\/CS) 2.067e-02
Deformed 1.860e-02
Scale 1.6573E+01 1.654e-02
Loadset:LoadSet1 : CA_SQUARE_SCALED 1.447e-02
1.240e-02
1.034e-02
8.269e-03
6.202¢-03
4.135¢-03
2.067e-03
3.045e-07

Figure 18 - Square FEA Strain

The strain analysis showed similar results to tlufthe stress analysis. The
strain at the mounting locations was increasednaoigk concentrated. It also showed that
the bracing members were being strained as weletihesults can be observed in Figure
18. Similarly, as seen in the stress analysispthier members of the arms were relieved
of some of the strains they had experienced bef@addition of the cross bracing.

The displacement of this arm was studied also usiadg-EA capabilities of Pro-
Engineer. The results of the displacement studybeaobserved in Figure 19. The results
show that all though there were increases in dwlstress and strain at particular points
there was a decrease in the deflections that cagumrthe arm. Under the 35001Ib load
the braced arm showed a maximum displacement 880t a reduction in deflection of
approximately 40% when compared to the unbracedodtire same material. However,

it still managed to deflect more than the unbrab@20 steel control arm.
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4.1.2.3 Deformations

Displacement Mag (WCS) 0.03801
(in) 0.03421
Deformed 0.03041
Max Disp 3.8014E-02 0.02661
Scale 1.6573E+01 0.02281
Loadset:LoadSet1 : CA_SQUARE_SCALED 0.01901

0.01521
0.01140
0.00760
0.00380
0.00000

Figure 19 - Square FEA Displacement

In addition to the FEA studies the square arm viss manufactured and tested
physically. The arm was tested following the samee@dure outlined in the previous
experimental tests. As observed in the unbraced ttwermaximum deflection when
subjected to a 3500 Ibs. load did not agree wighRBA study. This is believed to be for
the same reasons as were mentioned before. Thestel$} showed a maximum
deflection of approximately 0.038 in while the expeents produced deflections in the
range of 0.07 in. The graphed results from expartaigest are shown in Figure 20. The
difference in these results is similar to the défeces noticed in the results of the
unbraced arm.

The square arm managed to produce a relatively $nhoad vs. deflection curve.
The curve shows that the arm failed quite suddérig. peak load the square arm was
able to with stand was approximately 4400Ibs. Peiak load is respectably close to that

of the unbraced arm; however, the deflection ia #rim proved to be significantly less.
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Figure 20- Square Load vs. Deflection Graph

4.1.3 Webbed Arm - Rectangle | Cross Section

In order to continue evaluating the effects thatalddition of bracing members
has on deflections occurring in a control arm,canegular shape was also tested. The
rectangular cross section followed the same standatrajectory as previously used.
The dimensions of the rectangle were again martgdie be equivalent to a cross
sectional area of 0.054nThe dimensions of the rectangular cross sectiemre\.158” x
0.316”. This same rectangular shape was studiasldardifferent orientations; the second

orientation will be discussed in the following sent
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4.1.3.1 Stresses

Stress von Mises (WCS) 1.786e+05
(psi) 1.607e+05

Deformed 1.429e+05
Scale 1.7268E+01 1.250e+05

Loadset:LoadSet1 : CA_REC1_SCALED 1.072e405

8.930e+04
7.145e+04
5.359e+04
3.574e+04
1.788e+04
2.369e+01

Figure 21 - Rectangle | FEA Stress

Similar, to the square arm the first step in eviathgethe effectiveness of a cross
bracing utilizing a rectangular cross sectionapghaas to perform an FEA study. The
study was performed in the same manner as usée jprévious arms configurations.
Figure 21 shows the results obtained in the stealysis of the arm with rectangular
shaped bracing members. The results show that éx@mam von Mises stress that
occurred increased from that of the unbraced aidthoAgh once again, the stress
showed to be more concentrated at the mountingiémsaand decreased in the outer
elements of the arm. It can also be seen thateahtecmember of the cross bracing
experienced a heightened stress level as did sbthe points where the bracing merged
with the arms outer elements. These results wargpamble to those of the arm utilizing

the square shaped bracing.
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4.1.3.2 Strains

Strain Max Prin (WCS) 2.037e-02
Deformed 1.833e-02
Scale 1.7268E+01 1.630e-02

Loadset:LoadSet1 : CA_REC1_SCALED 1426e-02

1.222¢-02
1.019e-02
8.148e-03
6.111e-03
4.075e-03
2.038e-03
7.270e-07

Figure 22 - Rectangle | FEA Strain

Following the stress analysis was the FEA maximuimcppal strain study. The
strain analysis showed similar results to thosthefstress analysis. The strain at the
mounting locations was increased and more condedtrt also showed that the bracing
members became strained as well; these resultsecabserved in Figure 22. These
results are comparable to those found in the squas@mum principal strain analysis,
the outer members of the arms were relieved of sufitige strains they had experienced
before the addition of the cross bracing.
4.1.3.3 Deformations

The displacement produced by this arm was alsoestugsing the FEA
capabilities of Pro-Engineer. The results of trepliicement study can be observed in
Figure 23. The results show increases in bothttlesses and strains at particular points
as well as a decrease in the deflection of the aimder the 35001Ib load, the rectangle |

arm produced a maximum displacement of 0.0365hat s a reduction in deflection, by
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an even larger percentage than was observed sytlee arm, when using the same

material.

Displacement Mag (WCS) 0.03648
(in) 003284
Deformed 0.02019
Max Disp 3.6484E-02

Scale 1.7268E+01

Loadset:LoadSet1 : CA_REC1_SCALED

0.02554
0.02189
0.01824
0.01459
0.01095
0.00730
0.00365
0.00000

L1,.
Figure 23 - Rectangle | FEA Displacement

The maximum deflection that occurred was greatan the deflection of the
unbraced steel arm but less than the deflectidgheotinbraced aluminum arm. In addition
to the FEA studies, the rectangle | arm, was alaoufactured and tested experimentally.
The arm was tested following the same proceduréedtin the previous experimental
tests. As observed in the previous studies, thamanx deflection when subjected to a
3500 Ibs. load did not agree with the FEA studyisTfagain for the same reasons as
were mentioned before. The FEA study showed a maximeflection of approximately
0.0365 in while the experimental results showedkedgbns in the range of 0.075 in. The
graphed results from the experimental test candwed in Figure 24. The difference in
these results is similar to the differences noticeithe results of the previous arms.

The rectangle | arm managed to produce a relatjaglyed load vs. deflection

curve. The curve shows that the arm failed quitilenly as was seen with the square
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arm. The peak load the rectangle | arm was abhattostand was approximately
4500lbs. This peak load is also respectably clogkdt of the unbraced arm; however,

the deflections in this arm proved to be signifitatess.
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0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 24 - Rectangle | Load vs. Deflection Graph

4.1.4 Webbed Arm - Rectangle Il Cross Section

Next, to continue evaluating the effects that ttiéiton of bracing members has
on deflections occurring in a control arm, a secautangular shape was also tested. The
rectangular cross section was the same as uskd previous study and followed the
same standard ‘Z’ trajectory. The dimensions ofrdaangle were again manipulated to
be equivalent to a cross sectional area of 0.85Ttis same rectangular shape was
rotated 90 degrees from the previous study, toraete if the orientation of the shape

will affect the associated deflections in the coh&irm.
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4.1.4.1 Stresses

Stress von Mises (WCS)

(psi)

Deformed

Scale 1.6059E+01

Loadset:LoadSet1 : CA_REC2_SCALED

1.965e+05
1.800e+05
1.600e+05
1.400e+05
1.200e+05
1.000e+05
8.000e+04
6.000e+04
4.000e+04
2.000e+04
2.583e+01

Figure 25 - Rectangle Il FEA Stress

Following the same approach used for the previoos éhe first step in
evaluating the effectiveness of a cross bracidgung a rectangular 1l cross sectional
shape was to perform an FEA study. The study weenpeed in the identical manner as
used in the previous arm configurations. Figursl2&ws the results obtained in the stress
analysis of the arm with rectangular Il shaped ingaonembers. The results show that the
maximum von Mises stress that occurred again isec&om that of the unbraced arm.
On the contrary, the stress was more concentratibé anounting locations and
decreased in the outer elements of the arm. latssmbe seen that the center member of
the cross bracing experienced a heightened streekds did some of the points where
the bracing merged with the arms outer elementss@nesults are comparable to those

of the previous arms utilizing the inner bracingmters.
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4.1.4.2 Strain

Strain Max Prin (WCS) 2231e-02
Deformed 2.008e-02
Scale 1.6059E+01 1.785e-02

Loadset:LoadSet1 : CA_REC2_SCALED 1.562e-02

1.339e-02
1.116e-02
8.924e-03
6.693e-03
4.463e-03
2232e-03
8419e-07

Figure 26 - Rectangle Il FEA Strain

The previous stress analysis was then preceded-BAaf the maximum
principal strain. The strain analysis showed singults to those of the stress analysis.
The strain at the mounting locations was increasetimore concentrated. It also showed
that the bracing members became strained as Wwedletresults can be observed in Figure
26. These results are comparable to those foutiteiprevious maximum principal strain
analyses, the outer members of the arms were eeliei’some of the strains they had
experienced before the addition of the cross bgacin
4.1.4.3 Deformations

Following the strain study, the displacement predlisy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement
study can be observed in Figure 27. The resulseagith those of the previous studies.
Under the 3500Ib load, the rectangle Il arm producenaximum displacement of
0.039in which is an increase in deflection when parad to the previous braced arm

studies. However, compared to the unbraced arngdfiections were still significantly
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decreased for the same material.

Displacement Mag (WCS) 0.03923
(in) 0.03531

Deformed 0.03138
Max Disp 3.9229E-02

Scale 1.6059E+01
Loadset:LoadSet1 : CA_REC2_SCALED

0.02746
0.02354
0.01961
0.01569
0.01177
0.00785
0.00392
0.00000

Figure 27 - Rectangle Il FEA Displacement

The maximum deflection that occurred was greatan that produced by the
unbraced steel arm; however, it was less thanofithie unbraced aluminum arm. In
addition to the FEA studies, the rectangle Il anras also manufactured and tested
physically. The arms were tested following the sgmueedure outlined in the previous
experimental tests. This particular arm was testeck; two identical specimens for this
arm were produced and tested to ensure the refathstias repeatable. The results from
the two samples yielded comparable results andyniel@ntical load vs. deflection
curves. As was observed in the previous studiesyéximum deflection when subjected
to a 3500 Ibs. load did not agree with the FEA gtddhis is believed to be for the same
reasons as were previously mentioned. The FEA sthdwed a maximum deflection of
approximately 0.039in while the experimental respltoduced deflections of
approximately 0.135in. The graphed results frometkgerimental test can be see in
Figure 28. The difference in these results is greidan the differences noticed in the

results of the previous arms.
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The rectangle Il arm managed to produce a relgts/looth load vs. deflection
curve. The curve depicts that the arm failed sutjdesmwas seen with the previous arms.
The peak load with which the rectangle Il arm wiale & with stand shows to be
approximately 4600Ibs. This peak load is closéntd of the previous arms; however, it
was able to with stand a load of approximately k®@hore than the previous rectangle
orientation. Despite the fact that this arm withost a greater load than the previously

studied braced arms it actually deflected neaystime as the unbraced aluminum arm.
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Figure 28 - Rectangle Il Load vs. Deflection Graph
4.1.5 Other Web Cross Sectional Shapes
In addition, other control arm configurations wetedied as well. The following
arms were evaluated using the finite element céipabiof Pro-Engineer only. Initially

the preceding arms were planned to be studieddhysical experiment as well;
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however, during the manufacturing stage the shages deemed too difficult to
manufacture consistently. This was due to limitaditn available machinery and
programming. Additionally, the arms would be ditficto for an industry to produce on a
large scale. Therefore it was determined they wbeldtudied using the FEA capabilities
only, simply shapes are basic common shapes.
4.1.5.1 Triangular Cross Sectional Web

The first arm of the additional shapes studieaiaitinue evaluating the effects
that the addition of bracing members has on dedlestoccurring in a control arm, was a
triangular shape. The triangular cross sectionav@mnted in a way such that the base of
the triangle was coplanar with the surface of time. & he trajectory of the triangular
bracing followed the same standard ‘Z’ shape apthaeiously studied arrangements.
The dimensions of the triangle were manipulatebet@quivalent to a cross sectional area
of 0.05 irf. The triangle used was an equilateral triangleriter to keep the shape
symmetric. The triangular cross section was congbo$@n equilateral 60 degree

triangle with sides of length 0.339 in.
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4.1.5.1.1 Stresses

Stress von Mises (WCS) 36131.7
(psi) 325195
Deformed 28907.2
Scale 7.3993E+01 25295.0
Loadset:LoadSet1 : CA_TRIANGLE_SCALED 21682.7

18070.5
14458.2
10846.0
723375
3621.50
9.24882

L1.,.
Figure 29 - Triangle FEA Stress
Following the same approach used for the previoms athe first step in
evaluating the effectiveness of a cross bracidgun a triangular cross sectional shape
was to perform an FEA study. The study was perfdrmehe identical manner as was
used in the previous arm configurations. Figuresi28@ws the results obtained in the stress
analysis of the arm with triangular shaped braamgnbers. The results show that the
maximum von Mises stress that occurred again isesk&rom that of the unbraced arm.
The stress is seen to be more concentrated atdbatmg locations and smaller in the
outer elements of the arm. It can also be seerthibatenter member of the cross bracing
experienced a heightened stress level as did sbthe points where the bracing merged
with the arms outer elements. These results argpamble to those of the previous arms
utilizing the inner bracing members. It can be s the general trend is that the
addition of bracing relocates a portion of thesdr® a particular location in each arm

tested thus far. It can be seen, that the addifidmacing members does change the way
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in which a control arm distributes applied loads.

4.1.5.1.2 Strains

Strain Max Prin (WCS) 4101e-03
Deformed

Scale 7.3993E+01

Loadset:LoadSet1 : CA_TRIANGLE_SCALED

4.000e-03
3.500e-03
3.000e-03
2.500e-03
2.000e-03
1.500e-03
1.000e-03
5.000e-04
0.000e+00
-2.418e-06

Figure 30 - Triangle FEA Strain

The previous stress analysis was then preceded-BAaf the maximum
principal strain. The strain analysis showed sinmégults to those of the stress analysis.
The strain at the mounting locations was increasetimore concentrated. It also showed
that the bracing members became strained as Welletresults can be observed in Figure
30. The results are comparable to those foundeptavious maximum principal strain
analyses. The outer members of the arms were eelie’some of the strains they had
experienced before the addition of the cross bgacin
4.1.5.1.3 Deformations

Following the strain study, the displacement pradlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement
study can be observed in Figure 31. The resuliseagith those of the previous studies,

although there were increases in both the streswbstrains at particular points there
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was a general decrease in the deflections thatri@ztin the arm. Under the 3500Ib load,
the triangular arm produced a maximum displacerae@tO085 in. This is a decrease in
deflection when compared to any of the previousdunlearm studies. Furthermore, the
triangular shaped bracing deflected less than thatlsteel and aluminum unbraced arms.
This is due to the geometry of the triangle andwhg in which it deforms.

Due to limitations in the available machining equngnt the triangular arm was
not tested physically. Though it is believed, @isn would have produced results
following the general pattern between the FEA d®dactual experiment. If the addition
of bracing members is to be incorporated in to cemicontrol arms, the triangular cross
section should be further considered. This is affse with the understanding of the

difficulties associated in the manufacturing praeces

Displacement Mag (WCS) 0.00851

(in) 0.00766
Deformed 0.00681

Max Disp 8.5143E-03 0.00596
Scale 7.3993E+01 0.00511
Loadset:LoadSet1 : CA_TRIANGLE_SCALED

v s 0.00426

0.00341
0.00255
0.00170
0.00085
0.00000

Figure 31 - Triangle FEA Displacement
4.1.5.2 Circular Cross Sectional Web
The second arm of the additional shapes studiethribnue evaluating the
effects that bracing members have on deflectiossroag in control arms, was a

circular shape. The trajectory of the circular brgdollowed the same standard ‘Z’
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shape as the previously studied arrangements. iidweas cross section used had a
diameter of 0.2523" and produced a cross sectianmea of 0.05 in

4.1.5.2.1 Stresses

Stress von Mises (WCS)

(psi)

Deformed

Scale 1.6499E+01

Loadset:LoadSet1 : CA_CIRCLE_SCALED

3.821e+05
3.439e+05
3.057e+05
2.675e+05
2.293e+05
1.911e+05
1.528e+05
1.146e+05
7.644e+04
3.823e+04
3.032e+01

Figure 32 - Circle FEA Stress

Following the same approach used for the previoms ahe first step in
evaluating the effectiveness of a cross bracidgun a circular cross sectional shape
was to perform an FEA study. The study was perfdrmehe identical manner as was
used in the previous arm configurations. Figurel3@ws the results obtained in the stress
analysis of the arm with circular shaped bracingniners. The results show that the
maximum von Mises stress that occurred again isesk&rom that of the unbraced arm.
On the contrary, the stress showed to be more otrated at the mounting locations and
decreased in the outer elements of the arm. latsambe seen that the center member of
the cross bracing experienced a heightened streskds did some of the points where
the bracing merged with the arms outer elementss@nesults are comparable to those
of the previous arms utilizing the inner bracingniers. It can be seen that this arm as

well follows the general trend in that the addit@frbracing relocates a portion of the
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stress to a particular location in each arm. Itlsarseen, that the addition of bracing
members changes the way in which a control armiloliges applied loads.

4.1.5.2.2 Strains

Strain Max Prin (WCS)

Deformed

Scale 1.6499E+01

Loadset:LoadSet1 : CA_CIRCLE_SCALED

4.202¢-02
3.782e-02
3.362e-02
2.941e-02
2521e-02
2.101e-02
1.681e-02
1.261e-02
8.405e-03
4.203e-03
8.858e-07

Figure 33 - Circle FEA Strain

The previous stress analysis was then preceded-BAaf the maximum
principal strain. The strain analysis showed singults to those of the stress analysis.
The strain at the mounting locations was increasetimore concentrated. It also showed
that the bracing members became strained as Wwedletresults can be observed in Figure
33. The results are comparable to those foundeptavious maximum principal strain
analyses. The outer members of the arms were eelie’some of the strains they had
experienced before the addition of the cross bgacin
4.1.5.2.3 Deformations

Following the strain study, the displacement predlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€be results of the displacement
study can be observed in Figure 34. The resuliseagith those of the previous studies,

although there were increases in both the stresggstrains at particular points there
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was a decrease in the deflections that occurrédteiarm. Under the 3500Ib load, the
circular arm produced a maximum displacement a3&20n. That is a decrease in
deflection when compared to unbraced aluminum &lowever, the circular shaped
bracing managed to deflect comparably to the dihaced arms.

Due to limitations in the available machining equant the circular arm was not
tested physically. Though it is believed, this avould have produced results following
the general pattern between the FEA and the aekpariment. If the addition of bracing
members is to be incorporated in to common coinois, the circular cross section
should be further considered. This is of coursé Wit understanding of the difficulties

associated with the manufacturing process.

Displacement Mag (WCS)

(in)

Deformed

Max Disp 3.8184E-02

Scale 1.6499E+01

Loadset:LoadSet1 : CA_CIRCLE_SCALED

0.03818
. 0.03437
0.03055
0.02673
0.02291
0.01909
0.01527
0.01146
0.00764
0.00382
0.00000

Figure 34 - Circle FEA Displacement

4.2 Stage Il — Simulations and Experiments
4.2.1 Webbed Arm - Rectangle | Cross Section
To begin further studying the effects of bracingcontrol arms the same cross

sectional shapes were used as in stage |. Theshapefollowed the new X' shaped
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trajectory. To begin stage Il the rectangular Ipghevas selected to be studied by both
FEA and experimentally. This was done in orderdtidate the results obtained by the
FEA. Two specimen of the rectangle | shape follagatime 'X' trajectory were produced.
The purpose of creating two of these samples wasgare that the data and results
obtained were repeatable. This is similar as totwias done in with rectangle Il in stage
| of this study. The remaining shapes will be ea#td using the finite element
capabilities of Pro-Engineer.
4.2.1.1 Stresses

The first step in evaluating the effectivenesshef'X' trajectory bracing utilizing
a rectangle | cross sectional shape was to perdoriFEA study. The study was
performed in the same manner as was used in the@pseshapes and arms of stage |.
The cross sectional areas were again held coret@rd5iri. Figure 35 shows the results
obtained in the stress analysis of the rectangl@aped bracing members. The results
show that the maximum von Mises stress that ocdwiges decreased from that of the
unbraced arm. While studying the 'Z' shaped trajgat was observed that there was an
increase in the maximum von Mises stress. It can laé seen that now both of the center
members of the cross bracing are experiencingsst&msnilarly, to the previous rectangle
| shape and 'Z' trajectory the bracing memberseatistributing the applied load.
However, in the 'X' configuration the bracing memsb&ppear to be evenly taking on

portions of the stress that once occurred in thesaruter elements.
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Stress von Mises (WCS) 1.397e+05
(psi) 1.257e+05
Deformed 1.118e+05
Scale 2..4852E+01. o12 9.781e+04
Loadset:LoadSet1 : CA_REC1_1_} 8.384e+04

6.987e+04
5.591e+04
4.194e+04
2.797e+04
1.401e+04
3.963e+01

T
Figure 35 - 'X' Trajectory Rectangle | FEA Stress
The results of the stress analysis yielded a maximon Mises stress of 1.397E5
psi. This is decreased from the same shape iZtt&jectory, which produced a
maximum von Mises stress of 1.786ES5 psi. It is &ss than the stresses of 1.773E5 psi
and 1.784E5 psi which occurred in the unbraced atekbaluminum arms respectively.

However as with the 'Z' trajectory there still égia region with concentrated stress near

the arms mounting locations.
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4.2.1.2 Strains

Strain Max Prin (WCS) 1.612e-02
Deformed 1.451e-02
Scale 24852E+01 1.289e-02

Loadset:LoadSet1: CA_REC1_1_PT2 1.128e-02

9.671e-03
8.060e-03
6.448e-03
4.836e-03
3.225e-03
1.6132-03
1.853¢-06

Hipe
Figure 36 - 'X' Trajectory Rectangle | FEA Strain

As was done in the previous stage the stress asalgs then preceded by a FEA
of the maximum principal strain. The strain anaystiowed similar results to those of
the stress analysis. The strain at the mountingtioes was decreased when compared to
the results of rectangle I in the first stage of 8tudy. The strain was also decreased
when compared to the unbraced aluminum arm, althatighanaged to be increased
from that of the unbraced steel arm. The FEA resslibwed that the bracing members
became strained as well; these results can bewaaser Figure 36. The outer members
of the arms were relieved of some of the strairy thad experienced before the addition
of the cross bracing.
4.2.1.3 Deformations

Following the strain study, the displacement pradlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement

study can be observed in Figure 37. Under the 26l0@dld, the rectangle | arm produced
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a maximum displacement of 0.0253 in. That is aekes® in deflection when compared to
unbraced aluminum arm. These results are also thase maximum displacement
observed in the FEA study of the unbraced stee] amch produced a displacement of
0.0214 in. The results are favorable in showing #imaluminum control arm utilizing

this type of bracing can resist deflections neadyvell as steel control arm.

Displacement Mag (WCS) 0.02525
(@in) 0.02272
Deformed 0.02020
Max Disp 2.5248E-02

Scale 24953E+01

Loadset:LoadSet1 : CA_REC1_1_PT2

0.01767
0.01515
0.01262
0.01010
0.00757
0.00505
0.00252
0.00000

o
Figure 37 - 'X' Trajectory Rectangle | FEA Displacanent

The maximum deflection that occurred was only shglarger than that produced
by the unbraced steel arm. This is despite th@déuneduction in displacement when
compared to the unbraced aluminum arm and mosiogktstudied in stage I. In addition
to the FEA studies, the rectangle | arm, was alaoufactured and tested experimentally.
The arm was tested following the same proceduréedtin the previous experimental
tests. As was observed in the previous studiespdeamum deflection when subjected
to a 3500 Ibs. load did not agree with the FEA wtddhis is again believed to be for the
same reasons as were mentioned before. The FEA sitwsved a maximum deflection

of approximately 0.0253 in while the experimen&adults showed to produce deflections
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in the range of 0.08 in. The graphed results froenexperimental test can be viewed in
Figure 38. The difference in these results is sint the differences noticed in the
results of the previous arms.

The rectangle | arm managed to produce a relatsrlyoth load vs. deflection
curve. The curve shows that the arm failed quitklsaly as was seen with most of the
previously studied arms. The peak load with whighrectangle | arm was able to with
stand shows to be approximately 6400 Ibs. This peed is approximately 2000 Ibs
more than the same shape following the 'Z' trajgcithat is a 44% increase in
maximum load with which the arm can with stand.sTppeak load is significantly greater
than that of any previously studied arms. Thisipaldr arm was tested using two
identical samples to ensure the results were rapkatThe two specimens produced

identical curves confirming that the data was régdgla for multiple samples.

7000

6000

5000

4000
3000
2000

1000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45

Figure 38 - 'X' Trajectory Rectangle | Load vs. Delection Graph
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4.2.2 Webbed Arm — Square Cross Section

The square cross section used to follow the newiradectory was identical to the
square cross section used in stage |. The shdzedtihe same dimensions and cross
sectional area used before.
4.2.2.1 Stresses

To continue evaluating the effectiveness of bracmagmbers following an 'X'
trajectory the square shape was used. The finstistevaluating the square shape
following the 'X' trajectory was to perform an FESAIdy. The study was performed in
the same manner as was used in the previous saagesms of stage I. Figure 39 shows
the results obtained in the stress analysis o$djuare shaped bracing members. The
results show that the maximum von Mises stressat@irred was decreased from both
that of the unbraced arm and the same shape I@'ttiajectory. It can also be seen that
now both of the center members of the cross bramiagexperiencing stress. Similarly, to
the previous square shape and 'Z' trajectory theithg members are redistributing the
applied load. However, in the X' configuration tiracing members appear to be evenly
taking on portions of the stress that once occurrede arms outer elements. These
results are comparable to those seen in the prewimdy of rectangle | following the

shape X' shaped trajectory.
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Stress von Mises (WCS) 1.341e+05
(psi) 1.207e+05
Deformed 1.073e+05
Scale 2.3201E+01 9.389e+04
8.048e+04
6.707e+04
5.367e+04
4.026e+04
2.685e+04
1.345e+04
3.862e+01

o
Figure 39 - 'X' Trajectory Square FEA Stress

4.2.2.2 Strains

As done in the previous studies the stress analgssthen preceded by a FEA of
the maximum principal strain. The strain analysisvged similar results to those of the
stress analysis. The strain at the mounting looatwas decreased when compared to the
results of the square shape in the first stagkisfstudy. The strain was also decreased
when compared to the unbraced aluminum arm, altihatighanaged to be increased
from that of the unbraced steel arm. The FEA resslibwed that the bracing members
became strained as well; these results can bewdukar Figure 40. The outer members
of the arms were relieved of some of the strairy thad experienced before the addition

of the bracing members.
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Strain Max Prin (WCS}) 1.552e-02
Deformed 1.397e-02
Scale 2.3201E+01 1.242e-02

1.087e-02
9.314e-03
7.762e-03
6.210e-03
4.658e-03
3.106e-03
1.554e-03
1.867e-06

iNina
Figure 40 - 'X" Trajectory Square FEA Strain

4.2.2.3 Deformations

Following the strain study, the displacement predlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement
study can be observed in Figure 41. Under the 850fad, the square arm produced a
maximum displacement of 0.0272 in. That is a desgeéa deflection when compared to
unbraced aluminum arm. These results are also thase maximum displacement
observed in the FEA study of the unbraced stee] amch produced a displacement of
0.0214 in. The results are favorable in showing #imaluminum control arm utilizing

this type of bracing can resist deflections neadyvell as steel control arm.
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Displacement Mag (WCS) 0.02715
@in) 0.02444
Deformed 0.02172
Max Disp 2.7154E-02
Scale 2.3201E+01

0.01901
0.01629
0.01358
0.01086
0.00815
0.00543
0.00272
0.00000

o
Figure 41 - 'X' Trajectory Square FEA Displacement

4.2.3 Webbed Arm - Rectangle Il Cross Section

The rectangle Il cross section used to follow tee X’ trajectory was identical
to the rectangular cross section used in stagled.shape utilized the same dimensions
and cross sectional area used before.
4.2.3.1 Stresses

To continue evaluating the effectiveness of bracmagmbers following an 'X'
trajectory the rectangle Il shape was used. Tlséstep in evaluating the rectangle II
shape following the 'X' trajectory was to performREA study. The study was
performed in the same manner as was used in the@pseshapes and arms of stage |.
Figure 42 shows the results obtained in the saealysis of the rectangle Il shaped
bracing members. The results show that the maxinmmiMises stress that occurred was
decreased from both that of the unbraced arm andamme shape in the 'Z' trajectory.
These results are similar and in agreement witlptaeious shape following the 'X'

trajectory. It can also be seen that now both efdgnter members of the cross bracing
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are experiencing stress. Similarly, to the previ@eangle Il shape and 'Z' trajectory the
bracing members are redistributing the applied.lédmvever, in the 'X' configuration

the bracing members appear to be evenly takingoatiops of the stress that once
occurred in the arms outer elements. These rem@tsomparable to those seen in the

previous studies following the 'X' shaped trajegtor

Stress von Mises (WCS) 1.451e+05

(psi) 1.306e+05
Deformed 1.161e+05
Scale 24056E+01 1.016e+05
8.710e+04
7.259e+04
5.808e+04
4.357e+04
2.906e+04
1.455e+04
3.853e+01

o
Figure 42 - 'X' Trajectory Rectangle Il FEA Stress

4.2.3.2 Strains

As done in the previous studies the stress analassthen preceded by a FEA of
the maximum principal strain. The strain analysievged similar results to those of the
stress analysis. The strain at the mounting looatwas decreased when compared to the
results of the rectangle Il shape in the first stafithis study. The strain was also
decreased when compared to the unbraced alumimapaéthough, it managed to be
increased from that of the unbraced steel arm.FE¥ results showed that the bracing
members became strained as well; these resultisecahserved in Figure 43. The outer

members of the arms were relieved of some of ttaénstthey had experienced before the
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addition of the bracing members.

Strain Max Prin (WCS) 1.675e-02
Deformed 1.600e-02
e R T 1400202
1.200e-02
1.000e-02
8.000e-03
6.000e-03
4.000e-03
2.000e-03
0.000e+00
-9.669e-06

o
Figure 43 - 'X' Trajectory Rectangle Il FEA Strain

4.2.3.3 Deformations

Following the strain study, the displacement pradlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement
study can be observed in Figure 44. Under the 26l0dld, the rectangle 1l arm produced
a maximum displacement of 0.0262 in. That is aekes® in deflection when compared to
unbraced aluminum arm. These results are also thase maximum displacement
observed in the FEA study of the unbraced stee) atmth produced a displacement of
0.0214 in. The results are favorable in showing #imealuminum control arm utilizing

this type of bracing can resist deflections neadyvell as steel control arm.
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Displacement t Mag (WCS) 0.02619
(in) 0.02357

Deformed 0.02095
Max Disp 2.6188E-02 0.01833

Scale 2.4056E+01
Loadset:LoadSet1: CA REC1_1_PT2 0.01571
0.01309

0.01048
0.00786
0.00524
0.00262
0.00000

IR
Figure 44 - 'X' Trajectory Rectangle Il FEA Displacement

4.2.4 Other Web Cross Sectional Shapes

To maintain consistency, the additional shapes fstage | that were only studied
using the FEA will also be studied in stage Il. S&shapes will serve for comparison
with those from stage |. These shapes will be coeti to be studied in the same manner,
as were all of the previous arms. The cross seagt@meas of the bracing member were
also continued to be help constant.
4.2.4.1 Triangular Cross Sectional Web

The Triangular cross section used to follow the héwvirajectory was identical
to the triangular cross section used in stage é. Sttape utilized the same dimensions and
cross sectional area used before.
4.2.4.1.1 Stresses

To continue evaluating the effectiveness of braamggnbers following an 'X'
trajectory the triangle shape was used. The fiegt 81 evaluating the triangle shape
following the 'X' trajectory was to perform an FEAIdy. The study was performed in

the same manner as was used in the previous saagesms of stage I. Figure 45 shows
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the results obtained in the stress analysis ofrthegle shaped bracing members. The
results show that the maximum von Mises stressat@airred was decreased from both
that of the unbraced arm and the same shape I@'ttrajectory. This result is similar and
in agreement with the previous shapes following hérajectory. It can also be seen that
now both of the center members of the cross bramiagexperiencing stress. Similarly, to
the previous triangle shape and 'Z' trajectory bitaeing members are redistributing the
applied load. However, in the 'X' configuration thracing members appear to be evenly
taking on portions of the stress that once occurrede arms outer elements. These
results are comparable to those seen in the prewimdies following the 'X' shaped

trajectory.

Stress von Mises (WCS) 1.4760+05

(psi) 1.329e+05

Deformed 1.181e+05

Scale 2.2845E+01

| nadentl nadGatd - ~A DEF 4 DT2 ;.g:‘;eﬁi
859

7.383e+04
5.907e+04
4.431e+04
2.955e+04
1.479e+04
2.352e+01

NI
Figure 45 - 'X' Trajectory Triangle FEA Stress

4.2.4.1.2 Strains

As done in the previous studies the stress analgssthen preceded by a FEA of
the maximum principal strain. The strain analysisvged similar results to those of the
stress analysis. The strain at the mounting looatwas decreased when compared to the

results of the triangle shape in the first stagthisf study. The strain was also decreased
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when compared to the unbraced aluminum arm, altihatighanaged to be increased
from that of the unbraced steel arm. The FEA resslibwed that the bracing members

became strained as well; these results can bewauser Figure 46.

Strain Max Prin (WCS) 1.706e-02
Deformed 1.535e-02
Scale 2.2845E+01 1.365e-02

: 1.194e-02
1.024e-02
8.529e-03
6.824e-03
5.118e-03
3.412e-03
1.706e-03
6.237e-07

o
Figure 46 - 'X' Trajectory Triangle FEA Strain

4.2.4.1.3 Deformations

Following the strain study, the displacement predlisy this arm was also
evaluated using the FEA capabilities of Pro-Engin€be results of the displacement
study can be observed in Figure 47. Under the 3Bl0dld, the triangular arm produced a
maximum displacement of 0.0276 in. That is a desgeéa deflection when compared to
unbraced aluminum arm. These results are also thase maximum displacement
observed in the FEA study of the unbraced stee] amch produced a displacement of
0.0214 in. The results are favorable in showing #imaluminum control arm utilizing

this type of bracing can resist deflections neadyvell as a steel control arm.
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Displacement Mag (WCS) 0.02758
(in) 0.02482
Deformed 0.02206
0.01930
0.01655
0.01379
0.01103
0.00827
0.00552
0.00276
0.00000

Max Disp 2.7577E-02
Scale 2.2845E+01

Nins
Figure 47 - 'X' Trajectory Triangle FEA Displacemernt

4.2.4.2 Circular Cross Sectional Web

The circular cross section used to follow the n¥trajectory was identical to
the circular cross section used in stage |. Thpeslhilized the same dimensions and
cross sectional area used before.
4.2.4.2.1 Stresses

To continue evaluating the effectiveness of bracmagmbers following an 'X'
trajectory the circular shape was used. The ftegt 81 evaluating the circular shape
following the 'X' trajectory was to perform an FEAIdy. The study was performed in
the same manner as was used in the previous saagesms of stage I. Figure 48 shows
the results obtained in the stress analysis otitlicelar shaped bracing members. The
results show that the maximum von Mises stressat@irred was decreased from both
that of the unbraced arm and the same shape I@'ttrgjectory. This result is similar and
in agreement with the previous shapes following hérajectory. It can also be seen that

now both of the center members of the bracing mpemencing stress. Similarly, to the
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previous circular shape and 'Z' trajectory, theimg members are redistributing the
applied load. However, in the 'X' configuration thracing members appear to be evenly
taking on portions of the stress that once occurrede arms outer elements. These
results are comparable to those seen in the pregimdies following the X' shaped

trajectory.

Stress von Mises (WCS) 1.435e+05
(psi) 1.291e+05
Deformed 1.148e+05
Scale 2.3070E+01 1.005e+05
8.611e+04
7.176e+04
5.741e+04
4.307e+04
2.872e+04
1.437e+04
2.524e+01

(.
Figure 48 - 'X' Trajectory Circle FEA Stress

4.2.4.2.2 Strains

As done in the previous studies the stress analgssthen preceded by a FEA of
the maximum principal strain. The strain analysisvged similar results to those of the
stress analysis. The strain at the mounting looatwas decreased when compared to the
results of the circular shape in the first stagthesf study. The strain was also decreased
when compared to the unbraced aluminum arm, altihatighanaged to be increased
from that of the unbraced steel arm. The FEA resslibwed that the bracing members

became strained as well; these results can bewvauser Figure 49.
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Strain Max Prin (WCS) 1.479e-02
Deformed 1.331e-02
Scale 2.3070E+01 1.184e-02
1.036e-02
8.877e-03
7.398e-03
5.919e-03
4.439e-03
2.960e-03
1481e-03
2.027e-06

(N
Figure 49 - 'X' Trajectory Circle FEA Strain

4.2.4.2.3 Deformations

Following the strain study, the displacement predlioy this arm was also
evaluated using the FEA capabilities of Pro-Engin€ke results of the displacement
study can be observed in Figure 50. Under the 36l@@ld, the circular arm produced a
maximum displacement of 0.0273 in. That is a desgeéa deflection when compared to
unbraced aluminum arm. These results are also thase maximum displacement
observed in the FEA study of the unbraced stee| amch produced a displacement of
0.0214 in. The results are favorable in showing #imaluminum control arm utilizing

this type of bracing can resist deflections neadyvell as a steel control arm.



Displacement Mag (WCS)
(in)

Deformed

Max Disp 2.7308E-02
Scale 2.3070E+01

Figure 50 - 'X' Trajectory Circle FEA Displacement

0.02731
0.02458
0.02185
0.01912
0.01638
0.01365
0.01092
0.00819
0.00546
0.00273
0.00000
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Chapter 5: Conclusions

The results from of both phases of this study amersarized. The results from
both the FEA’s and the physical experiments arepayed in order to draw conclusions
about the effects the bracing has on deflectiorofrol arms. The data displayed in
Table 1 shows the maximum deflections occurringdoh of the control arms used in
this study. As mentioned, the arms utilizing thé skaped trajectory deflected less than
those which used the ‘Z’ shaped trajectory. ThesKaped arms that were

experimentally tested also withstood higher loadlie same deformation.

Maximum Experimental Displacement at (in): Maximum FEA Displacement at (in):

Control Arm 3000 Lbf 3500 Lbf 4000 Lbf 4500 Lbf 3500 Lbf
Original Unbraced Arm (1020) N/A N/A N/A N/A 0.0214
Original Unbraced Arm (6061) 0.1118 0.1395 0.2072 0.4844 0.062
Stage |, 'Z' Trajectory

Rectangle | 0.0776 0.0919 0.1223 0.4698 0.0365
Rectangle 11 (1) 0.1245 0.1418 0.1659 0.2221 0.0392
Rectangle 11 (2) 0.1082 0.1236 0.1422 0.1698 0.0392
Square 0.0709 0.0863 0.1192 .2120* 0.038
Stage Il, 'X' Trajectory

Rectangle | (1) 0.082 0.0928 0.1047 0.1185 0.0253
Rectangle | (2) 0.0735 0.0846 0.096 0.1091 0.0253
Rectangle Il N/A N/A N/A N/A 0.0262
Square N/A N/A N/A N/A 0.0272
Circle N/A N/A N/A N/A 0.0273
Triangle N/A N/A N/A N/A 0.0276

Table 1 — Maximum Deflections
Additional data for the arms which were tested ptall/ can be found in Table
2. This data includes the maximum deflections aad$ at which each arm failed. The
respective weights of each arm are listed as walt¢ate a comparison. It can be
observed from the data in Table 2 that the ‘X’ sfthprms fell within the same weight

range as the other braced arms, while also prayidisignificant increase in strength.
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Control Arm Weight (g): Weight (Lbs): Load at Failure (Lbf): Displacement at Failure (in):
Original Unbraced Arm 130 0.2866 4155 1.0034

Stage |, 'Z' Trajectory

Rectangle | 148 0.3263 4320 0.5438
Rectangle Il (1) 165 0.3638 4430 0.2529
Rectangle Il (2) 166 0.3660 4438 0.2773
Square 150 0.3307 4352 0.2121

Stage Il, 'X' Trajectory
Rectangle I (1) 156 0.3439 6331 0.4168
Rectangle | (2) 156 0.3439 6336 0.4014

Table 2 - Weight and Peak Load Data

The data shown in Table 3 displays the strengtheight ratios of all the arms
that were manufactured and tested experimentalig. percentage weight increase from
the unbraced aluminum control arm is also listecconparative purposes. It can be seen
from the data that the arms designed with the rXjeictory bracing yielded the highest
strength to weight ratios. When compared to athefother experimentally tested arms,
the arms from stage Il produced a significantlyhleigstrength to weight ratio. This is
achieved by a 20% increase in weight which wasywred by the addition of the bracing
members. Of all the arms tested, the arm with goersd highest strength to weight ratio

was surprisingly the unbraced arm.

Control Arm Strenghth/Weight Ratio Percentage weightincrease:
Original Unbraced Arm 14497.53 0.00

Stage |, 'Z' Trajectory

Rectangle | 13240.01 13.85
Rectangle Il (1) 12178.28 26.92
Rectangle Il (2) 12126.78 27.69
Square 13160.24 15.38

Stage Il, ‘X' Trajectory
Rectangle | (1) 18408.31 20.00
Rectangle | (2) 18422.85 20.00

Table 3 — Strength to Weight Ratios and Percent Wght Increase
The data displayed in Table 4 shows the experintigmeeasured maximum
principal strains compared to the FEA maximum ppakstrain. The data shown is not

entirely in agreement; this is because of limitagian where the strains were monitored
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on the samples. The maximum principal strains astior@ed previously, occurs at the
location of the mounting holes on the samples. Mwoimg the strains at these points was
not possible while conducting this study. The stigauges were mounted as close to that
location as possible; however, there still existddrge enough difference to create

discrepancies in the data.

Maximum Principle Strain Maximum Principle Strain

Control Arm Experimental (g) FEA (g)
Original Unbraced Arm (1020) N/A 0.00660
Original Unbraced Arm (6061) 0.00931 0.01924
Stage I, 'Z' Trajectory

Rectangle | 0.01606 0.02037
Rectangle Il (1) 0.00375 0.02231
Square 0.002693 0.02067
Circle N/A 0.04202
Triangle N/A 0.00410
Stage Il, 'X' Trajectory

Rectangle | (1) N/A 0.01612
Rectangle Il N/A 0.01675
Square N/A 0.01552
Circle N/A 0.01479
Triangle N/A 0.01706

Table 4 - Maximum Principal Strains

It can be concluded that the addition of bracingniners to control arms does
reduce the deflections that occur. The deflectivese decreased in most cases regardless
of the cross section used in the bracing membigisclear from the data that certain
shapes will reduce deflections by a greater amthant others. Some particular shapes
produced better results depending on what trajgetas used. Most importantly it can
be concluded from this study that the trajectorgsem for the bracing members has a
greater effect than the particular cross sectishape used. Being that there is essentially
an infinite number of possible configurations foacing members the configurations
discussed in this study were selected to providefawf concept. When adding bracing
members to a control arm structure, focus shoulpl@eed on the path for the bracing.

Difficulties associated in the manufacturing pracsBould be considered when
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attempting to use or produce control arms with ingagonembers. These control arms
should prove to be most applicable to lightweigjttrid vehicles. Design engineers
working to produce lighter and stronger suspens@nponents for hybrid or compact
fuel efficient vehicles should consider the us¢éhese arms. With additional studies and
optimal design may be able to be selected. Thess are believed to also be applicable
to competition automotive sport such as racingifipatlty open wheeled cars utilizing
push rod suspension systems.

Lastly it needs to be stated that there are limomatto the results obtained in this
study. It is clear that there were significant eéliéfnces between the FEA and
experimental results. The general trends recogrbeédeen the two were in agreement;
however, the specific numerical values were noé aitms which deflected the most in
the FEA did so in the experiment as well. The nsaiarce of the differences between
these two results is due to the way in which Praihdmica constrains the surface of the
parts in the FEA.

Future studies should specifically investigatetthgectory of the bracing
members and how they affect deflections. Thosaesdughould expect limited
convergence of the results if studied by both FBA experimentally. The FEA results
will produce a general trend that can be obsemdte experimental results. The
numerical values of the results will differ sige#ntly. If this study was to be performed

using larger scale parts it is expected that thelte will be in a closer agreement.
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Appendix

Al - Stage | Discussion of Failure

During stage |, several different cross sectiohapgs were evaluated for their
effectiveness in reducing deflections occurring icontrol arms. The shapes all followed
an arbitrary ‘Z’ shaped trajectory in order to po®/proof of concept. The arms able to
be manufactured and tested physically with thelabls machining applications were
constructed from 6061 aluminum alloy. These armeweserted into the specially
designed testing apparatus and a continually isargdoad was applied to the arms until
failure occurred. Each arm failed similarly butlwits own unique characteristics.
Al.1- Original Unbraced Arm (6061)

The first of the arms to be tested was the origimiraced aluminum arm. This
arm was tested in a manner that provided a repiasamof the FEA as well as a
vehicles sub-frame. The original unbraced arm watet until failure occurred, during
the testing the strains, load and deflection weoaitored continuously. The failed
unbraced arm can be observed in Figure 51. It essebn that this arm deformed

significantly before failing.
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Figure 51 - Original Arm Failure

The unbraced aluminum arm completely failed ontgradieflecting
approximately one inch. This arm was interestingttaly because it failed in manner
that was not expected. The arm failed by begintortgar and shear off near the location
of where the load was applied. Failure in this nearwas unexpected because that
portion of the arm is where the most material eisBefore performing the experiment
on the unbraced arm, it was expected to fail feamounting location. The results of the
failure from the experimental specimen can be olegkin Figure 52. It can be seen that
the arm began to fail up and to the left of theehwhere the load was applied. The pin
joint hole is representative of a ball joint mougtiocation in a vehicles suspension
system. The testing of this arm was stopped afpibiist because the load decreased from
the maximum by greater than 25%. As mentioned ptesly a reduction in loading of

this magnitude was defined to be considered ar&ilu
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Figure 52 -

fi;gin Arm Fracture
Al.2 - Square

The next of the arms to be tested was the squareTdiis arm was tested in the
same manner as the previous unbraced arm. Theesgumarwas tested until failure
occurred; similarly, the strain, load and deflectigere monitored continuously. The

failed square arm can be observed in Figure 53.

Figure 53 - Square Fracture (1)
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The square arm failed by completely shearing dfie Tocation of the failure is
favorably close to the locations where the FEA stabvo have increased strains and
stress. It can also be observed that this armndidat deform; however, the level of

deformation is significantly less than observethim unbraced arm.

T v W I TR T NS A T
A _?’ ,g“ -a b “l:”j!| 5 ,i

Figure 54 - Square Fracture (2)

The failure of the square arm can be observedguarEi54. The figures show
telltale signs of how the arm failed. It can beeated in this figure that the failure
occurred at the base of a bracing member. It apfbat the characteristics of the failed
area, was influenced by the shape of the cros®aagted in the bracing members. There
is a, roughly speaking, visible square shape withencross section of the fractured area.
It can also be observed from Figure 54 as if tilarapropagated from around the edges
of where the bracing elements connect with therquaetion of the arm.

Al.3 - Rectangle |

The next of the arm to be tested was the rectangalan. This arm was tested in

the identical manner as the previous arms. Thamgt | arm was tested until failure

occurred; similarly, the strain, load and deflegtiere monitored continuously. The
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failed rectangle | arm can be observed in Figure 55

Figure 55 - Rctngle | Fracture (1)
Similar to square arm, the rectangle | arm failgat@mpletely shearing off. The
location of the failure is favorably close to tloedtion where the FEA showed to have
increased strains and stress. It is also obsehadriis arm that this arm did in fact
deform; however, the level of deformation is agagnificantly less than was observed in
the unbraced arm. As was noticed with the squame twe fracture of this arm occurred
at the same point where a bracing member connéxtib@ main structure of the arm.
The overall deformation of the rectangular | armasmparable to that of the square arm.
However, the fractured area of the rectangle | mroduced unique results. These results

can be observed in Figure 56 and Figure 57.
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Figure 56 - Rectangle | Fracture (2)

The fractured area of the rectangle | arm showergifit results than what were
observed in the square arm. In Figure 46, it candiieed that the fracture appears to
have developed around the intersection of the bgatiember sand the main structure of
the control arm. As was noticed in the square drfractured area shows the influence
of the bracing members by revealing a rectangllaps in fractured area. However, this
fractured area is different from what was obselivetie square arm. In this arm, it can

be seen that a continuation of the rectangulartgagas torn out of the main structure.

Figure 57 - Rectangle | Fracture (3)

The failure of the rectangle | arm is also unigeeduse it revealed that the arm

was simultaneously failing at two points relativelgse to one another. Figure 57 shows
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that the arm had begun failing at another locatvbich is closer to the mounting holes;
this was not observed in the square arm failuretier unique characteristic of this arms
failure can be seen in Figure 58. This figure shtivas the center-bracing member
actually buckled during the test and began defigabutward. This result agrees with that
of the FEA study performed previously. It showst tih@ center-member was under
stress. It also shows that this member was aidhrtige redistribution of the applied load
to different portions of the control arms structutes also observed that the buckling

occurred in the direction in which the shape haseist area moment of inertia.



Figure 58 - Rectangle | Fracture (4)
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Al.4 - Rectangle Il

The next of the arm to be tested was the rectanfjudam. This arm was tested in
the identical manner as the previous arms. Theamegt 1l arm was tested until failure
occurred; similarly, the strain, load and deflegtiere monitored continuously. The

failed rectangle Il arm can be observed in Figl@e 5

Figure 59 - Retangle Il Frcture (2)
Similar to the previous braced arms, the rectahgten failed by completely
shearing off. The location of the failure is faviolsaclose to the location where the FEA
showed to have increased strains and stressalgkosobserved that this arm did in fact
deform; however, the level of deformation is agagnificantly less than was observed in
the unbraced arm. As was noticed with the previmased arms, the fracture of this arm
occurred at the same point where a bracing mendmrected to the main structure of
the arm. The overall deformation of the rectanglllarm is comparable to that of the
other braced arms. However, the fractured areheofdctangle | arm produced unique

results. These results can be observed in Figuemn@@-igure 61.
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iure 60 - Rectangle Il Fracture (2)

The fractured area of the rectangle | arm showeraifit results than what were
observed in the rectangle | arm. However, the tesuk comparable with those of the
square arm. In Figure 60, it can be noticed thafiicture appears to have developed
around the intersection of the bracing member bBadrtain structure of the control arm.
As was noticed in the square arm the fractured rnezals the influence of the bracing
members by producing a rectangular shape in fradtarea. This fractured area is
comparable with what was observed in the square @though, it is significantly
different than was observed in rectangle |.

The failure of the rectangle 1l arm is comparablé¢hat of the rectangle | arm in
that it shows the center-bracing member bucklethguhe test and began deflecting.
This result agrees with that of the FEA study penfed, it shows that the center-member
was under stress. It also shows that this membsgmding in the redistribution of the
applied load to different portions of the contraha structure. It is again observed that
the buckling occurred in the direction in which gtepe has its least area moment of

inertia.
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Figure 61 - Rectangle Il Buckling (3)

Al.5 - Other Shapes

To conclude the discussion of failures observestage | it is essential to briefly
mention the results of the sample test pieces.d@tieese test pieces includes what
would have been an arm utilizing triangular shapednbers. The triangular shaped arm
was later determined to difficult to produce reljaith the available equipment. The
specimen was then used to validate the experimtadihg procedure. This arm is
essentially an enlarged version of the square kran be seen in Figure 62 that this arm

failed similar to the square arm.

Figure 62 - Triangle Fracture Pre-CNC (Sample Test)
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The second sample test piece is what would havenbethe circular arm. Once
again the manufacture of this particular arm wamtald because of the difficulties
associated in producing this arm accurately andatgally. It can be observed in Figure
63 that this arm had begun undergoing the finallmmagg process. The circle arm was
tested in the same manner as was used in theanterand the triangular sample test
specimen. This arm however was not tested untilpteta failure. The results of this
sample test specimen can be compared to that afrthdar FEA. It can be seen that the
experimental overall deformation of this arm magchiesely to that of the FEA study.
These two different results agree favorably andavdrcredit to the finite element
capabilities of the Pro-Engineer software. The lingknature of the longest bracing
member is accurately displayed in the FEA resitlshould be noted that if this arm

were more easily produced it may provide intergstesults.

Figure 63 - Circle Failure (Sample Test)
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Lastly, the general results of stage | of this gtpbvided an insight into how the
addition of bracing members affects deflectionsantrol arms. It can be observed from
the overall results that the addition of bracingsleffect the deflections that occur in
control arms. It can also be concluded that alumicontrol arms can be made to
provide results comparable to those made of 102€l.dnterestingly enough though the
addition of bracing did not significantly improveetload which an arm was able to
withstand. It only managed to change the natufaibire that occurred in the arms and
the location of that failure. It can also be obserthat the cross sectional shape of the
bracing did affect the maximum deflection that aced in the arms. The orientation of
the shape used will also affect the results asolasrved in the comparison of rectangle
| and rectangle Il. The differences in deflectiolepending on the shape used were not
significant although they were detectable.

During the first stage of this study an arbitratyshaped trajectory, for the
bracing was used. It is important to note the mresiresults are likely dependent on that
specific orientation of the bracing members. Thasastudied in stage | mostly failed at
approximately the same location, which was revehiethe FEA. The addition of
bracing members was successful in reducing deflestalthough it created a common

failure point among the different arms.

A2 - Stage Il Discussion of Failure
During stage I, several different cross secti@mapes were evaluated for their
effectiveness in reducing deflections occurring icontrol arms. The shapes all followed

an arbitrary ‘X’ shaped trajectory. Only the reg@bnl arm was manufactured from 6061
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aluminum and tested experimentally. This was dar@der to provide proof of concept
in an actual experiment. Two identical specimereofangle | in this stage of the study
were manufactured and tested. These arms werdadseto the specially designed
testing apparatus and a continually increasing \easi applied to the arms until failure
occurred. The test was performed the same wayge &tEach of the two arms failed in
the same way and produced nearly identical results.
A2.1 - Rectangle |

The rectangular | arm was tested in an identicalmaaas the previous arms. The
arm was tested until failure occurred; similarhg strain, load and deflection were
monitored continuously. The failed rectangle | axan be observed in Figure 64 and
Figure 65. The testing of this arm was stopped wirenof the bracing members
completely fractured. This cause the test to teateitnecause the load being applied
decreased by greater than 25% of the maximum keached for this specimen. As
mentioned previously the 25% threshold was a tastrpeter which was predetermined

and programmed into the testing software.
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Figure 64 - 'X' Trajectory Rectangle | Cross Sectia Failure

Both of the samples tested physically during thags of this study failed
identically. It can be observed in Figure 64 thrat atilizing the rectangular | shaped
bracing members following the X' trajectory failgaddenly by fracturing. The sudden
failure ended the test but provided favorable teséls mentioned earlier, the arms
utilizing the 'X' trajectory decreased in all area$ocus when compared to the arms from
stage | that followed the 'Z' trajectory. Thathe maximum von Mises stress, maximum
principal strains and the maximum displacementewlecreased for each cross sectional
shape when compared to same shape following theaj&ttory. The same were
decreased when compared to the unbraced alumimamraaddition, the 'X' trajectory
arms that were tested experimentally withstood aimam load that was larger than
those arms utilizing the 'Z' shaped trajectory.rEwgth the increased load capacity, the
X' trajectory arms produced smooth load vs. défteccurves. Additionally when these
arms failed, they managed fail in the most desgratblways. The outer elements of the

arms did not fracture and remained intact, makimg & desirable configuration.
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Figure 65 - 'X' Trajectory Rectangle | Cross Sectia Fracture

The location of the failure occurring in this arandoe observed in Figure 65. The
failed bracing element fractured at the point wheneerged with the outer elements of
the arm. It can be observed that the other bratiagnber located in the arm completely
buckled and deflected outward, refer to FigureNdéntioned earlier was that the X'
trajectory arm was symmetric which makes univeasal applicable to multiple
applications. Additionally the arms utilizing an tajectory are most applicable to

current common suspension systems.
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