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ABSTRACT

DESIGN OF A SKID-STEER LOADER

Yalcin, Tugce
M.S., Department of Mechanical Engineering

Supervisor : Prof. Dr. Eres S&ylemez

September 2012, 133 pages

Skid-steer loaders are also called mini loaders. Skid-steer loaders are capable of zero
furning radiuses, which make them exiremely maneuverable and suitable for
confined spaces. The aim of this thesis study is fo design the loader mechanism for
skid-steer loaders. Primarily, the loader mechanism synthesis will be performed to
determine the basic link dimensions for the mechanism of the loader. Genetic
algorithm will be used in the design process. Besides, the hydraulic cylinders
dimensions and working pressure of the loader mechanism will be chosen according
to the forces that will be applied. After the link dimensions of the loader are
determined, 3D modeling of the loader mechanism will be performed. Afterwards,
the finite element analysis of the system will be carried out. Finally, improvements will

be made on the model according o the results of the analysis.

Keywords: Skid-steer loader, Mechanism synthesis, Burmester theory, Genetic

algorithm
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MINI YUKLEYICI TASARIMI

Yalcin, Tugce
YUksek Lisans, Makina MUhendisligi BOIUmU

Tez Yoneticisi : Prof. Dr. Eres SOylemez

Eylul 2012, 133 sayfa

Mini yUkleyici, nokta dénusU yapabilmesi sebebiyle manevra kabiliyeti yuksek olan ve
bu sebeple dar alanlarda oldukca fazla tercih edilen bir is makinesidir. Bu tez
calismasinin - amaci, mini yUkleyicideki yUkleyici kolun tasarminin  yapilmasidir,
Oncelikle, yUkleyici kol tasarm parametrelerinin belirlenebilmesi icin mekanizma
sentezi yapilacaktir. Tasarim stUrecinde genetik algoritmadan faydalanilacaktir. Bu
srada, uygulanacak yukler gbéz 6ninde bulundurularak hidrolik silindir secimi ve
sistemde kullanilacak olan ¢calisma basinct secimi yapilacaktir. Kol Uzerindeki butun
mafsal noktalarinin konumlandinimasinin ardindan, yUkleyici kol 3 boyutlu olarak
modellenecektir. Daha sonra, tasarlanmis olan yUkleyici kolun sonlu elemanlar analizi
yapllacaktir. En son olarak da analizde cikan sonuclara gére mevcut modelde

iyilestirmeler yapilacaktir.

Anahtar kelimeler: Mini yUkleyici, Mekanizma sentezi, Burmester teorisi, Genetik

algoritma
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CHAPTER 1

INTRODUCTION

The aim of this thesis is to design the loader mechanism of a skid-steer loader

including its structural shape of the loader mechanism.

A brief history of kinematics, the types of synthesis both for type synthesis and
dimensional synthesis related to the kinematic design of the loader mechanism can

be found in Appendix.

Earth-moving machinery are machines designed fo perform excavation, loading,
tfransportation, drilling, spreading, compacting or tfrenching of earth, rock and other

materials by their equipment or working tools [1].

A skid-steer loader is earth-moving machinery and can be depicted as a mini
loader. Skid-steer loaders' weight changes from 1 ton to 5 fones and their net power
changes from 10kW to 70kW; both of the values are much less than those of the
standard loaders. A skid-steer loader is defined as "loader which normally has an
operator station between atftachment-supporting structures and which is steered by
using variation of speed, and/or direction of rotation between traction drives on the
opposite sides of a machine having fixed axles on wheels or fracks" [2]. A great
amount of attachments can be attached to the lift arm of the skid-steer loader.
These attachments can be listed as backhoe, hydraulic breaker, pallet forks, angle
broom, sweeper, auger, mower, snow blower, stump grinder, tree spade, frencher,
dumping hopper, ripper, tillers, grapple, filt, roller, snow blade, wheel saw, cement
mixer, and wood chipper machine. Hence, skid-steer loader is capable of

accomplishing all these jobs other than its usual jobs like excavation and loading.

According to their lift arm skid-steer loaders can be classified in two types. One type

uses a simple inverted-slider crank mechanism as its structure. A piston-cylinder


http://en.wikipedia.org/wiki/Auger
http://en.wikipedia.org/wiki/Snow_blower
http://en.wikipedia.org/wiki/Trencher_%28machine%29
http://en.wikipedia.org/wiki/Cement

rotates the lift arm. The type is named as Type | mechanism. In this mechanism, the
hinge pin joining the bucket and the lift arm draws an arc of a circle. The other type
uses a four-bar mechanism; again a piston-cylinder drives the four-bar chain. That
type is named as Type I mechanism. In this mechanism, the hinge pin can trace any
path wanted by making a three or four position synthesis. These two possibilities for

loader mechanism can be seen in Figure 1-1.

Figure 1-1 — Types of skid-steer loaders according to loader mechanism (above: Type

I mechanism, below: Type Il mechanism) [3]



Basically, the motion of a skid-steer loader consists of filing the bucket with diggings,
bringing the bucket to a position that the diggings will not spill during the cycle, lifting
the load and dumping it to a truck. As usual, the simplest solution is the best solution.
The simplest mechanism safisfying the motion described above is a Type |
mechanism as shown in Figure 1-1. If the motion of the hinge pin is required to be
confrolled, the simplest mechanism becomes a Type I mechanism. Six-link
mechanism, plus a piston-cylinder driving the mechanism, or any other mechanism
satisfying the motion can also be a solution but it will be pointless because it would
make the system more complex than necessary. The schematic views of these two
possible mechanisms can be seen in Figure 1-2. The links in red shows the lift arm; the
blue and green links show the connecting rods and the orange ones show the

hydraulic piston-cylinder pairs schematically.

Q/

Figure 1-2 — Schematic views of two possible loader mechanisms (left: Type |

mechanism, right: Type Il mechanism)

A skid-steer loader consists of lower frame, upper frame, lift arm, cab, bucket and
piston-cylinder pairs. If a Type Il mechanism exists instead of a Type | mechanism,

connecting rods are also added to the construction. All these parts can be seen in



Figure 1-3. The lift arm - bucket mechanism is a two-degree of freedom system
controlled by piston-cylinder pairs namely lift and tilt cylinders. Two lift cylinders,
mounted on the left and on the right of the upper frame, are parallel actuators and
give motion to the lift arm, for lift arm to go up or down. Besides two filt cylinders,
which are mounted on the lift arm, rotate the bucket with respect to the lift arm to

load or dump the diggings.

Cab

Lift Cylinder

Connecting
Rods

Tilt Cylinder

Upper Frame

Bucket

Lower Frame

Figure 1-3 — Parts of a typical skid-steer loader with Type Il mechanism [3]

Skid-steer loaders, as shown in Figure 1-4, can be equipped either with tracks or
wheels. If it is equipped with wheels, typically it will be a four-wheel drive vehicle. Like
a skid-steer loader with tracks, the left side drive wheels will be independent of the
right side drive wheels. By having the left and right sides independent of each other,
skid-steer loaders are capable of zero-turning radius which makes them extremely

maneuverable and suitable for confined places.



Figure 1-4 — Types of skid-steer loaders according to travel train (left: fracks, right:
wheels) [4]

The objective of this study is to design a skid-steer loader mechanism with an
inverted-slider (Type I) mechanism and a four-bar (Type Il) mechanism. Four multiply
separated position synthesis is used for the design of the Type I mechanism. The first
reason for selecting four multiply separated positions is to have an infinite number of
solutions unlike five multiply separated one. The second reason is to be more
accurate than the three multiply separated one. In four-bar linkage system, motion
generation is used for prescribed position synthesis, because the hinge pin is wanted
fo pass from those four prescribed points exactly. The usable ranges of the center-
points should be determined. Among the % solutions, the designer has to use his/her
intuition and experience while selecting the most suitable mechanism dimensions
out of the possible combinations. That is why the designer plays a major role in

kinematics synthesis of mechanisms.

After the kinematic synthesis is accomplished then kinematic, force and stress
analysis will be carried out all together to achieve an acceptable solution. When all
analysis procedures are completed, a design optfimization should be performed to

derive maximum benefit from the available resources. Genetic algorithm is one of



the most popular optimization algorithms, which is known for its robustness and ability
to search complex and noisy search spaces [5]. There are lots of restrictions while
designing the loader part of a skid-steer loader and its general view can be seen in
Figure 1-5. A few of them can be sorted as the skid-steer loader portion should safisfy
the target height, the skid-steer should not spill over any diggings when the bucket is
loaded both at its lowest and highest position and the skid-steer should be able to
dump all the diggings when the bucket is at its highest position with the bucket
cylinder is fully opened. It is difficult to design a skid-steer satisfying all those criteria
listed above and like. Moreover, the mechanism safisfying all geometrical criteria
should also have a good transmission angle and force distribution. It is more austere
to design a mechanism having a good transmission angle and force distribution, so
genetic algorithm is used as an opfimization algorithm to find the best possible

solutions.

Figure 1-5 — General view of a skid-steer loader [6]



CHAPTER 2

LITERATURE SURVEY AND STATE OF ART

2.1 LITERATURE SURVEY

Modern kinematics had its beginning with Reuleaux. Reuleaux believed that a
mechanism could be seen as a kinematic chain of connected links, one of which is
fixed. Moreover, he infroduced symbolic notation to describe kinematic chains in
1876. Burmester was in agreement with the fundamental concepts, nomenclature
and definitions that Reuleaux was using. By applying mathematical principles and
taking displacement, velocity and acceleration info account, Burmester showed the
way to synthesis [7]. Three different methods for generating Burmester center-point
and circle-point curves representing the total locus of solutions to synthesize a
mechanism guiding a body through four finite positions have gained significant
popularity. The first one is the graphical procedure, the second one is the algebraic

formulation and the third one is solving a set of loop displacement equations [8].

In the beginning of the 20" century, the graphical methods of synthesizing planar
mechanisms have been studied. By using the overlay method, the graphical
synthesis techniques for two, three and four positions for motion, path and function

generators are given by Harrisberger [?].

Freudenstein, Father of Modern Kinematics, used a simple algebraic method to
designate the displacement equations for three precision point function generation.
This method determines the position of the oufput link in a linkage mechanism.
Freudenstein's technique can be extended to four and five precision points [10].
Freudenstein and Sandor [11, 12], the first Ph. D. student of Freudenstein, adapted
the graphical-based techniques presented by Burmester [13] to the computer for

linkage synthesis and rearranged these techniques for the computer solution.



Starting from the first one, Freudenstein's publications can be indicated as a
reference.

Sandor introduced the general closed form method of planar kinematic synthesis.
Complex numbers are used to illustrate link vectors. Sandor and Erdman [14] applied
the closed form solution to the synthesis of a geared five-bar linkage for function
generation. A method is demonstrated for three first-order and three second-order
totally six precision conditions. Furthermore, Erdman, with Sandor infroduced dyadic
approach with which the motion generation, path generation with prescribed
fiming, and function generation can be performed [10]. Moreover, Sandor and
Erdman [15] introduced the concept of the “compatibility linkage”, which is the
equation of closure of a four-bar linkage involving one fixed, three movable links and
three angles measured from the starting position of the compatibility linkage. It is
shown that the center-point curve can be parameterized based on the crank angle

of the compatibility linkage.

Chase et al. [8] observed that the motion type of the compatibility linkage affects
the shape of the center-point curve. They showed that a Grashof compatibility
linkage generates a dis-joined center-point curve, while a non-Grashof compatibility

linkage generates a continuous center-point curve.

McCarthy [16] showed that the opposite pole quadrilateral serves as a compatibility
linkage. Moreover, to parameterize the center-point curve, it uses the crank angle.
Two-dimensional set of quadrilaterals being able to generate a given center-point

curve is stated by Murray and McCarthy [17].

Murray and Myszka [18] infroduced a procedure to identify four finitely separated
positions forming different shapes of the opposite pole quadrilateral. The poles in
specific shapes, like open and closed forms of a rhombus, kite, parallelogram, can

be arranged by this study.

The angular unknowns are considered as candidate for parameters on which the
locations of the fixed and moving pivots of the solution dyads will depend. Loerch
[19] discovered that, for three precision conditions, if an arbitrary value is selected for

one nonprescribed angular parameter while the other angular parameter is allowed



fo assume all possible values, the fixed pivots m and the moving pivots ki of all
possible dyads must lie on respective circular loci. Graphical methods based on this
theory give rise to a new, kinematic derivation of the geometric construction of

Burmester’s center-point and circle-point curves for four prescribed positions.

Kramer and Rigelman [20] worked on the optimization method for synthesizing
planar four-bar mechanisms satisfying specified kinematic and dynamic conditions.
This method can be used for path, motion and function generation or a
combination of these. To express the kinematic condifions in terms of a specification
plus an allowable deviation from the specification, Selective Precision Synthesis (SPS),
is used. By using Generalized Reduced Gradient (GRG) method, the nonlinear
opfimization problem is solved. The order and branch problems are the common
problems when analytical methods are used for synthesizihng mechanisms. It means
that the four-bar mechanisms are either not able to move continuously between the
prescribed positions although mountable in those prescribed positions or the
movement is continuous but the sequence is wrong. These problems were studied by

Filemon [21] and he constituted the basis of the theory.

Chen and Fu [22] present a computational method to locate the regions of the
Burmester center-point curve which gives the driving cranks of crank-rocker or drag-
link linkages when combined with a given driven link. The order and branch

problems are avoided with this simple and rapid numerical method.

Lee et al. [23] investigated the relationship between the sensitivity to variations of link
lengths and the location of the moving pivots of four-link mechanisms for three and

four position synthesis.

Kinematic synthesis software for design of planar mechanisms has developed at a
slower rate than analysis software, which was committed on 1951 [24]. However, the
first mechanism synthesis package to use interactive graphics, KINSYN, was
developed by Kaufman in the late 1960's [25]. KINSYN | should be recognized as a
milestone in kinematic design. By the mid 1970’s, several sofftware packages for
synthesis and analysis became available like RECSYN, LINCAGES, etc. The first version

of today's one of the most important mechanism synthesis packages, LINCAGES



infroduced by Erdman [26] in 1977. LINCAGES 4 is used for four-bar and LINCAGES 6
is used for six-bar mechanisms. Three and four finitely separated positions for path,
motion and function generation can be synthesized. Sufficient information for

LINCAGES can be obtained from [27].

In Alankus’s thesis [28], a method has been developed to design planar mechanisms
to guide a rigid body through the given finitely and/or infinitesimally separated
positions, and POSSYN, Position Synthesis Program, has been prepared for the
automation of the method. A synthesis program, MECSYN (MEChanism SYNthesis) is
developed by Polat [29] for synthesizing four-link mechanisms to move a moving
plane through three or four finitely and/or infinitesimally separated positions. A visual,
interactive computer program named Quad-link is developed by Sezen [30] to carry
out the synthesis and analysis of planar four-bar mechanisms. In synthesis, the dyadic
approach and in analysis Freudenstein's equation is used as the main solver. So, the
instant motion characteristics and kinematic entities can be found. There are 9 test
cases in the thesis. In one of them, a skid-steer loader, which goes up on a vertical
line, is designed. Demir [31] developed a program named CADSYN (Computer
Aided Design SYNthesis) making synthesis and analysis of planar four-bar
mechanisms very similar to Sezen [30]. One of the test cases of the synthesis in

Sezen’'s thesis can be seen in Figure 2-1.
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Figure 2-1 — Desired maximum height to reach for a schematic skid-steer loader [30]
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Holte [32] states that a litfle change in positions may change the solution curve
entirely. Mlinar [33] was curious about the rate of change of solution curves with a
change of the input positions. Mlinar and Holte worked on a sensitivity analysis and
found that the solufion curves may change drastically by making a minor change in

the inputs.

In the thesis prepared by Duran [34] a new mechanism design for opening
hatchback-car baggage door is infroduced. In this design the door is opened
vertically and thus occupies less space behind the car during the opening. With the
help of Burmester theory, motion generation is applied. Four positions of the new

designed hatchback-car baggage door can be seen in Figure 2-2.
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Figure 2-2 — 4 prescribed positions of the new designed hatchback-car baggage
door [34]
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Drawing Burmester curves, namely center-point and circle-point curves can be
achieved by a simple set of equations in Microsoft Excel. The difficult part is to select
the points that the crank and rocker are fixed, the lengths of the links, to determine
the forces on links when the bucket is loaded and to designate the change in the
coupler angle from its lowest position to its highest position. The optimization of the

properties listed above can be achieved by various approaches.

The book that initiated the genetic algorithm was written in 1975 by Holland [35]. The
practical benefit of genetic algorithm cannot be understood up to another book
written in 1989 by Goldberg [36], a Ph. D. student of Holland. With this book,
Goldberg showed with 83 applications that the range of usage of genetic algorithm
is very large. Suganthan [37] presented a genetic algorithm based optimization
procedure to solve a structural pattern recognition problem in 1999. The population
was selected randomly and integer strings represented the candidate solutfions.
Silhoutte images and line patterns are used for sub graph isomorphism to pattern
recognition. Jakiela et al. [38] derived an important advantage of genetic
algorithm, that is, genetic algorithms being applied to problems for which little is
known about the nature of the design domain, because genetic algorithms only

require zeroth order functions.

Hasangebi and Erbatur [39] presented two new crossover techniques, with which a
better efficiency of genetic algorithms can be obtained. In genetic algorithms,
constraints are mostly handled by using the concept of penalty functions, which
penalize infeasible solutions by reducing their fitness values. Generally, constant
coefficients, specified at the beginning of the problem, are employed by penalty
schemes throughout the entire calculation. To prevent having a too weak or too
strong penalty during different phases of the evaluation, a new penalty scheme
being able to adjust itself during the evaluation is developed by Nanakorn and
Meesomklin [40].

When disadvantages and advantages are considered, ipek [41] claimed that
heuristic methods are more preferable when there are foo many parameters and
constraints exist, because they are easy to implement. Among the heuristic methods,

genetic algorithm, a search method influenced by natural genetics, is selected.
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Genetic algorithm develops a population of solutions to a problem by its genetic
operators and then assigns a fitness value to each individual. Better solutions in the
population are combined with each other to have individuals having higher fitness
values. Ipek [41] studied to develop a computer program to optimize the loader
mechanism in backhoe-loaders. Finally, among the four runs the best one achieved
13.7% increase in arm breakout force, 6.8% increase in bucket breakout force and
2.7% increase in lifting capacity at the same time still achieving the required
dumping height and digging depth constraints. The loader mechanism before the

optimization and after the optimization can be seen in Figure 2-3.

Figure 2-3 — The best optimized loader mechanism [41]

Structural optimization became usable among the engineers because the efficiency
and reliability of manufactured goods generally related with the geometry. To seek
for a befter excavator boom and to select the optimum, Uzer [42] chose genetic

algorithm from heuristic search strategies. Uzer mentioned two reasons for selecting
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the genetic algorithm. The first reason is that genetic algorithm can be easily applied
to many applications because it does not require specific information about the
subject. The second reason is that genetic algorithm searches a wide multi-
dimensional solution space so it has the capability of finding a solution of local or
global maxima’'s (or minima'’s). There are some design criteria that should be satisfied
some of which are the boom to have a Von Mises stress that will not exceed
allowable design stress value and to minimize the weight of the boom to have less
fuel consumption and digging cycle time. Finally, boom geometry 4.6% lighter than
the initial design was achieved while the design stress criteria are satfisfied. The
excavator boom before the optimization and after the optimization can be seen in

Figure 2-4.

Initial Geometry —

Model 170 Geometry —_—

Figure 2-4 — The best optimized excavator boom [42]

In engineering design, optimization became so popular because design engineers
mostly concentrate on improving the existing system. The objective for the thesis
studied by Ozbayramoglu [43] is to minimize the mass of the lower chassis while the
structure still safisfies the required fatigue resistance. When the study was finalized,

variables are adjusted to have 4 optimum solutions. Ozbayramoglu designated 4
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critical welded regions and compared the advantages and disadvantages of these

4 critical welded regions, which can be seen in Figure 2-5, of all 4 optimum solutions.

Figure 2-5 — 4 critfical welded regions of a lower chassis [43]

Chen [44] developed an optimization code based on genetic algorithm working
with the finite element modeling for the shape optimization of plane stress problems.
Four 2D example problems were solved and compared with the results presented
previously on literature. From the results it can be concluded that the mutation
probability was increased to get global optimum instead of local ones. Furthermore,
the randomness in the opfimization causes uniqueness and also gives a stable result.
Moreover, it was concluded that a low crossover probability might not converge as
fast as expected and a high crossover probability does not necessarily give the best
fitness result. Unfortunately, an absolute solution about crossover probability cannot
be achieved. Also, increasing the size of the population creates high probability of

convergence because the individuals in the population guide the process.
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Cakir [5] developed a design procedure with Visual Fortran including a genetic
algorithm for the optimization of the wing structure of a special aircraft. The weight
and the stress values of the structure are the most important characteristics of an
aircraft for the performance. Cakrr selected genetic algorithm as the optimization
method due to its robustness and ability to search complex and noisy search spaces.
Moreover, Cakir thought finding better solutions instead of trying to search for the
exact optfimum solution is another advantage for the genetic algorithm. When
optimization process was finalized, the weight is reduced to 91% of its initial value
and the Von Mises stress in the FE model is reduced to 85% of its preliminary value.
Furthermore, stress is more uniformly distributed around the members after the
optimization process. The wing structure before and after the optimization can be

seen in Figure 2-6.

Figure 2-6 — Von Mises stress distribution at a section cutting wing structure in

optimized (upper) and in inifial (lower) models [5]
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2.2 STATE OF ART

Skid-steer loaders are commonly used in daily life. There are two types of loader
mechanisms that skid-steer loaders are using. One of them uses a simple inverted-
slider crank mechanism and a piston-cylinder rotates the lift arm. The hinge pin,
joining the bucket and the lift arm, on a Type | mechanism draws an arc of a circle.
The other type uses a four-bar mechanism; again a piston-cylinder drives the four-
bar chain. By making a three or four position synthesis the hinge pin can trace any

path wanted or can be at those prescribed positions that selected.

In the patent numbered as US 3215292 and named Material Handling Apparatus -
Front Lift Type [45], a material load handling apparatus for using on tractor type
vehicles is invented in 1965. This invention involves a loader arrangement that
enables the end of the arms to rise along a nearly vertical path instead of an
arcuate path of the conventional loader. The reasons to design such an apparatus is
to reduce the shifting of gravity of the unit forward as the load is raised and to
provide a higher lifting height than a conventional pivoting arm loader. The various
positions of the bucket during the operation from lowered position to raised and

dump positions can be seen in Figure 2-7.

17



Figure 2-7 — 4 positions of a front-lift tractor [45]

Another example of a Type Il mechanism for a skid-steer loader can be seen in
United States Patent numbered as US 5542814 and named Method of Lifting a Skid-
Steer Loader Bucket [46]. Same company, which made the material load handling
apparatus, patented this Type Il loader mechanism in 1996. Both of the patents are
similar in mechanism-wise but the latfter is more particularly for skid-steer loaders. The
hinge pivot has a lift path, including a substantially vertical direction from the
lowered position to an intermediate position in the lift path, a slightly forwardly
inclined direction up to a second intermediate position in the lift path and a
substantially vertical direction up to the raised position. The difference of lift paths
between a Type | mechanism and a Type Il mechanism can be seen in Figure 2-8.
On one hand the long dash doft line type shows the lift path of Type | mechanism; on

the other hand the confinuous line type shows the lift path of Type Il mechanism.
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Figure 2-8 — 4 positions of a skid-steer loader [46]

Another example of a Type Il loader mechanism for a skid-steer loader can be seen
in WO 2004 / 104304 A2 named Folding Lift Arm Assembly for Skid-Steer Loader [47].
The main difference between this patent and the others is the extendable and
retractable actuator is pivotally between the first and the second arm link as can be
seen in Figure 2-9. The confrol link guides the end of the second lift arm link in a

substantially vertical path as the actuator is retracted and extended which can be

seen in Figure 2-10.
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Figure 2-9 — Folding lift arm assembly for skid-steer loader [47]
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Figure 2-10 — The path of the end of the second lift arm link [47]
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In a Canadian Patent humbered as 1166198 and named Lift Arm and Control
Linkage Structure for Loader Buckets [48], a skid-steer loader using a Type |l
mechanism for liffing is infroduced. The bucket makes a fairly vertical movement
between the lowered and raised positions as can be seen in Figure 2-11. The bucket
is never rearward of the line that passes vertically from the tip of the bucket at the
lowered position. Moreover, the bucket maintains its position relative fo ground by

the help of a self-leveling linkage between the lowered position and raised position.
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Figure 2-11 — 4 positions of a skid-steer loader mechanism [48]
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CHAPTER 3

DESIGN CRITERIA

There are lots of restrictions while designing the loader part of a skid-steer loader as
mentioned in the Infroduction part. Some restrictions are valid for both four-bar (Type
ll) and inverted-slider (Type |} mechanism; some restrictions are just for Type I

mechanism.

3.1 TARGET HEIGHT

This criterion is valid for both mechanism types. The skid-steer loader portion should
safisfy the target height reached when the lift cylinders are fully opened. A
benchmark study is conducted before the beginning of the design. 125 models of 18
companies are compared. When the benchmark study is conducted, it is seen that
the maximum height the hinge pin reaches changes from 2400 mm to 3600 mm. In
this study, maximum height the hinge pin reaches, the illustration of which can be
seen in Figure 3-1, is selected between 2900 mm and 3300 mm. The dimensions of
the links are generated according to the selected range. Selecting a range is not @
loss for the study because scaling all the link dimensions makes the whole system

applicable to any target height.

22



Maximum
height to
hinge pin

2 z o N o AN o AP

Figure 3-1 — A design criterion - the maximum height to hinge pin [49]

3.2 PATH OF THE HINGE PIN

The path of the hinge pin also plays an important role as a design criterion. This
criterion is valid just for a four-bar (Type ll) mechanism, because the hinge pin of an
inverted-slider (Type |) mechanism is only capable of drawing a circular arc. In @
skid-steer loader having Type Il mechanism, it is either wanted that the hinge pin on
the lift arm should move on a vertical line or the hinge pin can be at a forward
position at the highest position of the lift arm. Skid-steers are used for the same
reasons as loaders. One of these reasons is that to load the bucket with diggings and
then dump it to a fruck. That is why, it is better to move the bucket on a vertical line
or to bring the bucket to a position that is slightly forward than the front side of the

machine. In this mechanism study, instead of controlling the whole path of the hinge
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pin, only 4 prescribed positions are conftrolled. The translation and rotation of moving
reference frames relative to a fixed reference frame is controlled. For this Type I
mechanism study, the moving reference frames are assumed to be at the first,
second, third and fourth prescribed positions which are at the hinge pins of the lift
arm, and the fixed reference frame is assumed to be at the hinge pin while the lift
cylinders are fully closed with having a x-axis parallel to ground and y-axis

perpendicular to ground. The moving reference frames can be seen in Figure 3-2.

Figure 3-2 — A design criterion - the path of the hinge pin [50]
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3.3 AVOIDANCE OF SPILLING OVER ANY MATERIAL

This criterion is valid both for Type | and Type Il mechanisms. The skid-steer loads the
bucket from the ground and brings the bucket to a position, by retracting the filt
cylinders, which the bucket will not spill over any material. The filt cylinders should be
able to be retracted up to a length that satisfies this condition. The angle between
the bottom plate of the bucket and the ground is called roll back angle. In other
words, the roll back angle should satisfy the condition of not spiling any material
when the lift and filt cylinders are fully retfracted. From benchmarking, it can be said
that the roll back angle is between 25 degrees and 45 degrees. Furthermore, the
bucket should not spill over any material when the bucket is loaded at its highest
position. The diggings should not be spilled over neither in front of the machine nor
the top of the cabin. Not only at the lowest and highest position of the bucket, but
also the positions in between should also safisfy the not spilling over any material
condition. The highest and lowest positions of the mechanism can be seen in Figure
3-3.

Rollback [

[
angle

Figure 3-3 — A design criterion - not spilling over any material [51]
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3.4 DUMP ANGLE

This criterion is also valid for both mechanisms. At the highest position, when the filt
cylinders are fully extended the bucket should dump all the diggings. The angle
between the bottom plate of the bucket and the horizontal line drawn from the
hinge pin is called dump angle and can be seen in Figure 3-4. According fo the

benchmark, the dump angle changes between from 30 degrees to 50 degrees.
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Figure 3-4 — A design criterion - dump angle [51]
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3.5 THE POSITION OF CONNECTING RODS

In a Type | loader mechanism, this condition is satisfied naturally; because the lift arm
is directly mounted to the back of the upper frame without having any connecting
rods. However, in a Type Il mechanism the position of the connecting rods is also a
design criterion. The connecting rods should not pass beyond the back of the
machine as much as possible. Because skid-steers are used especially in confined
places so the links being inside the machine is a demand. An acceptable example

for the position of the connecting rods can be seen in Figure 3-5.

Figure 3-5 — A design criterion - the position of the connecting rods [52]
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3.6 DIGGING DEPTH

This criterion is again for both of the mechanisms. The bottom plate of the bucket
should be able to go under the ground at the lowest position and when that plate is
parallel to ground. One of the reasons for the buckets' bottom sheet to be able to
go under the ground is leveling. Another reason is due to uneven ground shape,
especially on an inclined surface, the bucket must be lowered below the ground
level defined by the position of the tires to reach the ground. The parallel position of

the bucket to the ground can be seen in Figure 3-6.

Figure 3-6 — A design criterion - Digging depth [53]
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CHAPTER 4

SYNTHESIS

4.1 TYPE SYNTHESIS

The number of the degrees of freedom required, the appropriateness of the
mechanism for the desired motion, the number of links needed and the

configuration of these links, etc. are some questions that type synthesis should

answer.

According to the design criteria, there should be 2 degrees of freedom for the
desired motions. In general, one is for the motion of the lift arm and one is for loading
or dumping the bucket. Gribler's equation (4.1) is used to determine the number of

degrees of freedom of the mechanism.

Feal-j-1+3f (4.1)
i=1

4.1.1 TYPE Il (FOUR-BAR) MECHANISM

In equation (4.1), the general degree of freedom of space (A1) is 3 for planar motion,
the number of links (1) is 9; 4 of them from four-bar, 4 from lift and tilt cylinders and 1
for bucket, the number of joints () is 11; 9 from revolute pair and 2 from prismatic
pair, and degree of freedom of ith joint (f ) is 11. The number of degrees of freedom is

found to be 2 and the lift cylinders and filt cylinders are inputs. The number of links,

the revolute pairs in red and prismatic pairs in green can be seen in Figure 4-1.
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Figure 4-1 — The number of links and joints on a Type Il mechanism [6]

4.1.2 TYPE | (INVERTED-SLIDER) MECHANISM

In Type | mechanism case, the number of links (1) is 7; 1 is for the lift arm, 1 is for the

frame, 4 from lift and filt cylinders and 1 for bucket, the number of joints () is 8; 6
from revolute pair and 2 from prismatic pair, and degree of freedom of it joint (f) is

8. The number of degrees of freedom is again found to be 2 and the lift cylinders
and tilt cylinders are inputs. The number of links, the revolute pairs in red and

prismatic pairs in green can be seen in Figure 4-2.
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Figure 4-2 — The number of links and joints on a Type | mechanism [51]

4.2 DIMENSIONAL SYNTHESIS

The dimensions and the starting position of the mechanism of predetermined type
for a specified task and prearranged performance are the subjects of dimensional
synthesis. In this study, the predetermined type of mechanism is either a four-bar
(Type ll) or an inverted-slider (Type |) mechanism. The pivot-to-pivot distances on
binary and ternary links or the constant angles to define ternary links are the
dimensions that should be found. Moreover, the starting position can be specified by
the angular position of an input link with respect to the fixed reference frame, or in

this case by the length of the cylinders.
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4.21 OPTIMIZATION SYNTHESIS

Optimization synthesis searches for a solution with the least error between the
desired oufput and the realized output. By changing the values of the variables
within a determined region, a function is fried to be minimized or maximized.
Heuristic algorithms are used widely nowadays, because of the difficulty of setting
an exact optimization algorithm for complicated problems including high number of
design parameters. Genetic algorithm is selected among the heuristic algorithms
because of not requiring special information about the subject and the capacity of

searching wide complex multi-dimensional area.

4.21.1 TERMINOLOGY OF GENETIC ALGORITHM

Genetic algorithms have a terminology inspired by natural genetics [33].

Population: A population, may also be called as generation, is a collection of

individuals that can be on anywhere of the search space.

String: A string is an individual in a population which is a possible solution to the given

problem. Parameters of the design are listed in a string.

Gene: Each parameter in a string is called a gene, which can be either real or binary

numbers.

Fitness: Fitness is a measure of goodness of a string in the population. Higher fitness

value means that string satisfies the required outputs more accurately.

4.2.1.2 BASIC GENETIC ALGORTIHM

As a first step, an initial population is created from many strings. Generally, at the

beginning of the optimization, the first population is generated randomly. According

to the type of the problem, the population size varies in a wide range. An evaluation
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function is used to evaluate each string and to assign a fitness value to each of the
possible solutions. Individuals are selected according fto their fitness values to
reproduce the next generation of individuals. Genetic algorithms rely on the survival
of the fittest principle [54]. Therefore, an individual having higher fitness value has a
greater chance to be selected for the reproduction. A better position in the search
space is reached with this operation. The next population is generated by applying
crossover and mutation on selected solutions. The process of generating new
populations continues up to achieve the termination condition by evaluating the

fitness value of each individual at every new population.

A basic genetic algorithm includes 4 main genetic operators namely, evaluation,
selection, crossover and mutation. Moreover, the flowchart of the algorithm can be

seen in Figure 4-3.

The parameters used for the evaluation function in a Type Il mechanism are more
than in a Type | mechanism. However, most of the parameters are either defined as
"acceptable” or "not acceptable”, so they do not affect the fitness value. If a
parameter is not acceptable that string is not a solution anymore, because most of
the parameters are a must. To illustrate, the location of the fixed pivot of the four-
bar's crank and rocker being inside the possible machine dimensions is a must. In
other words, the number of parameters to decide the fitness values is similar in a four-

bar (Type ll) mechanism and in an inverted-slider (Type |) mechanism.
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Figure 4-3 — Flow chart of a basic Genetic Algorithm

Evaluation: Each string in the population is evaluated by the fithess function and
given a fitness value at this stage. By assigning fithess value to an individual makes
the listing possible from weakest to strongest. This stage is the only stage that genetic

algorithm uses information about the problem itself.

Selection: Some of the individuals in the population are selected according to their
fitness values at this stage. As expected, stronger individuals have more chance fo
be selected. There are many different methods for selecting individuals in the
population. After selection an intermediate population is formed with selected

individuals.
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Crossover: Next population is generated by coupling the individuals in the
intermediate population. At first, the strings in the infermediate population are
coupled randomly with each other, called as parents, and then two new strings,
called as children, are formed from crossover. Crossover operation differs according
to the type of the representation method of strings. It is explained that the format of
the strings can be either binary or real. If binary representation is used, crossover is
done by exchanging the genes randomly selected or specified sections of the string.
On the other hand, a weighted mean function is used to calculate the value of the

new gene if real representation is used. In this study, real representation is used.

Mutation: Sometimes, genetic algorithm converges to a local optimum. To avoid the
convergence and to keep the variety in the population mutation is applied on some
randomly selected strings. There is a parameter which defines the ratio of mutation.

Not only the ratio of mutation but also the strategy should be decided rigorously.

4.2.2 PRESCRIBED POSITION SYNTHESIS

In this type of synthesis, the mechanism should pass from those prescribed positions.
However, the synthesis does not declare anything about the mofion between these
prescribed positions. Loop closure equations should be written to find the variables of
the mechanism. The number of equations that should be written for the
corresponding number of prescribed positions can be seen from the Table 4-1. Up to
4 prescribed position synthesis the solution is infinite. The Burmester theory is very
sensitive fo small changes, so the designer should be aware of this property while

selecting the prescribed positions.

4.2.2.1 THE DYAD FORMULATION

The mechanism that will be synthesized can be thought as combinations of vector
pairs called dyads, each of which carries out the motion independently through the
prescribed positions [28]. The dyads can be combined to define the entire

mechanism. To illustrate, the four-bar mechanism in Figure 4-4 can be perceived as
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two dyad pairs, one of them is W and Z, and the other one is W * and Z*. The
point P on the coupler moves from Pi to P; defined in an arbitrary complex
coordinate system by Ri and ﬁ; Subscript | defines the difference from the first
position to the jth position. Besides, all vector rotations are measured positive counter
clockwise from the starfing position. «;'s are the change of the angle of rotation of

the coupler, while S;'s are the change of the angle of rotation of the crank. To find

the unknown starting position of the vectors of the dyad, a loop closure equation
(4.2) should be derived.

We’ﬁj L7 Ri+Ri—Z-W=0 wherej=23,... (4.2)
or

. iB — ia -

wieD )+ 7' =5, where [=2,3,... (4.3)

This loop closure equation is easily written by combining the dyads at the 1st and ji

position and the vectors coming from the arbitrary complex coordinate system.
Instead of Wf_é is used since using the center-point (fixed pivot) coordinate vector

has a better physical meaning. Moreover, —7 is used for the circle-point (moving

pivot) coordinate vector. By substituting (4.4) to (4.3) the equation becomes (4.5).

R=—7-W (4.4)

. i3 — o i3 -
R(l—eﬂ’ )+ Zle & —eﬂf)za,- where j=2,3... (4.5)

36



Figure 4-4 — Dyads generating a four-bar [34]

The maximum number of solutions for the unknown dyads Wond f when gj and o

are prescribed in the equation (4.3) can be seen in Table 4-1.

Table 4-1 — The relationship between the number of positions and the number of

solutions
NUMBER OF NUMBER OF NUMBER OF
NUMBER OF NUMBER OF
POSITIONS SCALAR SCALAR
FREE CHOICES SOLUTIONS
j=2,3...n EQUATIONS UNKNOWNS
2 2 5(W.,Z.52) 3 3
3 4 6 (above + £3) 2 02
4 4 7 (above + f4) 1 o0
5 8 8 (above + fs) 0 finite
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4.2.2.2 SYNTHESIS OF A FOUR-BAR MOTION GENERATOR FOR FOUR PRECISION
POINTS

The equations for four prescribed positions of the moving plane can be written by
substituting j = 2, 3 and 4 in (4.3). From Table 4-1, it can be seen that 6 equations
should be written for four prescribed position synthesis. (4.6), (4.7) and (4.8) are
complex equations, one real and one imaginary part exists for any complex
equation, therefore the equation number of 6 is satisfied. The parameters in the

equation can be seen in Figure 4-5.

wie' )+ 7ie'% _) =5, (4.6)
we'Ps _1)+7e'% _y) =5, (4.7)
wie'Ps 1)+ 7ie'% _)=5, (4.8)

Maoving Fivot

Link-

Unknown Fixed Pivot

Figure 4-5 — The parameters for the loop closure equations [15]
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4.2.2.3 SOLUTION PROCEDURE FOR FOUR PRECISION POINTS

In order for this set of equations to have simultaneous solution for 7 and W, one of
the equations from (4.6), (4.7) and (4.8) should be linearly dependent to the other,
assuming these set of equations are linear and non-homogeneous. The equation set

(4.6), (4.7) and (4.8) can be written in matrix form as (4.9).

e’_ﬂ2 —1 e{aQ -1, — 52
e'ﬂ3 —1 el% VY =63 (4.9)
e’ﬂ4 —1 el% S4

Bo. Bs. By . Zand Ware unknowns ;d2, 03, 04, a,, az and a, are inputs for the

matrix. In four precision position synthesis, there exists only one free choice, so one of

’rheﬂj's will be a free choice. The system is not in agreement if the rank of the

augmented matrix is greater than the rank of the coefficient matrix; on the other
hand, it must have at least one solution if the ranks are same. Coefficient matrix is
the matrix that is at the left side of the equation (4.9). Augmented matrix, which can
be seen in (4.10), is a matrix obtained by combining the columns of two matrices,
and in this case combining the coefficient matrix and the result matrix. A matrix has
rank r if determinant of [(r+1) x (r+1)] and higher orders are zero; on the other hand [r
x r] order is nonzero. So, equation (4.10) should be safisfied to have at least a

solution.

e’p2 -1 e{aQ -1 52
e 1 &% 115, |=0 (4.10)

e'ﬁ“ _1 % —1554

It can be easily seen that the solution of (4.10) is (4.11) by substituting (4.12), (4.13),
(4.14) and (4.15) into (4.11).

A2 + Ase” + AsePt + A1=0 (4.11)
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A1=-A2—A3— A4 (4.12)

iy . =
A=, 12 (4.13)
e 4 -1 04
iy, . =
T L (4.14)
e 4 -1 84
i, 1 =
e (4.15)
e 3-1 03

The magnitudes and angles of allAj 's are found and if they are expressed as (4.16)

and (4.17) the equation will look like a four-bar mechanism loop closure equation.

The parameters of a four-bar in (4.23) can be seen in Figure 4-6. Aj can be called

fixed link if j = 1 and can be called movable links if j = 2, 3 and 4. [)’j 's are the link

rotations measured from the starting position of the compatibility linkage defined in
(4.12).

A=ae” wherei=2and 3 (4.16)
A =-ae” wherei=1and 4 (4.17)
a,e'tr) 1 gellfstrl - g,ellftrs) 4 g el (4.18)
a,e'ferrznl 4 guellfstrenl — g glftrenl L o (4.19)
O2=Lf2+y2—n (4.20)
013 =3+ y3—p (4.21)
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O = Pa+ys—m (4.22)

103

a,e'” +ae® =a,e'™ +q, (4.23)

One of the equations from (4.6), (4.7) and (4.8) is linearly dependent on one other so
with two linearly independent one Zand W can be solved. (4.6) and (4.7) are

selected for this purpose and by applying Cramer's Rule, the solutions for Zand W
can be seenin (4.25) and (4.26).

Figure 4-6 — The link dimensions and angles for a four-bar

Ao 2 eloaz_y (4.24)
el elas _y

— S loe2

W= % € _]‘ (4.25)
Alss €% -]
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61’82—] 52

: ° (4.26)
elﬂ3—] o3

Figure 4-7 — Geometric solution of the compatibility equation [15]

For every position of A2 center-points sweep out two branches: one for f3 and S4,
one for ,53 and [5'4. If A2 is able to rotate 360 degrees, these two branches will
meet. For each value of 2, there exist two sets of Burmester point pairs, each

conisisting of circle-point and a center-point. Every point on a center-point curve is a
possibility of a fixed pivot and this fixed pivot can only be connected with its

conjugate on circle-point curve. In Figure 4-4, one can see that one half of the four-
bar can be constructed having a ground pivot (m), crank W pin joint (k1), coupler

link 2 and terminal point Pi. A four-bar linkage can easily be completed by

applying the same procedure explained above two times.
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CHAPTER 5

PRACTICALLY USABLE MECHANISMS FOR A FOUR-BAR LINKAGE SYSTEM

The major advantage of using prescribed position synthesis is having infinite number
of solutions up to 4 prescribed positions. On the other hand, the main disadvantages
can be listed as the convergence of the numerical solution is not guaranteed and

the mechanism obtained may not be used practically.

The conditions for a well working skid-steer loader with Type Il mechanism will be
explained. Satisfying the first three conditions, which will be explained below, is a
must. Satisfying the last two conditions is not a necessity but they can be used as
elimination items. So after listing all possibilities that satisfies the first three conditions,
designer has to select one of the possible solutions by considering the last two

conditions.

5.1 BRANCH

The coupler must be moved through all prescribed positions without dismounting or
reassembling the linkage system. There are two reasons for branch problem. One of
them arises from the configuration of the four-bar mechanism. If at least one
prescribed position can be satisfied by a configuration of a four-bar other than the
other three prescribed positions' configuration, a branch problem occurs. The other
one arises from link dimensions. Burmester claims to satisfy all prescribed positions but
he does not mention anything about the motion between these positions. Because
of a link's dimension is being short, the mechanism may not be able to pass from one
prescribed position to another one even if it satisfies both of the prescribed positions

exactly.
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5.2 SEQUENCE

The coupler must pass through all prescribed positions in the correct sequence. This

condition can be checked by comparing f; values in Figure 4-5 at every prescribed
position. ﬁ]- can either increase or decrease confinuously while tracing the

prescribed positions from 1 to 4.

5.3 CONTINUITY OF CYLINDER STROKE

The cylinder, which moves the coupler through all prescribed positions, must
continuously expand through passing the positions in the correct sequence from 1 o
4. The motion of the lift arm will be performed by a piston-cylinder pair, one end of
which is connected to the frame and the other end of which is connected to the
coupler of the four-bar mechanism. After satisfying first two conditions, while
selecting the end positions of the cylinder this criterion is very important and must be
checked. If this criterion cannot be satisfied even for a second, for the whole stroke
both static and dynamic properties are affected immensely. An example of this

effect can be seen from the graph in Figure 5-1.
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rotation of the coupler vs force at joints
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Figure 5-1 — The effect of discontinuity of the cylinder stroke on rotatfion angle of

coupler versus force graph

5.4 LINK LENGTH RATIOS

The link length ratios should be within acceptable limits. The ratio of the longest link
to the shortest link is an important criterion for a usable mechanism. The designer
desires that rafio to be in a range because if that value is too large, a practical

mechanism cannot be constructed.
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5.5 STATIC AND DYNAMIC PROPERTIES

Dynamic properties of the mechanism should be within acceptable limits. Both the
static and dynamic force distributions on joints throughout the whole stroke of the
mechanism are important parameters. If the continuity of the cylinder stroke cannot
be satisfied, one can see the effect of this on static forces from Figure 5-1. This is not
a dynamic property but it can be an indication to analyze the problem. Besides, the

acceleration of the links is another important dynamic parameter.
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CHAPTER 6

KINEMATIC ANALYSIS

6.1 TYPE Il (FOUR-BAR) MECHANISM

Consider the kinematic chain AcABBo shown on Figure 6-1. AoBo is the fixed link.

The positions of these two fixed pivot points can be found by using Burmester

Theorem. -R is the coordinate vector showing the center-points, when the

configuration of the four-bar is specified.

Figure 6-1 — The geometric properties of a lift arm having four-bar mechanism for

analysis
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The dimensions of the crank, coupler, rocker and fixed links of the four-bar can be

found from the dyadic approach. Fixed link dimension can be computed from the
difference of the -R vectors showing Ao and Bo. Furthermore, coupler link

dimension can be calculated from the difference of the —f vectors, which

corresponds to the circle-point of the fixed pivots Ao and Bo. Moreover, crank and

rocker link dimensions can be found from the W' vectors. All these properties can be
computed when the configuration of the four-bar is specified as the position of the

fixed pivots.

At the first stages of the design, 612 was the input of the four-bar. A Visual Basic
program is used to determine 614 when 612, the link dimensions and the
configuration of the four-bar are specified. Therefore, the positions of the moving
pivots A and B can be found when (6.5) is substituted in the equations (6.1), (6.2),
(6.3) and (6.4).

Ax = Aox + Ccrank - cos(612 + aaoso) (6.1)
Ay = Aoy +crank - sin(612 + aaoso) (6.2)
Bx = Box + rocker- cos(64 + aaoso) (6.3)
By = Boy +rocker-sin(6h4 + caoo) (6.4)
where

anoso = atan2((Box — Aox); (Boy — Aoy)) (6.5)

The coupler is a ternary link; the second and the third link dimensions of the coupler
should be found. The fixed coordinate system of the mechanism is configured at the
place of the hinge pin when the lift cylinders are closed. From the positions of the

moving pivots A and B, the link dimensions, namely coupler _AC and
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coupler _BC can be found. Now, also the coordinates of point C can be found

when (6.8) is substituted into (6.6) and (6.7).

Cx = Ax+coupler _ AC-cos(frouper _AC) (6.6)
Cy=Ay+coupler _AC-sin(feouder _AC) (6.7)
where

Lrouper _Ac =atan2((Cx— Ax); (Cy — Ay)) (6.8)

All of the positions and dimensions up to this point are found from the random
selection of delzx, del2y , delsx, delsy, delax, delsy, a,, a;, a,. configuration of
the four-bar, f3 and f4. A range is chosen and a triangle is drawn outside the
coupler, having each side parallel to the side of the inner triangle and that range
away from it. The reason for selecting such a region is because of the cylinder pivot
mounted on the coupler. It does not have to be mounted inside the triangle that is
constructed by the pivot points on the coupler, because the structure of coupler is
definitely greater than the inner friangle in Figure 6-2 and generally the cylinder pivot
is near the sides of the structure rather than the middle of it. In order to decide the
position of that cylinder pivot, two ratios are selected randomly, namely ¢yl _ran
and cyl _ran2 . The definitions of these ratios are in (6.9) and (6.10) and the lengths

in the equations can be seen in Figure 6-2. Besides a distance named dist is defined

as |F'F"| to determine the position of point F. dist is the minimum distance from F'

to the intersection of the perpendicular line passing from F' with either A3Bz or

BsC3 . Equations (6.11) and (6.12) show the x and y positions of point F.
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Figure 6-2 - The position of lift cylinder pivot mounted on coupler on a Type |l

mechanism
B |F'A3|
eyl _ran = |A3C3| -
FF'
cyl _ran2 = % o1
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Figure 6-3 — The schematic view of a skid-steer loader lift arm mechanism

Fx = Asx+cyl _ran-|AsCs|- cos(feoupier _Ac)

6.11
+cyl _ran2 - dist - cos(feoupier _AC + 3%) (6.11)

Fy = A3y + CYI _ran- |A3C3| . Sin(ﬂcoupler 7AC)

6.12
+cyl _ran2 - dist - sin(Beoupier _AC + 3%) (6.12)

Two circles are drawn to determine the position of G in Figure 6-3. One circle having
center at Fand a radius of the closed length of the lift cylinders is drawn when the
lift arm is at its lowest position. Plus, another circle having center at F and a radius of

the full length of the lift cylinders is drawn when the lift arm is at its highest position.
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The intersections of these two circles are possible positions for the fixed pivot of the
lift cylinders. Both of the intersection points are checked whether it satisfies the
continuity of the cylinder stroke criterion or not. After the fixed pivot of the lift

cylinders are decided, the angle f is defined as (6.13) to use in the force analysis.
Lr=atan?2((Fx—Gx); (Fy — Gy)) (6.13)

To decide the position of D, a ratio ¢yl _ran3 is selected randomly. The definition
cyl _rangd is explained in (6.14) and the lengths defining this ratio can be seen in

Figure 6-4.

€]
cyl _ran3 = m (6.14)

(::!

C

Figure 6-4 — The position of tilt cylinder pivot mounted on bucket
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Like point G, two circles have to be drawn and their intfersections should be found to
locate the position of point E. The bucket is set to a position that satisfying the not
spiling over any material to the top of the cabin criterion. A circle having center at
D and a radius of the closed length of the filt cylinders is drawn at that position.
After that, the bucket is located at the dump angle position and another circle
having center at D and a radius of the full length of the filt cylinders is drawn. The
intersections of these two circles are possible tilt cylinder coupler pivot locations.
After selecting one of the intersection points, the coordinate of E is definite. The
coordinate of D can be defined as (6.15) and (6.16) when (6.17) and (6.18) are
substituted into (6.15) and (6.16).

Dx = Cx+cyl _ran3:|CC-cos(-z — (&, — Sroupier _ec)) (6.15)
Dy =Cy+cyl _ran3-|CC|-sin(-z — (&, — Beoupler _£c)) (6.16)
where

Lrouper _ec =atan2((Cx—Ex); (Cy —Ey)) (6.17)
&, = ang cos(EC|:|DCi[s,|) (6.18)

where angcos gives the angle of the friangle having s2 as opposite side and the

|DC| and |EC| as other sides.

An illustration of the things explained above on a Microsoft Excel sheet can be seen

in Figure 6-5.
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Figure 6-5 — A Microsoft Excel sheet explaining the synthesis of a Type Il mechanism

6.2 TYPE | (INVERTED SLIDER) MECHANISM

A fixed pivot point for inverted-slider mechanism should be set. Target height is the
most important factor while selecting the fixed pivot point. The vertical distance of
the fixed pivot from the ground should be selected around half of the target height.
If it is below half of the target height, at the highest position of the lift arm the hinge
pin of the bucket will be far away from the truck that is to be loaded. If it is above

that level, the length of the lift arm will be long. Therefore, the lift arm will be heavy
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unnecessarily and the arc drawn by the hinge pin will be far away from the front of

the cabin and a greater area will be needed for a loading cycle.

After the fixed pivot point A, is located, arml length, the length from the fixed pivot

to the hinge pin, can be determined. At the lowest position of the hinge pin, the

hinge pin is assumed to be at (0, Hmin). If the coordinates of A, is selected as (xao,

yao) the length of arml can be calculated as (6.19).

arml= \/XA02 + (yAO — Hrin )2 (6.19)

At the first stages of the design S, which can be seen in Figure 6-7, was the input
of the mechanism. The coordinates of A, can be found when (6.22) is substituted in

(6.20) and (6.21),

Awx = Aox + arml- cos(fmy) (6.20)
Ay = Aoy + arml- sin(Bam) (6.21)
where

P = atan 2((Ax — Aox);(Ay — Aoy)) (6.22)

The position of K on A/A' is determined by a ratio cyl_ran3, which is selected

randomly, and it can be defined as in (6.23).

cyl_ran3 = M (6.23)

A

According to the not spilling over and dump angle criteria, the positions of K when
the tilt cylinder is at its closed and fully opened conditions are set. Two circles have
to be drawn to determine the position of the cylinder pivot mounted on the lift arm.

One circle having center at K and a radius of the closed length of the tilt cylinders,
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which satisfies the not spilling over to the top of the cab condition, is drawn. Plus,
another circle having center at K and a radius of the full length of the tilt cylinders,
which satisfies the dump angle criterion, is drawn. The circle having smaller radius
can be seen in orange; the circle having larger radius can be seen in brown in Figure

6-6. The intersections, A,, and A., ., of these two circles are possible positions for the

fixed pivot of the filt cylinders. Both of the intersection points are checked whether
they satisfy the continuity of the cylinder stroke criterion or not. After check, the pivot

pointisset as A,, A, in this case.

K#1

Figure 6-6 — The possible bucket cylinder pivot points
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When A, is found, the pivot-to-pivot lengths of the lift arm, arm2 and arm3, can
also be found. To determine the coordinates of A, at every position the equations

(6.24) and (6.25) can be used if (6.26) is submitted to these equations.

A2x = Aox + arm2 - COS (LB + %ama) (6.24)

A2y = Aoy +arm2 - Sin(Bypm + Aormsa) (6.25)
where
Az =aNgcos(arml;arm?2;arm3) (6.26)

The coordinates of K at every position can be calculated by using the equations
(6.27) and (6.28) when (6.29) and (6.30) are submitted to these equations.

Ki = A+ cyl _ran3-|AA,|- COS(—(7 — By + Aamy +65)) (6.27)
Ky = Ay +cyl _ran3-|A/A |- Sin(~(7 = By + Cogma +0,)) (6.28)
where

Arrp = ANgCOs(arml;arm3;arm?) (6.29)
6, =angcos(arm3;|AK];s,) (6.30)
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arma3

Ao

Figure 6-7 — The geometric properties of a lift arm having Type | mechanism for

analysis

A greater triangular area is unnecessary for a Type | mechanism case. arml is a
straight line that is drawn between A, and A,. Actually, having a link like arml is
impossible, because either skid-steer has tracks or crawler the link is not able to

connect these two pivots directly, it should have a shape like shown with dofs in

Figure 6-8. Therefore it is not possible to mount a cylinder pivot below the line arml.

Figure 6-8 — The potential shape of the lift arm of a Type | mechanism
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To decide the position of the lift cylinder pivot on lift arm two ratios ¢yl _ran and
cyl _ran2 are selected randomly like in Type Il case. The definition of cyl _ran2 is
the same as the Type Il case; ¢yl _ran is also very similar to the Type Il mechanism

and is defined in (6.31). Equations (6.32) and (6.33) show the x and y positions of
point F.

(6.31)

arma3

Ag

Figure 6-9 — The position of lift cylinder pivot mounted on coupler on a Type |

mechanism
Fx = Aox+Cyl _ran-arml-cos(Bym)+cyl _ran2-|F'F'|-cos(B,., + %) (6.32)
Fy = Aoy +cyl _ran-armi-sin(B,.,)+cyl _ran2-|F'F'|-sin(B,, + %) (6.33)
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Same method explained in filt cylinder case can also be applied here. To determine
the fixed pivot of the lift cylinder, two circles having a center at F should be drawn.
When the hinge pin is at (0, Hmin), the circle must have a radius equal to the closed
length of the lift cylinder; when the hinge pin reaches the target height, the circle
must have a radius equal to the fully opened length of the cylinder. The intersection
points are possible fixed pivots and after check, one of them is selected to be the

fixed pivot of the lift cylinder.

An illustration of the issues explained above on a Microsoft Excel sheet can be seen

in Figure 6-10.

Figure 6-10 — A Microsoft Excel sheet explaining the synthesis of a Type | mechanism
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CHAPTER 7

STATIC FORCE ANALYSIS

7.1 TYPE Il (FOUR-BAR) MECHANISM

The free body diagram of a Type Il mechanism can be seen in Figure 7-1. In
horizontal and vertical direction total net force is zero and also moment about any
point, B in this case, should be zero. The equations o calculate the unknown forces

are (7.1), (7.2) and (7.3) when (7.4), (7.5) and (7.6) are submitted to these equations.

X = |Fs. CoS(fs, + ) + ‘FA:‘ .COS(7 + 012 + craoB0) + ‘I’TE;‘ .COS(7 + 014 + aaoB0) = 0 (7.1)
Y = |Fsi Sin(B, + 7) + H -sin(7z + 612 + aaoBo)

. . (7.2)
+ ‘FB‘ -SiN(7 + 614 + @A0B0) — |Fexternal = 0
M(B) = Fs’l : |FB| : Sin(ﬂs] + 7 — Peoupler _BF)
+FAl- |AB| -Sin (7 + 612 + a0B0 — ( Peoupler _ BC + atAC)) (7.3)
+ |Fexternal |BC| : 5|n(3% — Peoupler 7BC) =0
where
[Leoupler 7BC=OTOnQ((Cx—Bx);(Cy—By)) (7.4)
ﬂ:oupler _BFIOTCIHQ((FX—Bx);(Fy—By)) (7.5)
asc = angcos(AB[:|BC[;|AC) (7.6)
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Figure 7-1 — The free body diagram of a Type Il mechanism lift arm for static force

analysis

The crank and rocker in the four-bar mechanism are binary links so they act as two

force members. Besides, the lift cylinders can act as a two force member. Therefore

the directions of ﬁ, Fé and E: are known. Fexterna is acted from the hinge pin to

represent the weight of the diggings in bucket.

In this thesis, the properties of the ftilt cylinders are used only for kinematics. To

illustrate, the closed length and stroke of tilt cylinders are designed to satisfy the not

spilling over and dump angle criteria. F_sg is not included in this free body diagram

because when Fexternal is applied from the hinge pin, the moment equation cannot

be written for the bucket, in other words E is turn out to be zero.
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The equations (7.1), (7.2) and (7.3) are used to calculate the unknowns, namely

‘Fon and E:

, ‘FAoy

. There are 3 linear equations and 3 unknowns, so the system has

a unique solution and can be solved by using linear algebra.

The structural shapes of the links are ambiguous. A finite element analysis is made
after the selection of the best four-bar linkage, so the weights of the links are

neglected in the static force analysis part.

Let A be the coefficient matrix, B be the vector of unknown forces and C be the

forcing vector. The unknown forces, B, can be found by B = A”'C . The matrix and

vectors are defined in (7.7), (7.8) and (7.9).

Ccos(f, + ) Ccos(m + 612 + aaoBo)  COS(7 + 614 + aA0B0)
sin(, + ) sin(z + 612 + aAoBo) Sin(z + 614 + aAoBo)
A= (7.7)
FB|-sin(&, + 7 |AB|-sin(z + 612 + aaoeo 0
— feoupler _BF) - (feoupler _BC + tac))
Fs
B=|[F4 (7.8)
Fd
0
C-= Fext (7.9)

— Fexternal - |BC| -sin (3% — Peoupler _BC)

The kinematic analysis is performed by Microsoft Excel. When there are parametric
equations and plenty of variables, Microsoft Excel is the most practical software. To
illustrate, a parameter affecting most of the equations can be changed with just
changing a cell or the effect of increasing or decreasing a parameter can easily be

seen by a scroll bar.
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7.2 TYPE | (INVERTED-SLIDER) MECHANISM

The free body diagram of the Type | (inverted-slider) mechanism can be seen in
Figure 7-2. The total net force in horizontal and vertical directions and moment about
any point should be zero. (7.10), (7.11) and (7.12) can be used to determine the

unknowns if (7.13) are substituted into (7.12). B, is defined in (6.13) and L., is
defined in (6.22).

X:E.cos(ﬂsﬁ;r){%:o (7.10)
Y3F_s:-Sin(ﬂsw+7Z’)+‘%‘—Fexfemcﬂ=O (7”)
M(AO) = st ’ |AOF| ' Sin(ﬂw 7= (lBorml +ag ))

. (7.12)
+ |Fexternal - arml - Slﬂ(s% - ﬂorml) =0
where
as, = ang cos(AqF:|AqFf:|FF) (7.13)
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arm3

Figure 7-2 - The free body diagram of a Type | mechanism lift arm for static force

analysis

Again, there are 3 linear equations and 3 unknowns, so the system has a unique

solution and can be solved by using linear algebra. Solution explained in Type Il case

can also be used for inverted-slider (Type |) mechanism. The coefficient matrix A, the

vector of unknown forces B and the forcing vector C can be seen in (7.14), (7.15)

and (7.16).

cos(f, + 7)

sin(, + x)

1

0

|AGF|-sin(B, + 7 —(fam +a,)) O O

0

1
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—

Fs

B = Faox (7.15)
FAOy
0
C = Fext
—Fexternol-Orm]~Sin(3% _ﬂorml) (7-]6)
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CHAPTER 8

APPLICATION OF GENETIC ALGORITHM

A general purpose genetic algorithm is used which is further altered to meet the
needs of the mechanism synthesis problem. As a beginning, an initial population is
created. Then, a fitness value is assigned to each individual by using an evaluation
function. After the selection of the individuals, crossover and mutation are applied.
The process of generating new populations confinues up tfo achieve the termination

condition.

8.1 PROBLEM DESCRIPTION

It is desired to increase the value of the objective function at every generation and
select the best individual from the last generation. The objective function can be

defined as in Equation (8.1).

f(X) = Whin/max ® Dmin/mox (X) +*Wihax ® Dmox (X)

+ Wit ® Dyi(X) + Wiackpack ® Drackback (X) (8.1)

where Dpivmax (X): Do (X), Dii(X) and D, ek (X) are the minimum force /

maximum force on lift cylinders when a specific force is applied downwards from the
hinge pin, the maximum force on lift cylinders when specific force is applied
downwards from the hinge pin, the minimum fransmission angle of the filt cylinders

and the rackback angle.

The ratio of the minimum force to maximum force is important for the stability of the
force vs. cylinder stroke graph and the maximum force is important for the lift
capacity to maximum height. The transmission angle of the filt cylinders is important

for the ability of the tfransmission of motion (and force) from the lift arm (input link) to
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the bucket (output link). The bucket and the filt cylinders are shown on figures just for
kinematics. Therefore, a parameter that shows the capability of motion transfer
should be in the objective function. The rackback angle should be in a range to
achieve one of the design criteria: avoidance of spilling over any material at the

highest position. Moreover, W mo(X), Wi (X), WiiX) and Wi (X) are the

weight factors for the variables of the objective function. At first, the values of the
weight factors are started with an initial guess of importance of each input. Then, by
increasing and decreasing the ratios, the tendency of the fitness value is observed
and final weight factors are decided accordingly. The most important ones are the
first two factors because the customer, the operator, is very connected with the lift
capacity and the smoothness of the motion. This earth-moving machinery is for
industry so the design should not be done just theoretically but should be done also

practically. It is inevitable to close our ears to the desires of the buyers.

The general x variable depends on some other variables selected randomly by
genetic algorithm. For a Type | mechanism, the variables are the x position of the lift
arm joint mounted of the chassis, the target height, the positions of the joints of the
lift and filt cylinders, the dump angle, the closed lengths of the lift and tilt cylinders
and the rollback angle on the ground. For a Type Il mechanism, the variables are x
and y positions of the hinge pin on the second, third and fourth prescribed positions,
the change of angle of the lift arm on those prescribed positions, the angles defining
the position of the fixed pivots on Burmester curves, the positions of the joints of the
lift and tilt cylinders, the dump angle, the closed lengths of the lift and tilt cylinders,
the dump angle, the rollback angle on the ground and the configuration of the Type
Il mechanism. On one hand, Figure 8-2 shows the variables used for Type |
mechanism; on the other hand, Figure 8-3 shows the variables used for Type I

mechanism.

8.2 FLOW CHART OF GENETIC ALGORITHM

The flow chart of genetic algorithm can be seen in Figure 8-1.

68



| initialize variables |

\r
| create initial population |
v
fitness test
| print population |
| stop evaluation? Yes print best stop
\!,no
best individual has not been changed for the last 10 generations?
yes
create a new population by taking 10 best individuals,
no change every genome with one higher and one lower
value keeping other genomes same for 10 generations
I kill all worst |J
A\ ¥ Y
no of died = %100 no of died < %10 %10 population < no of died
population population < %100 population
2 2
change randomly 2 change randomly 2
genome of every individual genome of %50 population
of the %100 population except the best
except the best

[ coloct barents |

select parents
IT, change randomly 2 genome

of every individual who has a

crossover ves fitness value higher than
no v average of %100 population
%10 population < no of died < %100 population except the best

Figure 8-1 — Flow chart of genetic algorithm

There are some parameters that should be defined by the user before the
initialization of the genetic algorithm. The parameters can be listed as maximum
fitness to reach, population size, crossover probability, mutation probability, genome
length and mutation genome number. Data structure of the program is made up of
arrays. One of the arrays is the population array which holds all the information
about the current generation. After crossover, new individuals are written over to
selected parents. Data belonging fo previous generations are erased as new

generations are formed.
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At the initialization stage of the algorithm initial parameter values (genomes) for the
first generation are selected randomly between specified lower and higher limits.
There are 9 genomes for each individual for Type | and 19 genomes for Type |l
mechanism. The lower and higher limits are determined according to the physical
constraints on the mechanism size and constraints on the positions of the pivot points

and these limits on the Microsoft Excel sheet can be seen in Figure 8-2 and Figure 8-3.

Al
target height mm

i
degree
degree

Figure 8-2 — The lower and upper limits of the parameters for Type | mechanism
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beto-4
cyl_ran2
cyl_ran
lift retracted

cyl_ran3
__configl |1 | 1

Figure 8-3 — The lower and upper limits of the parameters for Type Il mechanism

After the population is created, a fitness test is applied and a fitness value is assigned
to each individual, which is calculated by the objective function described in
problem description part. The Microsoft Excel sheets that show the fitness value of
the individuals in the current generation can be seen in Figure 8-4 for Type |
mechanism and Figure 8-5 for Type Il mechanism. The condition that stops the
evaluation is to have an individual having a fitness value equals to maximum fitness

foreach.
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CURRENT GENERATION

1 1 2 3 4 5 7
Al 2010 -2170 | 21800 | -2170 | -2000 -2170
target height| 3120 | 2940 | 3210 | 3150 | 2710 3220
cyl_lngth_1 0,34 | 0,58 | 0.66 0.62 0,368 1
cyl_Ingth_3 | 0.68 | 0.01 0,54 0.9 0,73 0,95

cly Ingth_ 2 | 0,49 | 0,26 | 09 032 | 0,62 0,65
dump 46,5 | 47,5 | 49,5 | 48,5 47 46,5
tilt retracted | 570,00 550,00| 580,00 710.00 | 5&0.00 660,00
ground 35,00 | 32,00 | 34,00 | 34,00 | 29.00 35,00
lift refracted | 230,00 |850,00|810,00| 1080,00(830,00 880,00
fitness 73,67 | 7344 | 7341 | 73,68 | 71,97 73,27

Figure 8-4 — Fitness value of the individuals in the population for Type | mechanism

CURRENT GENERATION

1 3 4 S5
del2-x : : &0 &0 &0
del2-y
del3-x A A 30 30 30
del3-y
deld-x
deld-y
alfa-2
alfa-3
alfa-4

beta-2
beta-4
cyl_ran2
cyl_ran
lift retracted
cyl_ran3
ground
dump
tilt retracted
configl
fitness

Figure 8-5 — Fitness value of the individuals in the population for Type Il mechanism
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Before selecting the parents, another operation is run and the number of population
that is going to be dead is calculated with kill all worst operator. It is the number of
individuals having a fitness value lower than the average fitness value. A mutation
process is applied according to the number of individuals that is going to be dead. If
there is not any suitable individual in the population, selected number of genomes, 2
in this study, are mutated on each individual. Else if the number of individuals that is
going to be dead is below 10% of the population, selected number of genomes, 2,
of 50% numbers of individuals in the population is mutated. Moreover, the best

individual is always kept without mutated.

In selecting operation 50% of the parents are selected randomly from the
population, the other 50% parents are selected from the individuals who have a
fitness value greater than the average. Selecting random parents keeps the variety

of the population.

The genomes that change an output on the objective function are grouped
together and 5 groups are created for Type | mechanism and 9 groups are created
for Type II mechanism. A random number is selected. Crossover is achieved
between parents on the genomes, which are the random number selected and the

other numbers belonging that randomly selected number’s group.

After that if the number of individuals that is going to be dead is below 100% and
above 10% of the population, 2 randomly selected genomes are mutated on the

individuals, who have a greater fithess value than the average fitness value.

After all these operations are completed, the new generation is evaluated again
with fitness test and the operations continue up fo the evaluation criterion is

reached. The evaluation criterion is to reach the maximum fitness limit.

It is expected to have an individual having a fitness value greater than the previous
generation’s best individual’s fitness value. If the best individual is not changed for 10
generations, the best 10 individual for Type | mechanism and é best individual for
Type Il mechanism are selected from the last generation. Their every single genome

is increased and decreased by 1 while the other genomes are held constant to
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reach the maxima. The maxima found can be local maxima, so a lot of frials have to

be made to reach the global maxima.

The genetic algorithm is implemented on Microsoft Excel using built in Visual Basic for
Applications editor (VBA). Figure 8-6 shows one of the sheets on Microsoft Excel for a
Type | mechanism. The purple cells show the variables that are used to evaluate x on
Equation (8.1) and selected randomly by genetic algorithm. The orange cells shows
the physical limits of the machine and the pink cells are the parameters that are

designated according to the physical constraints related with the mechanism.

machine X % beta-armi-\beta-armi-|, o 0| DetEA o oo | betast
ilk son K3
0 200 Al 1480 rad -0.685 0.665 6,794 6.283 1.860 1,184

0 2000 A1 196,652 [2605,098 deg | -39.272 | 38.115 | 389279 | 360000 | 107,705 67.832
7500 700 K3 | 916,456 |2605,098 . v s 3]
7500 2000 AT | 297,592 |2981.809
1700 2000 K | 252,169 |2812.289 TILT x v SEFIE |Gl
yeri rda mi)
A700 500 KZ | 220,066 |2477.224 Tk kesisim nokiasi -505.628 | 2612342 |} 1
0 300 A21| 632,642 | 2645311 iKinci kesisim noktasi -507.624 | 2735.069 | 1
AZ3| 626,722 |2566,140 check8 1
15@91 heiéht - F' | -826.740 |2031.298 ¥ m X n
Hmin 60 F | -956,774 (2263218 ADA1 | 1480,000 0,561 |-1810,000 2494 838
= +
lift arm bay | 2300543 F | -96,774 |2263.218 AlATe
Sz F0 |-1745.369] 327.703 o s s FELIY
siluz3 A7 | 626,722 | 7566190 ADAZ | 7566,190 0918 | 626,122 3141489
sil-uz2
ATRK2 130 s
KZK3 710 [~
ATAT 390 N
ATK3 721.803 }. AN
ATK3KZ agist| 0181 | 10376 / \
AT-A1-K3 acisi] 1,309 5 7 —5E Ay
FE 765,807
dump angle 0,785 "
gercekteki | fn U
dump angle | 6464 10,376 s |
tilt-kapall A .
210 & | /
: /

arm2 1606.224 \

arm3 824293
alfa-arm2 0,464 26573 |

+
A,
ACI 2344 T 134279 | ' ’
gercek ground | 0,181 10,376 A )
ground 0.436 4~ 1e00

52 912696 | 912.696 | \ 4 K d
s1 2030,000 i /
fift-kapali \\_ .
lift-olu
| S | /I
o1
3500 3400 ZTCIJ -2000 1500 -111"20 500 1) 590 1000 18500
I

Figure 8-6 - The variables that genetic algorithm randomly select
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8.3 RESULTS OF GENETIC ALGORITHM

8.3.1 TYPE | (INVERTED-SLIDER) MECHANISM

The genetic algorithm program in Microsoft Excel is built by using Visual Basic. An
example of the development on individuals can be seen in Figure 8-7 for 50 and in
Figure 8-8 for 150 generations. As explained above, one can see that the population
could not find a better individual from 4t generation to 14" generation in Figure 8-7.
Therefore, the increase and decrease for every genome by 1 unit is applied and one
can easily see that the best individual in the generations from 15h to 25t has

developed continuously.

After the values of the weight factors are finalized, the program is run approximately
400 fimes. In every run, the program is run for 255 generations. In every run, a local
maximum is found. A few of them are formed same as the local maxima of another
program. After many ftrials, the program is run with all local maxima's to find the

global one, the best one, for both types of mechanisms.

fitness value vs. generation

73,0

725 v rererervrerrrervrerree

71,5 /
71,0 /
70,5 -'/
70,0

69,5 [
69,0

68,5 J

68,0

Figure 8-7 — The increase of the fitness value over 50 generations
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fitness value vs. generation

73,0

71,5 [
71,0
70,5 /

70,0

69,5

69,0

68,5 “J

68,0

Figure 8-8 — The increase of the fitness value over 150 generations

The variables defining the best individual for Type | mechanism can be seen in Table
8-1 and the graph showing the joints and links can be seen in Figure 8-9. The red

, the red dashed lines used to define the places

continuous straight line shows|AyA,

of joints of lift and tilt cylinders on the lift arm. The lift and filt cylinders are shown with
dark blue lines with white dots on them. On one hand, the green dots at the
intersection of dark and light green circles are possible joint places for lift cylinders on
chassis; on the other hand, the red dots at the intersection of the orange and red
circles are possible joint places for filt cylinders on lift arm when the lift cylinders are
at their maximum stroke. The blue plus signs show the center of the circles, meaning
the beginning and the end of the cylinder strokes. The yellow confinuous straight
lines are used to define the machine. The right upper part of it is designed as

window; the other part can be defined as chassis. The cyan lines show the bucket.
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Table 8-1 — The variables for the best individual for Type | mechanism

AOX -2020
target height | 2900
cyl_Ingth_1 0.48

cyl_Ingth_3 0.45
cyl_Ingth_2 0.92

dump 45
tilt retracted 540
ground 25

lift retracted 1200

Figure 8-9 — The mechanism for the best individual for Type | mechanism
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Breakout force is a vital parameter for earth-moving machinery. The breakout force
is defined as maximum sustained upward vertical force, generated at a point 100
mm behind the leading edge of the bucket of a loader, or behind the foremost
point of the cutting edge for a loader having a bucket with an irregular cutting-
edge shape, by a lift or filt cylinder, with the bottom of the bucket's cutting edge
parallel to, and not more than 20 mm above, the ground reference plane [55]. The
typical test arrangement of the breakout force for lift cylinders can be seen in Figure
8-10.

Dimensions in millimetres

I
=
o~
Key
1 lift cylinder 4 load cell
2  loose safety chain 5 pulley
3 support at axle centreline 6 GRP

Figure 8-10 — Typical test arrangement for breakout force on lift cylinders [55]

It is seen from benchmarking that the lift breakout forces changes from 1250 kg to

2250 kg when the machines having similar size of the machine in this thesis and
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having Type | mechanism are compared. The target is to have the best mechanism,
meaning that having the largest lift breakout force capacity. Therefore, having a lift
breakout force higher than 2250 kg is the aim. When the bore diameter is selected
as 60 mm and the working pressure is selected as 120 bars, the lift breakout force is

2645 kg. As a result, the goal is accomplished.
Apart from breakout force, the force that can be lifted from the hinge pin

throughout the stroke can be seen in Figure 8-11. Moreover, the x component, y

component and resultant forces occurred at A, joint can be seen in Figure 8-12.

Fexternal vs. Cylinder Stroke

:
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Figure 8-11 — Force that can be lifted from the hinge pin throughout the stroke

The forces supplied by the cylinders depend on 3 parameters; rod diameter, cylinder
diameter and the pressure supplied for the motion of the cylinder. The cylinder
diameter is greater than the rod diameter. The motion of the cylinders is supplied by
hydraulic oil. If the hydraulic oil is fransferred to cylinder section, the cylinder is
extending under compressive load; on the contrary, if tfransferred to rod section, the

cylinder is refracting under tension load.
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Force on joint A0 vs. Cylinder Stroke

_‘-_——.-__'

CBEEEE

1200 1300 1400 1500 1600 1700 1800
Cylinder Stroke (mm)

Figure 8-12 — Force on joint A, versus cylinder stroke graph

It should be checked whether the hydraulic cylinder is subjected to buckling or not.

Therefore, a calculation should be carried out. Buckling can be calculated

according to the following formula [56]:

) . 72 E-l
Calculation according to Euler: F = — ifA> 17,
V- LK
. . . z% E-l
Calculation according to Tetmajer F = R if <44
vV

Where

E: modulus of elasticity in = 210000 for steel

mm?

d: piston rod diameterin mm = 40
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4 4
. 404 .
I: moment of inertia in mm?* = d64ﬁ A0 125663.7

v :safety factor =1 (taken as 1 to calculate later)

Ly : free buckling length in mm(can be seen from Bin (8.13) ) =L =2180

4.1, _4~2180
40

A :slenderness ratio = =218

R, : yield strength of the piston rod material in

E 210000
A = ———— =78.82
s~ "os-RrR, ™08 417

N
5 =417 for AlISI 4140
mm

(8.6)

(8.7)

(8.8)

(8.9)

(8.10)

(8.11)

L,=07L

Figure 8-13 — The influence of the mounting style on the buckling length [56]

According to the comparison between slenderness ratios in Equations (8.9) and

(8.11), calculation according to Euler, Equation (8.2), should be applied instead of
Tetmajer, Equation (8.3). Equations (8.4), (8.5), (8.6), (8.7), (8.8), (8.10) are used to

calculate the Equations (8.2) and (8.3).
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2 . . 2 . .
T E21= 7* - 210000 1225663.7 54804 N
v-Ly 1-2180 (8.12)

According to Euler: F =

On the other hand, force in the cylinder can be calculated from Equation (8.13).

120. %" 60°
FN)=Pressure{bar) - Area(mm*) /10 = —— % — = 33929 N (8.13)

Therefore safety factor v becomes 1.6 by dividing Equation (8.12) to (8.13).

8.3.2 TYPE Il (FOUR-BAR) MECHANISM

A similar genetic algorithm program is also run many times for Type Il mechanism. The
best Type Il mechanism is found after the program is run with all local maxima's. The
variables defining the best individual for Type Il mechanism can be seen in Table 8-2

and the graph showing the joints and links can be seen in Figure 8-14.

The yellow continuous straight lines are used to define the machine. The right upper
part of it is designed as window; the other part can be defined as chassis. The dark
blue continuous straight lines are used to define the lift arm, and the friangle formed
by light blue lines outside the dark blue triangle parallel to dark blue lines are used to
define the possible joint area for lift cylinders on lift arm. The orange and blue lines
connecting the chassis and the lift arm are rocker and crank of four-bar. The lift and
filt cylinders are shown with purple lines with white dots on them. On one hand, the
red dots at the infersection of red dashed circles are possible joint places for lift
cylinders on chassis; on the other hand, the orange dots at the intersection of the
orange dashed circles are possible joint places for tilt cylinders on lift arm when the
lift cylinders are at their maximum stroke. The blue plus signs show the center of the
orange circles, meaning the beginning and the end of the filt cylinder strokes, and
the black square signs show the center of the red circles, meaning the beginning

and the end of the lift cylinder strokes. The green lines show the bucket.
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Table 8-2 — The variables for the best individual for Type Il mechanism

del2-x 50
del2-y 920
del3-x 70
del3-y 2380
del4-x 0
del4-y 2910
alfa-2 10.55
alfa-3 46.04
alfa-4 61.01
beta-3 53.9
beta-4 327.5
cyl_ran2 0.025
cyl_ran 0.402
liff retracted 1180
cyl_ran3 0.323
ground 34
dump 45.5
tilt retracted 590
configl -1
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Figure 8-14 — The mechanism for the best individual for Type Il mechanism

It is seen from benchmarking that the breakout forces changes from 1250 kg to 1500
kg when the machines having similar size of the machine in this thesis and having
Type Il mechanism are compared. Like the previous one, having a lift breakout force
higher than the largest one, 1500 kg, is the aim. Having a liff breakout force higher
than 1500 kg is achieved also with Type Il mechanism by selecting 60 mm as bore
diameter and 120 bars as working pressure. With this selection, the lift breakout force
is 1825 kg.
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Moreover, the force that can be liffed from the hinge pin throughout the stroke can

be seen in Figure 8-15. Furthermore, forces on rocker and crank links can be seen in
Figure 8-16.

Fexternal vs. Cylinder Stroke
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Figure 8-15 — Force that can be lifted from the hinge pin throughout the stroke
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Forces on Links vs. Cylinder Stroke
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Figure 8-16 — Forces on rocker and crank links versus cylinder stroke graph

When equations (8.9) and (8.11) compared for free buckling length of 2140 mm,
safety factor of 1, yield strength of piston rod material of 417 MPa for AISI 4140, piston
rod diameter of 40 mm, moment of inertia of 125663.7 mm#4 and modulus of elasticity

of 210 GPa for steel, it is seen that A=214 >/lg=63.13. Therefore, calculation

according to Euler, equation (8.2), should be used. On one hand, from Euler
equation the force which causes buckling is calculated as 56872 N, on the other
hand the force in the cylinder is calculated from equation (8.13) as 33929 N for a
bore diameter of 60 mm and working pressure of 120 bars. Therefore, safety factor
v becomes 1.7 by dividing Equation (8.12) to (8.13).
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CHAPTER 9

FINITE ELEMENT ANALYSIS

9.1 FOR TYPE | (INVERTED-SLIDER) MECHANISM

The structural shape of lift arm for Type | mechanism, whose joints are designed

according to the results of genetic algorithm, is created and can be seen in Figure

9-1. A new coordinate system is defined as x axis is in |AOA]| direction and y axis is

perpendicular to |AOA]| direction. The new coordinate system and side view of the

liff arm can be seen in Figure 9-2. A force versus lift cylinder stroke table is formed,

which can be seen in Table 9-1, and given to MSC. Marc-Mentat.

Table 9-1 — Force applied from the hinge pin versus lift cylinder stroke

lift cylinder stroke | y-component | x-component

lagla)] (N} (N
1200 -28632 20127
1250 -28225 17868
1300 -27795 15743
1350 -27341 13734
1400 -26862 11829
1450 -26357 10014
1500 -25823 8286
1550 -25259 6630
1600 -24664 5042
1650 -24034 3515
1700 -23364 2044
1750 -22659 624
1800 -21907 -748
1850 -21106 -2075
1900 -20250 -3361
1950 -19331 -46046
2000 -18341 -5811
2050 -17268 -6977
2100 -160%3 8101
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Figure 9-1 - The structural shape of lift arm for Type | mechanism
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Figure 9-2 — The side view of the lift arm for Type | mechanism
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The side plates and intermediate plates between two side plates are meshed with
shell meshes. These plates are thin enough to use shell meshes. Surfaces of the shell
meshes are created at the middle of the plates. On the other hand, the cylinder
between left and right arms and the cylinders between two side plates at the hinge
pin and atf the joint where chassis and lift arm combined are meshed with solid

meshes.

In finite element analysis, the joint that is at the intersection of chassis and lift arm, the
joint that is at the intersection of lift cylinder and lift arm are fixed in x, y, z directions
and x, y rofations. The view representing the reaction forces formed at these joints

can be seen in Figure 9-2.

The results at every step of the Table 9-1 are very similar to each other, so 3 of them,
namely 1st, 10th, 19th are shown in Figure 9-3, Figure 9-4 and Figure 9-5 respectively.
Furthermore, detailed views of stress concentrated areas are shown in Figure 9-6,

Figure 9-7 and Figure 9-8.

Figure 9-3 — The equivalent Von Mises stress distribution when lift cylinder is 1200 mm
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Figure 9-4 — The equivalent Von Mises stress distribution when lift cylinder is 1650 mm

Figure 9-5 — The equivalent Von Mises stress distribution when lift cylinder is 2100 mm
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Figure 9-6 — The detailed view of stress distribution when lift cylinder is 1200 mm

Figure 9-7 — The detailed view of stress distribution when liff cylinder is 1650 mm
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Figure 9-8 — The detailed view of stress distribution when lift cylinder is 2100 mm

Maximum Von Mises stress seen in the lift arm for Type | mechanism is 120 MPa.

Therefore, the safety factoris 3.

Another structural shape is created according to the designated joints and this
disjunctive structural shape can be seen in Figure 9-9. Furthermore, the side view of

the disjunctive lift arm can be seen in Figure 9-10.

In this disjunctive lift arm, the structural shape is created by bending sheet metal. The
bended sheet metals for one side of the lift arm are formed from 2 pieces and
welded together. The meshing concept and the boundary conditions are same as

described in structural shape of lift arm for Type | alternative 1 mechanism.
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Figure 9-9 — The structural shape of alternative 2 lift arm for Type | mechanism
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Figure 9-10 — The side view of the alternative 2 lift arm for Type | mechanism
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The results at every step of the table, which can be seen in Table 9-1 are very similar
to each other, so 3 of the Von Mises stress distribution, namely 1st, 10th, 19th are shown
in Figure 9-11, Figure 9-12 and Figure 9-13. Moreover, detailed views of stress
concentrated areas of the alternative 2 lift arm can be seen in Figure 9-14, Figure
9-15 and Figure 9-16.

Figure 9-11 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

lift cylinderis 1200 mm
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Figure 9-12 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

lift cylinderis 1650 mm

Figure 9-13 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

lift cylinderis 2100 mm
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Figure 9-14 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinder is 1200 mm

Figure 9-15 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinderis 1650 mm
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Figure 9-16 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinderis 2100 mm

Maximum Von Mises stress seen in alternative 2 lift arm for Type | mechanism is also

120 MPa. Therefore, the safety factor is again 3.

However, on one hand the thickness of the sheet metals on the side of the
alternative 1 lift arm is 6 mm and the infermediate plates thickness are 10 mm; on the
other hand the thickness of sheet metals used in alternative 2 lift arm is 10 mm. The
masses of constructions are 152 kg for alternative 1 lift arm and 203 kg for alternative

2 lift arm.
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9.2

FOR TYPE Il (FOUR-BAR) MECHANISM

The structural shape of lift arm of Type Il mechanism, whose joints are optimized by

using genetic algorithm, can be seen in Figure 9-17. A new coordinate system is

defined as x axis is in [A,A| direction and y axis is perpendicular to |A,A| direction,

like Type | mechanism. The new coordinate system and side view of the lift arm can

be seen in Figure 9-18. A force versus lift cylinder stroke table is formed, which can be

seen in Table 9-2, and given to program.

lift
cylinder
stroke
{rmmj

Table 9-2 — Force applied from the hinge pin versus lift cylinder stroke

'y_
component
(N}

x_
component
(N

lift
cylinder
stroke
{rmmj

l!F_
component
(N

x_
component
(N

lift
cylinder
stroke
{rmmj

l!F_
component
(N

x_
component
(N}

1181

-19174

5662

1360

-22561

5115

1818

-20979

-7302

1132

-16849

5129

1375

-22665

4773

1836

-20874

-7819

1133

-15743

4987

1391

-22743

4403

1853

-20769

-3332

1135

-158667

5014

1407

-22796

4006

1870

-20663

-5841

1187

-15702

5127

1424

-22826

3585

1887

20554

-7345

11720

-15215

5284

1441

-22834

3142

1203

20441

-7843

1193

-16234

5464

1459

-22822

2680

1219

-20323

-10335

1126

-16615

5652

1477

-22791

2200

1935

-20198

-10819

1200

-17034

5839

1495

-22743

1706

1950

-200565

-112%946

1205

-17472

4018

1514

-22680

1200

1968

-19923

-11763

1210

-17218

6182

1533

-22604

654

1981

-19770

-12219

1215

-18364

6328

1552

-22517

159

1995

-19604

-12663

1221

-18802

6451

1572

-2242]

-371

2009

-19425

-13074

1228

-19228

6547

1521

-22318

-205

2023

-19230

-13509

1235

-19638

6518

1811

-2220%

-1443

2037

-19018

-13907

1243

-20030

6656

1630

-22097

-1981

20561

-18787

-14286

1252

-20400

6661

1650

-21982

-2521

2064

-18537

-14643

1261

-20746

6632

1669

-21865

-3060

2076

-18266

-14977

1271

-21068

6567

1638

-21749

-3578

2089

-17972

-15285

1282

-21364

5467

1707

-21634

-4135

2101

-17655

-15565

1293

-21633

6330

1726

-21520

-4669

2113

-17311

-15812

1305

-21874

6157

1745

-21408

-5201

2124

-16941

-16025

1318

-22087

5947

1764

-21298

-5731

2135

-16543

-16200

1331

-22273

5703

1782

-211920

-6258

1345

-22431

5425

1800

-21084

98

-6781
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Figure 9-17 —The structural shape of lift arm for Type Il mechanism
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Figure 9-18 — The side view of the lift arm for Type | mechanism
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The concept of using shell and solid meshes are same with Type | mechanism.

The joint which is at the intersection of rocker and lift arm, the joint which is at the
intersection of crank and lift arm and the joint which is at the intersection of lift
cylinder and lift arm are fixed in x, y, z directions and x, y rotafions. The view

representing the reaction forces formed at these joints can be seen in Figure 9-18.

The results at every step of Table 9-2 are very similar to each other, so 4 of them,
namely 1st, 25, 50, 71t are shown in Figure 9-19, Figure 9-20, Figure 9-21 and Figure
9-22 respectively. Moreover, detailed views of stress concentrated areas are shown
in Figure 9-23, Figure 9-24, Figure 9-25 and Figure 9-26.

R

[

Figure 9-19 — The equivalent Von Mises stress distribution when lift cylinderis 1180 mm
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Figure 9-20 — The equivalent Von Mises stress distribution when lift cylinder is 1345 mm

Figure 9-21 — The equivalent Von Mises stress distribution when lift cylinder is 1800 mm
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Figure 9-22 — The equivalent Von Mises stress distribution when lift cylinder is 2135 mm

Figure 9-23 — The detailed view of stress distribution when lift cylinderis 1180 mm
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Figure 9-24 — The detailed view of stress distribution when lift cylinderis 1345 mm

Figure 9-25 — The detailed view of stress distribution when lift cylinder is 1800 mm
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Figure 9-26 — The detailed view of stress distribution when lift cylinder is 2135 mm

Maximum Von Mises stress seen in the lift arm for Type Il mechanism is 120 MPa.

Therefore, the safety factoris 3.

The mechanism consisting of rocker, crank and lift arm can be seen in Figure 9-27.
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Figure 9-27 — The schematic view of alternative | lift arm for Type Il mechanism

From Figure 8-16, it can be seen that the maximum force on crank is 28572 N. A finite
element analysis is performed at the most critical time, namely when maximum force
occurs. The crank is a two-force member, so the force is applied accordingly. The

results can be seen in Figure 9-28. The maximum stress occurred in crank is 28 MPa.
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Figure 9-28 — The detailed view of stress distribution when lift cylinder is 2135 mm

From Figure 8-16, it can be seen that the maximum force on two rockers are 53068 N.
The thickness of the rocker plate is 20 mm and the width is 75 mm. Therefore nominal
stress can be calculated from Equation (9.1). K;, which is shown in Equation (9.2),

should be taken as 2.2 [57], so maximum siress becomes 116.75 MPa. The safety

factoris calculated as 3 with these calculations.

A, (w-d)-t (75-50)-20-2
stress concentration factor: K, = - (9.2)

Op
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According to the finite element results which can be seen in Figure 9-19, Figure 9-20,
Figure 9-21 and Figure 9-22 the friangular shape on the left of the lift arm is
unnecessary for strength of the structure. That part is a pointless mass and the
friangular shape is changed by subtracting the inner part of it. The new structural
shape of lift arm can be seen in Figure 9-29. Moreover, the side view of the new

structural shape can be seen in Figure 9-30.

MSC XSoftware

Figure 9-29 — The structural shape of alternative 2 lift arm for Type Il mechanism
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Figure 9-30 — The side view of the alternative 2 lift arm for Type | mechanism

As in the first alternative in Type Il mechanism, the results at every step of the table,
which can be seen in Table 9-2 are similar. Therefore, 4 of the Von Mises stress
distribution, namely 1st, 25, 50, 71t are shown in Figure 9-31, Figure 9-32, Figure 9-33
and Figure 9-34. Moreover, detailed views of stress concentrated areas of the
alternative 2 lift arm can be seen in Figure 9-35, Figure 9-36, Figure 9-37 and Figure

9-38 respectively.
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Figure 9-31 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

lift cylinderis 1180 mm

Figure 9-32 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

liff cylinderis 1345 mm

109



Figure 9-33 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

lift cylinderis 1800 mm

Figure 9-34 — The equivalent Von Mises stress distribution of alternative 2 lift arm when

liff cylinderis 2135 mm
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Figure 9-35 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinderis 1180 mm

Figure 9-36 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinder is 1345 mm
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Figure 9-37 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinderis 1800 mm

Figure 9-38 — The detailed view of stress distribution of alternative 2 lift arm when lift

cylinder is 2135 mm
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Maximum Von Mises stress seen in alternative 2 lift arm for Type Il mechanism is also

120 MPa. Therefore, the safety factoris again 3.

In the first alternative the mass of the lift arm is 231 kg and in the second alternative
the mass of the lift arm is 180 kg. Besides, the second alternative is still far away from
safety factor of 3. Therefore, a new analysis is made by changing the thickness of the
sheet metals from 6 mm to 4 mm. The most critical step is 71t so it is enough to look
over that step only. Maximum Von Mises stress and detailed global stress of the 71th

step can be seen in Figure 9-39 and Figure 9-40 respectively.

Figure 9-39 — The equivalent Von Mises stress distribution of alternative 3 lift arm when

lift cylinderis 2135 mm
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Figure 9-40 — The detailed view of stress distribution of alternative 3 lift arm when lift

cylinderis 2135 mm

Finally, maximum Von Mises stress seen in alternative 3 lift arm for Type Il mechanism
becomes 120 MPa and the safety factor becomes 3. The mass of this alternative is
125 kg.

Another structural shape is created according to the designated joints and this
disjunctive structural shape and its side view can be seen in Figure 9-41 and Figure

9-42 respectively.

The meshing concept and the boundary conditions are same as described in
structural shape of lift arm for Type Il alternative 1, 2, 3 mechanisms. The Von Mises
stress distribution, namely 1st, 25t, 50th and 71t are shown in Figure 9-43, Figure 9-44,
Figure 9-45, Figure 9-46 and detailed stress distributions on stress concentrated areas
can be seen in Figure 9-47, Figure 9-48, Figure 9-49, Figure 9-50. The alternative 4 lift

arm is composed of 6 mm sheet metals and has a mass of 147 kg.
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Figure 9-41 — The structural shape of alternative 4 lift arm for Type I mechanism
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Figure 9-42 — The side view of the alternative 4 lift arm for Type Il mechanism
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Figure 9-43 — The equivalent Von Mises stress distribution of alternative 4 lift arm when

lift cylinderis 1180 mm

Figure 9-44 — The equivalent Von Mises stress distribution of alternative 4 lift arm when

liff cylinderis 1345 mm
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Figure 9-45 — The equivalent Von Mises stress distribution of alternative 4 lift arm when

lift cylinderis 1800 mm

Figure 9-46 — The equivalent Von Mises stress distribution of alternative 4 lift arm when

lift cylinderis 2135 mm
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Figure 9-47 — The detailed view of stress distribution of alternative 4 lift arm when lift

cylinderis 1180 mm

Figure 9-48 — The detailed view of stress distribution of alternative 4 lift arm when lift

cylinder is 1345 mm
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Figure 9-49 — The detailed view of stress distribution of alternative 4 lift arm when lift

cylinder is 1800 mm

Figure 9-50 — The detailed view of stress distribution of alternative 4 lift arm when lift

cylinderis 2135 mm
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CHAPTER 10

RESULTS, DISCUSSION AND CONCLUSION, FUTURE WORK

The two types of skid-steer loaders according to their lift arm is either 9 links or 11 links
complex mechanism. Besides, it is desired to improve several outputs while satisfying
the design criteria. Therefore, classical methods of synthesis cannot be applied and
genetic algorithm is selected for its multi-criteria optimization ability with constraints.
In this study, a genetic algorithm program is implemented to Microsoft Excel to

design a skid-steer loader mechanism.

In this thesis, genetic algorithm is used as an intermediate step for decision making.
With the genetfic algorithm program, the mechanism synthesis is performed to
determine the basic link dimensions for the mechanism of the loader. The best
individual is improved from first generation to last generation, and when the fithess
value of the individual cannot grow anymore, the optimization is stopped. A final
optimization is made between all best individuals from all trials and the ultimate best
individual is selected for both types of mechanism. The path of the hinge pin of Type
Il mechanism can be seen in red in Figure 10-1. Besides, the path of the hinge pin of

Type | mechanism can be seen in orange in Figure 10-2.
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Figure 10-1 — The path of the hinge pin of the best Type Il mechanism

Figure 10-2 — The path of the hinge pin of the best Type Il mechanism
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It should not be forgotten that with different weight factors the mechanism that is
going to be found will be different, most probably, from the ones found in this thesis.
Besides, with different fitness function parameters the mechanism again will be
different from these ones. Moreover, with different initial populations the best
mechanism again will be different, but this disadvantage of diversity on the results
can be eliminated by running the program many times. The crucial thing is not to
find a solution after many runs of the program but to develop a method for the
solution of the problem. The parameters and weight factors of the fithess function
can change abundantly for other problems but if the method can be understood it

is possible to adapt this method to any problem.

After synthesis, the hydraulic cylinders dimensions and working pressure of the loader
mechanism is selected according to static force analysis results. 3D modeling of the
loader mechanism is made and it is improved according to the results of finite
element analysis. The vital thing that should not be forgotten is that the aim of the
thesis is not shape optimization. Shape optimization is beyond the topic of this thesis.
The shape of the skid-steer loader mechanisms is constructed from the experience of
Hidromek Inc. and from the inspection of the other companies’ skid-steer loader
models. For Type | mechanism, the structural shape of alternative 1 is better than
alternative 2 because it has similar maximum Von Mises stress while alternative 1 is
152 kg and alternative 2 is 203 kg. For Type Il mechanism, the structural shape of

alternative 3 is the best one because it has the least mass, 125kg, among others.

Each alternative satisfy all design criteria. Moreover, they are capable of lifting more
mass through the cylinder stroke and they have higher breakout forces than the
other machines having same size. From the benchmark study, it is seen that there are
exiguous properties, listed on the brochures, to compare. The most important
property from the exiguous properties is the breakout force. The tables that show the
comparison of the breakout forces for both mechanisms can be seen in Table 10-1
and in Table 10-2. The breakout force for the best mechanism found in this thesis is

2645 kg for Type | mechanism and 1825 kg for Type Il mechanism.
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Table 10-1 — The comparison of average breakout forces of competitors for Type |

mechanism

Competitor Number Average Breakout Forces of a Company (kg)
Competitor 1 1260
Competitor 2 1435
Competitor 3 1870
Competitor 4 2200
Competitor 5 2250

Table 10-2 - The comparison of average breakout forces of competitors for Type |l

mechanism

Competitor Number Average Breakout Forces of a Company (kg)
Competitor 1 1240
Competitor 2 1500
Competitor 3 1360
Competitor 4 1410

The genetic algorithm program can be applied to any skid-steer loader mechanism

whose criteria are specified.

As mentioned in the Introduction Chapter, the designer has to use his/her intuition
and experience while selecting the most suitable mechanism dimensions out of the
possible combinations, that is why the designer plays a major role in design. It should
not be forgotten that the design is something subjective. According to the
specifications of the designer, many different solutions can be found for same
problem. The important thing is to specify the parameters and their weight factors

that should be maximized.
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The synthesis can be improved either by decreasing the increment of parameters of
by enlarging the lower and upper limits of parameters. Besides, changing the
possible pivot positions, the sizes of both the machine and the cab, can be another

improvement method.

The alternatives in this thesis are just examples for structural shape of the lift arm. They
can be improved various ways. In this thesis, genetic algorithm is used to optimize
the mechanism not the structural shape. A genetic algorithm program can be

written opfimizing the structural shape of this optimized mechanism.
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APPENDIX A

HISTORY OF KINEMATICS AND TYPES OF SYNTHESIS

Ampere defined kinematics as "the study of the motion of mechanisms and methods
of creating them." [15]. The first part of the definition deals with the kinematic
analysis; on the other hand the second part deals with the kinematic synthesis. The
very first step in a machine design process is the kinematic synthesis of the
mechanism because when starting to design a machine, the motion of the
mechanism to be created is known. Therefore, the mechanism satisfying the desired
motion should be developed. In other words, kinematic synthesis deals with the

systematic design of mechanisms for a given performance.

The areas of synthesis can be grouped in two categories, namely type synthesis and
dimensional synthesis. Type synthesis gives answers to questions like which type of
mechanism is suitable for a given motion requirement, how many degrees of
freedom is required, how many links should be needed and in which configuration,
etc. Besides, dimensional synthesis seeks answers for determining the dimensions and
the starting position of the mechanism of preconceived type for a specified task and
prescribed performance. Optimization synthesis and prescribed position synthesis are
two approaches that are generally used for dimensional synthesis. In optimization
synthesis, the error between the desired output and the output generated by the
mechanism is fried fo be minimized. However, in prescribed position synthesis, a
mechanism satisfying the desired output at some prescribed finite number of

positions is searched.

According to the desired tasks, prescribed position synthesis can be categorized into
three groups; namely function generation, path generation and motion generation.
In function generation, the input and the output motions are correlated. In other

words, if an output of y =f(x) is desired with an input of x, than function generation
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is the solution for the problem. A schematic view of a function generator can be

seen in Figure A-1.

Figure A-1 — Function Generator [58]

In path generation, the motion of a single point is controlled without considering the
angular rotations of the moving plane. This time, input link motion is correlated with
the position change of a point on a floating link. If the path points are to be
correlated with time, the task is called path generation with prescribed timing. A

schematic view of a path generator can be seen in Figure A-2.
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Figure A-2 — Path Generator [31]
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Motion generation can be defined as the controlled tfranslation and rotation of a
moving reference frame relative to a fixed reference frame [59]. The difference of
motion generation from the other two generations is that the input link motion is not

prescribed. In this study, synthesis with four prescribed positions will be taken into
consideration when a four-bar mechanism is designed. «,, 5 as, 5_3’ a, and 57

are the parameters for four multiply separated positions. A schematic view of a path

generator can be seen in Figure A-3.

Figure A-3 — 4 prescribed positions for a typical motion generator

A circle-point curve is the locus of feasible moving pivot locations for a planar four-
bar mechanism that will lead the coupler through the prescribed positions.
Moreover, a center-point curve is the corresponding center of every circle-point. The
objective of prescribed position synthesis is to find the circle-point and its

corresponding cenfer-point  that satisfies the known prescribed positions.

Theoretically, there are %? solutions for three multiply separated, oo solutions for four

multiply separated and at most 6 solutions for five multiply separated positions.
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