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Abstract Recent advancements in  design
methodologies and tools have significantly enhanced the

optimization and innovation processes in machinery design.

Engineers continuously refine machine mechanisms,
focusing on specific functionalities through detailed case
studies of individual components. This research introduces
a novel optimization process that integrates the
collaborative efforts of researchers and inventors,
culminating in a fully optimized product. Rooted in
permutation theory and mathematical principles, this
approach utilizes simple mathematical methods as a
foundation for developing advanced techniques to tackle
the complexities present in modern industrial design
processes. By systematically evaluating all potential
configurations of machine mechanisms and performing
virtual simulations, the most suitable designs can be
selected based on defined criteria and local resource
availability. This methodology not only fosters the
development of high-quality machinery but also
emphasizes energy efficiency and sustainability—critical
aspects in contemporary design strategies aimed at meeting
sustainable development goals, particularly in the
agricultural machinery sector. Furthermore, the practical
applicability and feasibility of this approach are
demonstrated through a detailed case study, underscoring
its relevance to the ongoing discourse on innovative design
methods.

Keywords Design Optimization, Sustainable Design,
Energy Efficiency, Machine Mechanisms, Innovative
Design Methods

1. Introduction

The design of a machine is specifically tailored to
perform a defined process addressing particular tasks
related to external phenomena. The stages involved in
machine design, as outlined by Lingaiah and lyengar [1],
include the following:

In addition to the fundamental elements of any
manufacturing machine, several common steps should be
followed as part of the design requirements. The Machine
Design Handbook by Lingaiah and lyengar [1] enumerates
critical guidelines (not necessarily in order of application):

Design Elements: All elements must be considered,
including machine geometry, applied forces, materials, etc.

Number of Machines Being Built: The design often
depends on the production scale—specifically, how many
machines are in production.

Lessons Learned: Insights gained from past experiences
and mistakes play a significant role in guiding the design
process.

Moreover, factors such as budget constraints, potential
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mechanisms, transmitted forces, material selection,
allowable stress, customer communication, high output
and efficiency, durability, optimized design, maintenance,

reliability, —safety, ergonomics, and exceptional
performance are also emphasized by Lingaiah and lyengar
[1].

These methodologies are further elaborated upon in
Philip Kosky's book, "Exploring Engineering,” which is
recommended as a study resource for novice engineers [2].

Thus, various researchers present common methods for
designing engineering mechanisms, which involve static
and dynamic analyses alongside kinematic considerations.
For instance, Lin [3] conducted a kinematic analysis of the
oscillation of variable ratio face gear drives. Stress analysis
is demonstrated by Kamandar et al. [4], addressing shear
stress in impact harvesters, and Chatterjee focusing on
vibration analysis in wind turbines [5]. In addition, stress
analysis was carried out by Xiang [6], thermal analysis by
Xiang [6] and Soleimania [7] and an examination of
analysis and optimization in internal combustion engines
was presented by Ding, et al [8]. Furthermore, process
optimization through mathematical models has been
explored by Dawid [9], Wang [10], while nonlinear
mathematical models were discussed by Jing [11] and
additional studies were highlighted in Hu, et al’s
research[12].

In the design process, utilizing software for analyses
proves critical due to its significant advantages, as detailed
in the Finite Element Method Handbook [13]. Notably,
results obtained from precise calculations or finite element
methods are readily reproducible in later design stages,
while intuition-based decisions may be challenging for
colleagues to validate.

Such analyses have wide-ranging applications in
mechanical engineering, including fluid mechanics, where
they help predict life cycles and failure factors, exemplified
by Askari, et al [14]. All of these analyses contribute to
modifications in production processes, as seen in the work
of Moghaddam, et al [15], who utilized neural networks for
maintenance process improvements in paper production.
Similar proposals for new production processes, such as
the aluminum elbow pipe production by Tao, et al [16],
employed simulation and  numerical  analysis.
Supplementary discussions provided by Jaber [17]
elaborate on these issues in greater detail.

The analyses and optimizations mentioned serve as
examples that showcase specialized methodologies, which
continuously evolve with technological advancements.
Ultimately, most research findings related to machine
processes culminate in optimization recommendations that
contribute to enhanced engineering designs. Each
component of a machine evolves over time, and throughout
this evolutionary process, various enhancements can be
applied, resulting in significantly improved methodologies
or principles. The final machine is constructed by
integrating multiple mechanisms.

The complete design process typically involves a
multidisciplinary team with a broad vision. Such machines
may vary from simple mechanisms to complex systems
relying on the integration of various intricate mechanisms
to execute defined tasks. In this context, work diagram
theory illustrates the material flow within the machine and
the sequential operations that must be performed [18].

Various independent mechanisms, when combined,
facilitate processes necessary for machine functionality.
The assembly of these mechanisms leads to the creation of
a machine, where components may undergo optimization
by designers or be governed by advanced control tools. It is
uncommon for a device to exhibit performance drastically
different from its predecessors; as the saying goes, "There
is no need to reinvent the wheel."

Different researchers and manufacturers propose various
methodologies tailored to specific requirements in machine
design. Initially, it is critical to identify and understand two
categories of available machines: fully automated and
semi-automated systems. Some organizations require
entirely manual machines, while others may opt for
semi-automated or  fully automated  solutions.
Manufacturing plants commonly employ a combination of
manual, semi-automated, and fully automated machines
[19].

Significant advancements have been made in the design
of semi-automated machines. For instance, grain
harvesting combines and semi-automated robots for
greenhouse product harvesting have been developed,
including those by Satyam [20]. Additionally, fully
automated devices, often referred to as intelligent robots,
have been introduced for various applications, such as
service robots designed by Makvandi, et al [21] and those
for broccoli harvesting by Antonio [22]. Extensive
research employing deep learning techniques has been
undertaken, notable work by Kakade [23].

The utilization of powerful design software like
SolidWorks and CATIA is indispensable, followed by
evaluation and analysis using ANSYS and MATLAB
Simulink. For example, Salimi's study [24], which focused
on robot design for periodic inspection of power grid
infrastructure, exemplifies this methodology.

In conclusion, diverse mechanisms and processes
undergo optimization or evolution through the collective
efforts of scientists and institutions to achieve varied
objectives. It is crucial to recognize that innovative results
in machine design and processes can arise from systematic
methods that encompass comprehensive analyses and the
integration of advanced technologies. These advancements
not only improve the performance and efficiency of
machines but also contribute to the ongoing development
of engineering practices across various fields.

2. Materials and methods

In this article, we want to present a method that
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incorporates the principles of mathematical counting,
which is a new and complementary technique for work
graph theory. Therefore, considering that each of these
mechanisms is considered an independent variable, and a
machine that consists of several groups of mechanisms is
analyzed, we will have several groups of independent
variables. Together, we will review the principle of
multiplication [25].

The Multiplication Principle (MP): Assume that an
event E can be decomposed into r ordered events Ej, Es, ...,
En and that there are:

n1 ways for the event E; to occur,

n, ways for the event E; to occur,

nr ways for the event Er to occur.
Then, the total number of ways for the event E to occur
is given by:

r
nlxngx---xn,.=Hn.-. (1)

i=1

Example: To reach city D from city A, one has to pass
through city B and then city C (see Fig. 1).

A B@C D

Figure 1. Diagram of different cities ways

If there are 2 ways to travel from A to B, 5 ways from B
to C, and 3 ways from C to D, then by (MP), the number of

ways from A to D via B and C is given by
2>5x3=302>5>3=30.
k k
UA,-|=|A1UA2U---UA;,|=Z[A.-|. )
i=1 | i=1

An equivalent form of [MP] using set-theoretic
terminology, is stated below.
Let
HA.' =A XAy X XA = {(01,02,...,&-) | a; € Aj,i= 1,2,...,1‘} (3)
=1

Denote the Cartesian product of the finite sets, then;
he
i=1

And because we will use the concept of plural in the rest
of the article, we will express it with an example.

The Addition Principle (AP): Assume that there are n;
ways for the event E1 to occur,

n, ways for the event  E; to occur,

r

= A1l x Aol x o x A =TT 14l (a)
=1

nr ways for the event  E, to occur,

Where r > 1. If these ways for the different events to
occur are pairwise disjoint, then the number of ways for at
least one of the events E, E,..., E, to occur is;

nl+ n2+4+--4+ nr=)_;ni (5)

Example 2. One can reach city Q from city P by sea, air
and road. Suppose that there are 2 ways by sea, 3 ways by
air and 2 ways by road (see Figure 2). Then by [AP], the
total number of ways from P to Q by sea, air or road is 2 + 3
+2=7.

Figure 2. All paths between cities P and Q

An equivalent form of [AP],
terminology, is given below.

Let Ay, Ay, ..., A/ be any r finite sets, where r > 1. If the
given sets are pairwise disjoint, i.e., AiNAj=¢ fori, j=1,
2, .., i#], then

Different mechanisms designed for a part of the machine,
regardless of the quality and accuracy of that work, are
independent of each other and are considered independent
variables. Therefore, in relation to other parts and more
clearly; in connection with other mechanisms of a machine,
its exact number can be obtained from the product of the
number of existing mechanisms related to each part of the
machine. As in the mentioned example, if a machine
consists of two main parts and the number of mechanisms
available to perform the work defined for them is 6 and 4
respectively, then this machine can be made in 24
permutations or in other words, 24 different ways.

In some cases, the two events that are supposed to form a
machine are not compatible with each other, and if one
happens, the possibility of the other is not possible, or both
or one of them needs to be changed and adapted. In any
case, the events that are incompatible should be removed
from the above number.

This type of estimation can be generalized for complex
machines consisting of several mechanisms. Therefore, the
interesting result of this discussion reveals itself when a
machine is made of more than two mechanisms. In the
meantime, for a better understanding of the matter, we can
consider a grain harvesting combine, which consists of
parts such as the harvesting head, the material transfer part
inside the combine, the threshing unit, the separation unit,
the cleaning unit, the grain transfer unit, and the tank.

To apply the above method in complex machines, due to
the incompatibility of some mechanisms with each other,
several methods can be used.

The first method in which a machine is based on the
process it performs, its beginning and end are determined
continuously. In the case of the example, the harvester head
is at the beginning of the machine and the transfer unit and
tank are at the end of the machine. Two mechanisms are

using set-theoretic
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examined in relation to each other, and the types of
mechanisms designed for each are examined (by the
number of n, and n, respectively). In the next step, based
on the multiplication principle, the total number of
combinations in which the two mechanisms can be placed
together is obtained as follows (s1=n.>). By subtracting
the incompatible mechanisms from each other, the value s,
is obtained, which is a configuration with specific and
distinct conditions [25].

In the second step, the total number of configurations
that can occur for the second and third mechanisms is
examined, and eventually s,’ is obtained. In this way, all
configurations up to s,;" are calculated, and based on the
addition principle, the total number of possible designs is
calculated as S=si1'+s"+...+sn-1".

The second method involves dividing a machine into
two or a maximum of three main mechanisms; for example,
for the combine, the machine can be divided into
harvesting, separating grains from straw, and transferring.
Each part is examined as an independent set using the
previous method, and after adding, the values s1’, s,’, and sg’
are obtained in turn. Finally, using the multiplication
principle, as with the general method mentioned at the
beginning, the calculation is performed (S=s1'xsy'xs3"). In
dividing the machine into two or a maximum of three main
parts, there may be more than three mechanisms in each
group and one of the two methods above can be utilized for
calculating the number of possible configurations for each
group.

In examining the types of mechanisms designed for each
machine, this part of the machine may be overlooked due
to simplicity or limited number of mechanisms. Ultimately,
after summarizing and making a decision, one of the
compatible, economical, or suitable mechanisms with
work conditions and manufacturing methods is selected.

After obtaining all possible configurations for the design

of a machine, the ultimate goal is to design a unique
machine that has no resemblance or equivalent, and in
terms of quality, it surpasses produced examples.
Therefore, the total number of possible configurations (S)
certainly includes previously designed configurations (D)
that must be omitted (M = S — D). After the methodology of
the number of machines that can be designed by combining
mechanisms where no human has yet considered,
interesting results arise. The final choice among several
combinations of mechanisms that no engineer has yet
attended to is made. The construction of a machine based
on various conditions such as; production capability,
accessible after-sales service for the customer, ease of
machine for remote areas, starting from simple
combinations and later, using more complex versions,
marketability due to the use of a specific mechanism in a
part of the machine, and other conditions determined by the
management team of the machinery complex, are
specified.

Additionally, one of the most comprehensive methods
for feasibility studies is provided by Holger [26], and a
design team can be trained and use it to finally decide and
choose the best combination.

3. Case Study: Design of Feeder Mixer
Machines for Industrial Farms

Considering that the choice of the power supply system
is often customized based on local facilities and other
factors, we will simplify our analysis by focusing on two
additional columns. The information presented in Table 1
has been extracted from various sources of patents related
to this issue (Google Patent) and is articulated in the
following table (Table 2):

Table 1. Different parts of feeder mixer and its types

Row Stirrer inside the tank Ration distribution mechanism power transmission
1 Cylindrical helix Horizontal conveyor PTO power transmission
2 A simple conical helix with a cylindrical axis Inclined conveyor AC Electric power
3 A simple conical helix with jagged edge and a cylindrical axis sweeper DC Electric power
4 A simple conical helix with a conical axis Fixed rate sweeper Engine powered

Helix with modified spiral Variable rate sweeper

6 Conical meshed helix with cylindrical axis Transverse helix
7 Longitudinal cylindrical helix Independent propeller player
8 Longitudinal rod stirrer Centrifugal spreader on a helix
9 No helix [conveyor chain] Independent blade spreader
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Table 2. Various sources of patents for different mechanisms

Agitator mechanism

Inventors or

Ration distribution

Inventors or

Row inside the tank Schematic exploiters mechanism Schematic exploiters
[29];
30];
- . [27]; i [30]
1 Cylindrical helix (28], Horizontal conveyor [31];
’ [32;
[33];
i i i 34]; .
2 A_3|mple (_:om(_:al hel!x [34] Inclined conveyor [36];
with a cylindrical axis [35];
31];
3 [42];
[371;
. [43];
A simple conical helix [38l; [35]:
3 with jagged edge and a [39]; sweeper
cylindrical axis [32]; [44];
[45];
[40];
[31];

[41];
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e 27
5 [34];
" : [46]; [35];
i i i w0 , 3 ' 38];
4 A S|_mple cor_ucal h‘:-t‘|IX . [47]; Fixed rate sweeper [3e]
with a conical axis “ | &l 26 [48];
NENye ol o
] w [32][40];
3B 40 i [ [41];
o o [45]; .
5 Helix Wslth modified [44]; Variable rate [44]
piral sweeper
[32];
i
0]
S e e [31]'
Conical meshed helix ) . B~ e {11 = s = [50];
6 with cylindrical axis [471; Transverse helix e —— [51];
2~
7 [52]Y
- —~——20'
25\’19 7{)
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Table 1 continued

18 1] Tﬁ\a 14| 18 ;
Longitudinal Independent
! cylindrical helix [51] propeller player [37]
i 53];
8 Longitudinal rod stirrer [29] Centrifugal spreader [53]
on a helix [35];
. - - /\ [30];
9 No helix [f:onveyor EEr————— 33]; Independent blade [35]
chain] o spreader
= 52k
22 '
8 24 25 23
o Wy
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Table 2 is a summary of many existing resources that
have been registered by different inventors, illustrating
efforts to optimize current systems and add precise control
to these machines. This table aims to categorize and
explain the mechanisms based on the subject matter and
available information.

It should be noted that the names of each mechanism are
designated according to the type and working method of
that mechanism; however, researchers or inventors may
not have consistently used these specific terms.

The following table clearly expresses the combination of
the stirring mechanism inside the tank(horizontal) and the
ration distribution mechanism (vertical) for the existing
systems, marked with the (v/) symbol. Empty areas
indicate that such a combination of the two systems has not
yet been developed. Areas marked with the (®) symbol
indicate that these combinations are incompatible due to
their operational nature and cannot coexist.

Following the summarization in Table 2, we now turn to
Table 3, which outlines additional characteristics of the
various mechanisms employed in feeder mixers. This table
will provide further insights into the advantages and
disadvantages of each combination, helping manufacturers
and researchers evaluate the most suitable options for their
specific needs.

According to Table 3, which is the result of examining
various sources, it is clear that out of the 9>9=81 potential
combinations of mechanisms, only 24 combinations have
been created so far. Additionally, there are 14
combinations that cannot be combined with each other due
to the operational nature of each component. In other
words, these combinations are incompatible.

Thus, the number of combinations where no action has
been taken yet is equal to:

81-(24+14) =4381—(24+14) =43

This calculation highlights that there remains significant
room for innovation in these combinations. Moving
forward, we aim to explore and identify viable
combinations of two parts of the feeder mixer device,
focusing on the most popular mechanisms derived from
those most frequently repeated in Table 3. The goal is to
provide a suitable summary of the 43 combinations and
suggest them to designers interested in this field.

Sometimes, by combining two mechanisms or choosing
one of them, each of which pursues a more complete goal,
the circle of choice can be made smaller. Here, the
selection circle is narrowed by the combination of the
longitudinal rod stirrer and the longitudinal cylindrical
helix, which is more popular than the separate form of each.
Additionally, choosing one of the simple conical helices
with multiple blades and a cylindrical or conical axis,
which respectively serve the purposes of mixing and
shredding, helps streamline the decision-making process.

By equipping the conical axis helix with jagged edges,
the cutting operation can be performed with greater
reliability and less wear and tear. Consequently, the
selection and decision-making range for creating a new
system has become smaller. From now on, the selection
range will increase from 43 to 10 combinations (Table 4),
making decisions easier and more aligned with preferences
or based on existing conditions such as workshop facilities,
the popularity of certain types of mechanisms in a region,
the type of drive system available, economic efficiency,
etc.
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Table 3. Combination of the stirring mechanism inside the tank [horizontal] and the ration distribution mechanism [vertical]

Agitator mechanism inside the tank | Cylindrical | A simple conical | A simple conical | A simple conical helix Helix with Conical meshed | Longitudinal | Longitudinal | No helix
. . . helix helix with a helix with a with jagged edge and modified helix with cylindrical rod stirrer [conveyor
Ration distribution mechanism cylindrical axis conical axis a cylindrical axis spiral cylindrical axis helix chain]
Horizontal conveyor \/ v S v ) v
Inclined conveyor v
sweeper v ¢ ¢ ¢
Fixed rate sweeper N v N ) ¢
Variable rate sweeper J ] ¢
Transverse helix J v V
Independent propeller player N N
Centrifugal spreader on a helix \/ v o ) ¢ ¢
Independent blade spreader J

Table 4. Decision to choose the right combination

Agitator mechanism inside the tank

Helix with modified helix

Ration distribution mechanism

A simple conical helix with a
cylindrical axis

A simple conical helix with jagged
edge and a cylindrical or conical axis

Combination of rod stirrer and
longitudinal cylindrical helix

Horizontal conveyor N
Fixed rate sweeper v o
Horizontal conveyor N

Independent propeller player

Independent blade spreader
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4. Conclusions

In this study, we examined the mechanisms involved in
the optimization of manufacturing processes and identified
several key factors that contribute to increased efficiency
and output. Our findings suggest that the integration of
advanced technologies and systematic analysis can
significantly enhance productivity in this sector. However,
it is important to acknowledge that our research faced
limitations, including a limited sample size and the scope
of machinery analyzed, which may affect the
generalizability of the results.

We recommend that future research explore the
application of emerging technologies, such as Al and
machine learning, in various manufacturing environments
to further validate our findings. Ultimately, our study
emphasizes the importance of continuous innovation and
adaptation in engineering design processes, underscoring
the need for ongoing research to address the evolving
challenges in the industry.
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