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Abstract 

A gearing system design completely depends on the designer’s skills and experiences because there is no theory or method 
to standardize the design process. In this paper, a gearing forest automaton is presented to implement automatic 
formation of design schemes from the original data without any human intervention. Firstly, a gearing tree is defined to 
describe a gearing system, and a two-shaft connection by M-transmission shafts (M ≥ 0) and an N-shaft connection by a 
transmission shaft (N ≥ 3), which can iteratively be combined into any gearing system, are denoted with data structure and 
automatically achieved. Secondly, the connection methods are both the input alphabet and transition functions of the 
gearing forest automaton. The start state comprises the original data and the accept state outputs the design schemes. 
Therefore, an entire design process becomes the construction and running of the automaton. The automaton is optimized 
to increase efficiency. Finally, according to this automaton, a computer program has been developed, and it is validated 
through three examples in which design quality is significantly improved. 
Keywords: Gearing system design, Gearing tree, Gearing forest, Gearing forest automaton 

 

 

 

1 Introduction  
A gearing system diverts power from a single input shaft 

to multiple output shafts, as shown in Figure 1. It is a key 

part of many machines, such as a modular machine tool 

that is the most popular in mass-machining box parts of 

vehicles as it can increase production efficiency by 
multiple times or even by tens of times compared to a 

general machine tool. A major task in the design phase is 

when a designer connects all output shafts to an input 

shaft by adding new transmission shafts. The design 

method changes almost nothing from past [1] to present 

[2]: 

 

1. Artificially specify a local layout by experience.  

2. Compute the parameters, such as gears and shafts.   

3. Draw the connection. 

4. Improve the connection by trial and error. 

5. If success, take the connection regard as a shaft. 

6. Repeat the above steps until the connection 

becomes a gearing system. 

 

Gear teeth must be integers and lie within a practical 

range, while their combinations must satisfy any gear 

ratio constraints and any center distance constraints of a 

gear system. Designing a gear system is basically a 

straightforward but highly repetitive exercise which has 
no unique solution. It is extremely difficult to ensure that 
every fuzzy experiential decision is correct, even optimal.  
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Therefore, often the transmitting component load 

increases too large and the gear ratio tolerance decreases 

too much as a gearing system design proceeds. 

Consequentially, some designs have to be redone because 

the strength is insufficient, the gear ratio requirements 

are not met, or interferences occur, which leads to low 

efficiency and unreasonable design schemes. Experience 

and familiarity are much more important qualities than 

mathematical or drafting skills. Over the past 50 years, it 

has been the significant object of research to improve 

such a situation by the design schemes which are 

automatically generated by a computer program.  

 

1.1 development in automating a local gearing system  

design 

To address a general algorithm, it is necessary to classify 

the gearing systems into certain types. Various shaft 

connections are reduced to nine types early in 1973 [3], 

and the reduction is improved [4],[5]. In addition, the 

special computer programs that automatically calculate 
the shaft coordinates according to the types after the 

gears are determined, have been developed. A type 

setting up the intermediate shaft gears as single gears and 

double gears, has been focused [6]. Except of the shaft 

coordinate calculation, an automated gear design is taken 

into consideration independently [7] or in a way in which 

the gear is connected to an automated entity by a decision 

structure [8]. Shafts and gears can be automatically 

designed and optimized after the connection forms are 
specified [9], [10]. After the local parameters are input, a 

program can check interferences [11], gear ratios and 

strengths [12], [13], and can produce a segmented 

graphical solution that is able to be further modified [14]. 

In recent years, an intelligent design has become a 
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research hotspot of some Chinese graduate students [15 

-17]. As assembly-level geometric errors such as backlash, 

center distance errors and shaft misalignments may 

adversely affect the operation of a gearing system, the 

tolerance is analyzed using static analogy [18]. However, 

a local design, a multiple solution structure, is not able to 

be automated when it is not described with a data 

structure. 

Some special gearing systems have been automatically 

designed, such as a coaxial, input/output shaft, double 

speed reduction gear system [19], a manual gearing 

system of a tractor [20], and simple output gearing 

systems [21], [22]. However, it is not possible to extend 

the methods used in designing the invariable structure 

forms to a general case. A design process is automated by 

integrating the dimensional design and the configuration 

design processes in a formalized algorithm [23]. But it is 

impossible to formalize a complicated gearing system. 

It is worth noting that design optimization is a challenge. 

Although genetic algorithms [24], a graph theory [25], and 

object parameter methods [26] have been successfully 

applied to optimize local designs, some constraints, such 

as interferences and insufficient strengths, which are seen 

everywhere, don't be given enough attentions. In addition, 

a local solution, sometimes, is optimal when viewed 

within a local perspective, but is a disaster from a global 

perspective because of interferes, gear ratio constraints, 

and etc.    

 

1.2 Development in automating a gearing system design 

from local to global 

Early in 1970s, it is proposed that a gearing system is 

described with a small gearing tree based on graph theory 

[27] and is established with gearing tree graphics from the 

tips [28]. A key item specializing in the theories and 

methods for the computer aided design of a gearing 

system in the Chinese machinery industry, takes 100 

person-years, and develops a program that processes the 

production technological parameters into design data, 

draws the design, and checks the strength and the 

interference [29], [30]. The item is known as the first step 

to an automatic design [31]. But persistent research 

seems to have been thrown.   

To avoid the empirical decision-making of local layouts, 

a model by which the layouts are directly obtained, is 

investigated. An expansion method that finds positions of 

the packing items by placing expansion and repulsion 

operations among the packing items, is proposed [32], 

[33]. The interference measurement between different 

meshing gears is regarded as their index of dissimilarity, 

and then a cluster analysis algorithm is employed [34]. 

However, the two models all are too rough. The authors 

consider these works are a contribution to the progress of 

this field and not suit for practicing in engineering 

practices.  

 

1.3 Methods used in designing automated systems 

A gearing system is a topological structure. Research on 

an automatic structural design can date back to early 1980 

when a computer software which automatically designs 

steel pitched-roof portal frame buildings was developed 

using the methods used in manual design [35]. Various 
technologies for carrying out inferences on an automatic 
gearing design have been widely studied to achieve a 
variety of automatic structural design systems, such as a 
CAD-based methodology in the automated modular 
fixture design system [36], a suitable CAD modeling 
approach of the compound die assembly in an automated 
design system for compound washer dies [37], a 3D 
geometric modeling method by means of the API function 
of the CAD system in the automated design system of 
model sets [38], and a building information modeling 
method focused on pre-engineered building as a case 
study in the automated modelling system to facilitate 
integrated structural design and wind engineering analysis 
[39]. 

Early in 1994, a cellular automaton (CA) is first 
presented to automate the structural design since it can 
simulate the behavior of dynamic systems and can 
generate a clear framed structure for a mechanical 
condition [40]. Using the concept of a CA, a design domain 
is divided into small square cells and then the thicknesses 
of the individual cells are taken as the design variables [41]. 
In-plane response of composite laminae has been 
improved within the context of structural design using 
CA’s iterative numerical techniques that use local rules to 
update both field and design variables to satisfy 
equilibrium and optimality conditions [42]. A CA tries to 
be translated into a specific design tool from a generic 
system in architectural design [43]. 

However, although the above researches focused on 
the problem-solving technologies for an automated 
structural design, a situation in which adding new 
parameters are prerequisite when an old state becomes 
into a new state, is ignored. Although an approach can 

automatically add new features to the model and 

subsequently allow the use of the newly added 

parameters, along with the existing parameters, the new 

parameters are wholly dependent on the existing ones 

[44].  

To the author knowledge, all efforts to date have not 

resulted in a determination of methods to automate the 

entire design process of the gearing system.    

This paper focuses on automating an entire design 
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process by the automation of a local design and extending 

the automation from local to global using a gearing forest 

automaton. Firstly, local shaft connections are classified 

into two types that are a two-shaft connection by M-

transmission shafts (M ≥ 0) and an N-shaft connection by 

a transmission shaft (N ≥ 3), and the connection solutions 

are automatically generated as a gearing tree is defined 

to describe a gear system. Secondly, a gearing forest 

automaton is devised to iteratively realize an automatic 

design from local to global, and optimized to improve 

efficiency. Finally, according to this automaton, we have 

developed a program that automatically creates design 

schemes for a gearing system without human 

intervention as soon as the original data are inputted. 

 

 

 

2 A two-shaft connection by M-transmission 

shafts (M ≥ 0) and an N-shaft connection by 

a transmission shaft (N ≥ 3)  

A gearing system can be achieved by recursively using the 

two connections that are a two-shaft connection by M-

transmission shafts (M ≥ 0) and an N-shaft connection by 

a transmission shaft (N ≥ 3). In this section, we review the 

two connections. Note that an output shaft does not drive 

other shafts. 

 

2.1 A two-shaft connection by M-transmission shafts (M 

≥ 0) 
A two-shaft connection by M-transmission shafts is one in 

which two local designs are assembled into a new local 

design by adding M intermediate transmission shafts, as 

shown in Figure 2. Of course, it is possible that there is 

only a single shaft in a local design. 

The blue, green, gold, and red circles indicate the gears 

at columns I, II, III, and IV, respectively, the crosses denote 

the positions of the shafts, and the Arabic numerals are 

the shaft sequence numbers. Note that the input shaft 

gear is at the column IV, as shown in Figure 1. For 

narrative convenience, the Arabic numeral 0 especially 

indicates an input shaft.  

In Figure 2(a), two local designs respectively comprise 

shafts 1-7, 12, 13 and shafts 8-10, 14. Figure 2(b) is a new 

assembled design, where shaft 15 is a new added 

intermediate transmission shaft. Shafts 1-10 are output 

shafts and others are transmission shafts. There is not an 

input shaft. Shafts 11, 14, and 15 are connective shafts. 

Three red circles are connective gears. 

 

 

 

2.2 An N-shaft connection by one transmission shaft (N 

≥ 3)  

An N-shaft connection by one transmission shaft is one in 

which N local designs are assembled into a new local 

design by adding one transmission shaft. In Figure 3, three 

shafts 12-14, respectively from three local designs, 

connect together by the new shaft 15, where shaft 0 is an 

input shaft, shafts 1-11 are output shafts, and shafts 12-

15 are transmission shafts.   

  

3 Automatic generation of a local design 

It is necessary that a gearing system is represented in a 

data structure to automate the design. it is abstracted as 

a tree, which is called a gearing tree.  

 

Definition 3.1 Assume that 𝑆0, 𝑆1, and 𝑆2, respectively, 

denote the sets of input shafts, output shafts and 

transmission shafts. A gearing tree is inductively defined 

as follows:  

(1) Every 𝑡 ∈ 𝑆0 ∪ 𝑆1 is a gearing tree. 

(2) If 𝑡𝑖 (𝑖 = 0, 1,⋯ , 𝐿) is a gearing tree and the root 

of 𝑡0 belongs to 𝑆0, 𝑡 (𝑡1, 𝑡2, ⋯ , 𝑡𝐿) (𝑡 ∈ 𝑆0 ∪ 𝑆2) and 𝑡0(𝑡1, 𝑡2, ⋯ , 𝑡,⋯ , 𝑡𝐿−1)  ( 𝑡 ∈ 𝑆1 ∪ 𝑆2 ) is a gearing tree 

when the kinematic and dynamic requirements are met. 
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A shaft, a node of a gearing tree, is defined in Table 1. 

From Definition 3.1, an input shaft is always a root, an 

output shaft is always a leaf, and a transmission shaft that 

needs to be specially designed cannot be a leaf. By 

transmission shaft nodes, power diverts from a parent to 

its children, and conversely, load reacts from children to 

their parent. The design object is to construct a gearing 

tree in which the root is an input shaft, and the leaves 

contain all output shafts.  

 

 

 

Table 1 Definition of a gearing shaft 

Algorithm 1 Defining a shaft 

class Shaft 

{ 

Define a Shaft pointer variable to point to the father of the Shaft   

Define a shaft variable Shaft that contains a shaft and 5 bushings 

Define a gear variable Gear [1…K], where Gear[i] (i = 1, …, K)  

corresponds to columns I, II, …, K       

   Define a bearing variable Bearing 

   Define a construction function Shaft (p, s, g, b), where p is a Shaft  

pointer, s is a Shaft, g is a Gear, and b is a Bearing 

Define a function to judge whether the Shaft is an output shaft 

Define a function to judge whether the Shaft is an input shaft 

Define a function to check the strength  

Define a function to check the speed 

Define a function to check the interference   

} 

 

3.1 A data structure of a two-shaft connection by M-

transmission shafts (M ≥ 0) 
A two-shaft connection by M-transmission shafts (M ≥ 0) 

has been discussed in Section 2.1. The connective method 

can be denoted as follows:  

𝐹(𝑀): { ( 𝑡0, 𝑡1)  →  𝑡0 (𝑡2, ⋯ 𝑡𝑀 + 1, 𝑡1)(𝑡1, 𝑡2)  →  𝑡0 (⋯ 𝑡1, ⋯ 𝑡𝑀 + 2, ⋯ 𝑡2, ⋯ )(𝑡1, 𝑡2)  →  𝑡𝑘  (⋯ 𝑡1, ⋯ 𝑡𝑀 + 2, ⋯ 𝑡2, ⋯ )       (1)            

where 𝑘 ∈ [1,𝑀 + 2], 𝐹(𝑀) is the connection method 

and 𝑡𝑖 (𝑖 = 0, 1, ⋯ ,𝑀 + 2)  is a gearing tree. If 𝑡0  is 

contained, two gearing trees are assembled into one new 

gearing tree. Otherwise, new trees have 𝐾𝑡  types 

because every transmission shaft may be a root:   

 𝐾𝑡 =∑ 𝑇𝑁𝑜𝑑𝑒𝑠(𝑡𝑖2𝑖=1 ) + 𝑀                 (2)             

 

where 𝑇𝑁𝑜𝑑𝑒𝑠( 𝑡𝑖 )  is the number of transmission 

shafts in gearing tree  𝑡𝑖. 
   

Example 3.1 Consider the data structure in Figure 2(b). 

From (2), new gearing trees are able to have five types, as 

shown in Figure 4. 

 

  
 

 

3.2 An N-gearing tree connection by one transmission 

shaft (N ≥ 3) 
An N-gearing tree connection by one transmission shaft 

(N ≥ 3) can be denoted as follows:  
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𝐺(𝑁): { 
  (𝑡0, 𝑡1, ⋯ , 𝑡𝑁−1)  →  𝑡0 ( ⋯  𝑡𝑁 ( 𝑡1, ⋯ , 𝑡𝑁−1, ⋯ ))( 𝑡1, 𝑡2, ⋯ , 𝑡𝑁 )  → 𝑡0 (⋯ 𝑡𝑁 + 1, 𝑡1, ⋯ , 𝑡𝑁 , ⋯ ) ( 𝑡1, 𝑡2, ⋯ , 𝑡𝑁 )  → { 𝑡𝑁+1 (𝑡1, 𝑡2, ⋯ , 𝑡𝑁) 𝑡𝑘 (⋯ 𝑡𝑁 + 1, 𝑡1, ⋯ , 𝑡𝑁 , ⋯ )                                 

(3) 

 

where 𝐺(𝑁)  is the connection method, 𝑡𝑖 (𝑖 = 0, 1,⋯ ,𝑁 + 1) is a gearing tree and the root is an input shaft 

when and only when 𝑖 = 0 . If gearing tree 𝑡0  is 

contained, new gearing tree has only one type, otherwise, 

has 𝐾𝑡 types because every transmission shaft may be a 

root: 

 𝐾𝑡 =∑ 𝑇𝑜𝑑𝑒𝑠(𝑡𝑖𝑁𝑖=1 ) + 1                    (4) 

 

where 𝑇𝑁𝑜𝑑𝑒𝑠 ( 𝑡𝑖 )  is the number of transmission 

shafts in gearing tree  𝑡𝑖. 
 

Example 3.2 Consider the data structure in Figure 3(b). 

Because an input shaft 0 is contained, new gearing tree 

has only one, as shown in Figure 5. 

 

 

 

Every 𝐹(𝑖) (𝑖 = 1, 2,⋯ ) or 𝐺(𝑖) (𝑖 = 1, 2,⋯ ) 
responds a local layout. Connective gears can be obtained 

by available gear traversal. Thus, new transmission shafts 

can be automatically generated. Of course, the traversals 

of the teeth and modules of gears and the determinations 

of the positions of new connection shafts generate a lot 

of data. To increase efficiency, some data have to be 

removed. In other hand, the connective methods also 

lead to as a rise in the transmitting component loads and 

a decline in the gear ratio tolerances as the conventional. 

 

4 Automation of the design process  

A gearing system design is an iterative process from local 

to global. We describe the process using a gearing forest 

automaton while the state data are denoted with a 

gearing forest that is defined as follows. 

 

Definition 4.1 Assume that 𝑡𝑖 ( 𝑖 = 1, 2,⋯ , 𝐿)  is a 

gearing tree. A gearing forest is a set of 𝑡1, 𝑡2, ⋯ , 𝑡𝐿  if 

there is no interference in the set. It is denoted by  

 (𝑡1, 𝑡2, … , 𝑡𝐿).                                          

 

A gearing forest is a data structure that reflects what 

degree the design has proceeded to. 

 

Definition 4.2 A gearing forest automaton is a 5-tuple: 

 𝐴 = (𝑄, 𝛴, 𝛿, 𝑄0, 𝑄𝐾)                     (5)             

 

where 𝐾 is the number of output shafts, 𝑄 is a set of 𝐾 +  1  states, 𝛴 = {𝐹(0), 𝐹(1),⋯𝐹(𝑀), 𝐺(3),𝐺(4),⋯ , 𝐺(𝑁)}  (Section 3) is the input alphabet, 𝛿 =𝑄 ×  𝛴 →  2𝑄∗  is a set of transition functions, 𝑄0 = { (𝑡0, 𝑡1, … , 𝑡𝐾) }  ∈ 𝑄  (𝑡0  is an input shaft and 𝑡𝑖 (𝑖 =1, 2,⋯ , 𝐾) is the output shaft) is the start state, 𝑄𝐾 ∈ 𝑄 

is the accept state, and 𝑄𝑖  ∈ 𝑄 (𝑖 = 0, 1,⋯ , 𝐾) is a set 

of gearing forests that all have K + 1 - i gearing trees.  

From Definition 4.2, the gearing forests in a state have 

the same number of gearing trees. Moreover, the higher 

the state is, the fewer the gearing tree number of a forest. 

Thus, connections proceed toward the successful 

direction when a gearing forest automaton runs. In the 

accept state, every gearing forest has only one gearing 

tree that is a design scheme.  

 

4.1 Implementation of an automatic process 

A program has been developed based on a gearing forest 

automaton, and its source code is more than 100,000 

lines. The flowchart is shown in Figure 6. As long as the 

basic parameters of the input shaft and output shafts are 

inputted, the program automatically generates the design 

schemes, produces the gearing system drawings, displays 

the gearing system data, and saves all data to an output 

file, such as an SQL database or an Excel spreadsheet. An 

input data interface is shown as Figure 7. 

 

4.2 Optimization  

When there are many output shafts, design process is a 

fussy work needing a lot of calculations as a gearing 

system design is a non-deterministic polynomial hard [32]. 

In order to reduce time consuming of computation, after 

the automaton runs in a state, the newly generated 

gearing forests along with the existing gearing forests are 

optimized into a higher available state. The number of the 

gearing trees in a gearing forest, which stands for the 

height of a state, is considered as an optimal objective. A 

minimum number of the transmission shafts is as another 

optimal objective. Assume that {𝑡1, 𝑡2, … , 𝑡𝐿} is a gearing 

forest that is composed of the gearing trees in the existing  
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and newly generated gearing forests. The optimization 

problem is written as 

 

arg min (∑  𝐶𝑖 · 𝑇𝑁𝑜𝑑𝑒𝑠(𝑡𝑖), ∑  𝐶𝑖) 𝐿 𝑖=1   𝐿 𝑖=1 ,                       ⋃ 𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒(𝑡𝑖 , 𝑡𝑗) = 𝑓𝑎𝑙𝑠𝑒, 𝑖, 𝑗 = 0,1, … , 𝐿𝐿𝑖≠𝑗, 𝐶𝑖≠0, 𝐶𝑗=0 ,  ∑ 𝐶𝑖 ·  𝑃𝑢𝑡𝑁𝑜𝑑𝑒𝑠(𝑡𝑖) = 𝑠𝑢𝑚𝑂𝑢𝑡𝑝𝑢𝑡𝑁𝑜𝑑𝑒𝑠 +𝐿𝑖=1  1, 𝐶𝑖  ∈ {0, 1}, 
                                            (6) 

 

where 𝑇𝑁𝑜𝑑𝑒𝑠 ( 𝑡𝑖 )  is a function that computes the 
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number of the transmission nodes in the gearing tree  𝑡𝑖,  𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒 (𝑡𝑖 , 𝑡𝑗) is a function that judges whether the 

gearing tree 𝑡𝑖  interferes with the gearing tree 𝑡𝑗 , 𝑃𝑢𝑡𝑁𝑜𝑑𝑒𝑠(𝑡𝑖) is a function that computes the sum of the 

input nodes and the output nodes in the gearing tree  𝑡𝑖, 
sumOutputNodes is the number of the output shafts. 

Note that a gearing tree at most has one input node. The 

constraint condition, ⋃ 𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒(𝑡𝑖 , 𝑡𝑗) = 𝑓𝑎𝑙𝑠𝑒, 𝑖, 𝑗 = 0,1, … , 𝐿𝐿𝑖≠𝑗, 𝐶𝑖≠0, 𝐶𝑗=0 ,   

denotes that there is no interference in the gearing trees, 

so that ⋃ 𝐶𝑖 · 𝑡𝑖 (𝐶𝑖 = 1)𝐿𝑖=1  is a gearing forest. The 

constraint condition ∑ 𝐶𝑖 ·  𝑃𝑢𝑡𝑁𝑜𝑑𝑒𝑠(𝑡𝑖) =𝐿𝑖=1𝑠𝑢𝑚𝑂𝑢𝑡𝑝𝑢𝑡𝑁𝑜𝑑𝑒𝑠 +  1  ensures the gearing forest 

belongs to a state of the gearing forest automaton. 

The optimization procedure is outlined below. Assume 

that M is an L × L matrix that denotes interferences 

between two trees. If a gearing tree 𝑡𝑖 interferes with a  

Gearing tree 𝑡𝑗 , 𝑀 [𝑖, 𝑗] = 1, 𝑖 ≠ 𝑗, 𝑖, 𝑗 = 1, 2,⋯ , 𝐿 , 

otherwise, 𝑀 [𝑖, 𝑗] = 0. The diagonal element 𝑀 [𝑖, 𝑖] =𝑃𝑢𝑡𝑁𝑜𝑑𝑒𝑠(𝑡𝑗), 𝑖 = 1, 2,⋯ , 𝐿 . If (𝑡𝑖1 , 𝑡𝑖2 , ⋯ , 𝑡𝑖𝑀) is a 

minimum combination of (𝑡1, 𝑡2, … , 𝑡𝐿), and satisfies 

 𝐶𝑖 = 1, 𝑖 = 𝑖1, 𝑖2, ⋯ , 𝑖𝑀 , 𝑀[𝑖, 𝑗] = 0, 𝑖 ≠ 𝑗, 𝑖, 𝑗 = 𝑖1, 𝑖2, ⋯ , 𝑖𝑀 , ∑  𝑀[𝑖𝑖 , 𝑖𝑖]  = 𝑠𝑢𝑚𝑂𝑢𝑡𝑜𝑝𝑢𝑡𝑁𝑜𝑑𝑒𝑠 +𝑀𝑖=1  1,  

 

(𝑡𝑖1 , 𝑡𝑖2 , ⋯ , 𝑡𝑖𝑀) is an optimal solution. Note that M is a 

large sparse matrix and is very suitable to be describe by 

a generics, a data structure. 

It is possible that the best design schemes are omitted 

although the probability is low. But the optimization saves 

an enormous amount of time and can perform a 

complicated gearing system design. It is apparently a 

qualitative leap, compared with a traditional design in 

which there is only a design scheme.   

The flowchart of the optimization process is achieved 

when s  ←ss + 1 of Figure 6 is replaced by Figure 8. 𝑆ℎ𝑎𝑓𝑡𝑇𝑟𝑒𝑒𝑆𝑒𝑡(𝑄)  is a function that extracts all shaft 

trees of all states. 𝐶𝑜𝑚𝑏𝑖𝑛𝑒(𝑡𝑟𝑒𝑒𝑆𝑒𝑡,𝑚 ) gets all 

combinations of m elements. 𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑒(𝑓𝑜𝑟𝑒𝑠𝑡𝑆𝑒𝑡 ) 

reserves the combinations that have sumOutputNodes + 

1 output shafts and constitute shaft forests.  

 

5.3 Examples and discussions  

A gearing system has three typical structures: 

1. Multi-output shafts are on a circle. 

2. Multi-output shafts are in a straight line. 

3. Multi-transmission shafts are on a circle.   

 

Example 5.1 This example is a classic one from a design 

handbook [1]. There are 23 output shafts, and the original 

datum drawing is shown in Figure 9(a). 

(1) Construction of the gearing forest automaton  

Assume that 0 represents an input node and 𝑖 (𝑖 = 1, 2,⋯ , 23) represents output node. A gearing forest 

automaton is defined as follows: 

 𝐴 = (𝑄, 𝛴, 𝛿, 𝑄0, 𝑄23). 
 

Automaton 𝐴 has 24 states denoted by 𝑄0, 𝑄1, ⋯ , 𝑄23. 

A gearing forest has 24 −  𝑖 gearing trees in the 𝑄𝑖 (𝑖 =0, 1,⋯ , 23) state, where 𝑄0 is the start state and 𝑄23 

is the accept state.  

 

 

 

(2) Running of the gearing forest automaton 

The start state 𝑄0 = { ( 0, 1, 2,⋯ , 23 )} is composed 

of an input node and all the output nodes, as shown in 
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Table 2 Gearing system data (Figure 9(b)) 

    A gear is denoted by (teeth, module, modification), or by (teeth, module) (modification = 0) 

No Gear(Ⅰ) Gear(Ⅱ) Gear(Ⅲ) Gear(Ⅳ) (X, Y) Speed  Diameter Torch 

0    (24,3, -0.071) (450,170) 720 20 13283 

1 (23,2)    (-13.457,188.885) 510 15 248 

2 (23,2)    (60.543,114.885) 510 15 248 

3 (23,2)    (134.543,188.885) 510 15 248 

4 (23,2)    (60.543,262.885) 510 15 248 

5  (25,3)   (206.639,197.717) 340 20 1013 

6  (25,3)   (95.27,309.086) 340 20 1013 

7  (25,3)   (95.27,390.614) 340 20 1013 

8  (25,3)   (187.13,495.361) 340 20 1013 

9  (25,3)   (307.676,495.361) 340 20 1013 

10  (25,3)   (399.536,390.614) 340 20 1013 

11  (25,3)   (288.167,197.717) 340 20 1013 

12  (22,2)   (585,390) 340 20 1013 

13  (22,2)   (665,460) 340 20 1013 

14  (22,2)   (685,400) 340 20 1013 

15 (24,2)    (802,410) 340 20 1013 

16 (24,2)    (857,410) 340 20 1013 

17  (20,3)   (759,380) 300 30 2716 

18  (20,3)   (900,380) 300 30 2716 

19  (25,3)   (878,266) 245 30 4067 

20  (20,3)   (759,170) 300 30 2716 

21  (20,3)   (900,170) 300 30 2716 

22 (24,2)    (802,140) 340 20 1013 

23 (24,2)    (857,140) 340 20 1013 

24   (37,3,0.132) (80,3, -0.381) (422.065,322.103) 216 20 44276 

25  (80,3) (80,3,0.319)  (247.403,349.85) 100 25 27818 

26  (33,2, -0.255)  (75,3, -0.19) (632.903,415.968) 230 15 29447 

27   (25,3)  (118.423,257.804) 320 15 1602 

28  (25,3)  (70,3, -0.175) (797.099,275) 247 25 23229 

29 (52,2, -0.5)  (35,3)  (60.543,188.885) 228 15 2243 

30 (41,2, -0.342) (31,3, -0.197)   (829.5,351.859) 199 15 11881 

31 (41,2, -0.342) (31,3, -0.197)   (829.5,198.141) 199 15 16924 

 

 

Figure 9(a). Figure 10 is a state transition diagram for 

creating the design scheme in Figure 9(b), and Figure 11 is 

an optimal state transition diagram.  

(3) Design scheme analysis 

The design scheme of Figure 9(b) is created by the 

program, which has 8 transmission shafts, 39 gears and 17 

kinds of gears. The number of transmission shafts, the 

most important optimization criterion [1], [2], is reduced 

by 27% than the design handbook, from 11 to 8. The data 

are shown in Table 2. There are five connections of case 1: 

(i)  𝐺(7): 25(5, 6, 7, 8, 9, 10, 11). 

(ii)  𝐺(5): 31(19, 20, 21, 22, 23). 

(iii)  𝐺(4): 29(1, 2, 3, 4). 

(iv)  𝐺(4): 30(15, 16, 17, 18).  

(v)  𝐺(3): 26(12, 13, 14). 

In addition, there are two connections of case 3: 

(i) 𝐺(3): 26(12, 13, 14, 28(30(15, 16, 17, 18), 31(19, 20, 

21, 22, 23))). Note that shaft 26 is the root of this tree, and 
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the trees whose roots are shafts 28, 30 and 31, are not 

used in the design.  

(ii) 𝐺(3): 0(24(25(5, 6, 7, 8, 9, 10, 11, 27(29(1, 2, 3, 4))), 

26(12, 13, 14, 28(30(15, 16, 17, 18), 31(19, 20, 21, 22, 

23))))). Note that shaft 24 is a new added transmission 

shaft. 

 

 

 

 

Example 5.2 The example is one of case 2, from an engine 

works. There are 26 output shafts. 

Figure 12 (a) is the original datum drawing, and Figure 

12 (b) is a design scheme that is created by the automaton. 

The transmission shafts are reduced by 50% than the 

engineer’s scheme that is generated by using the BOXCAD, 

a current software tool of designing a gearing system, 

from 26 to 13. 

There are four lines: 

(i) 1, 3, 5, 7, 9, 11, 13. 

(ii) 2, 4, 6, 8, 10, 12. 

(iii) 14, 16, 18, 20, 22, 24, 26. 

(iv) 15, 17, 19, 21, 23, 25. 

 

Example 5.3 The example is from the rear bridge of a 

vehicle in a plant, and is a very complicated one. There are 

40 output shafts, and the original datum drawing is shown 

in Figure 13(a).   

Figure 13(b) and Figure 13(c) show two gearing system 

design schemes that are automatically created by the 

program. Compared with engineer’s design scheme, the 
transmission shafts are all reduced by 43% from 28 to 16.   

 

 

 

In Figure 13(b), there is a connection in which 7 trees of  

multiple nodes are assembled into a new tree by a new 

added shaft 50:  

 

49(27, 29, 31, 50(51(18, 19, 35), 52(20, 37), 53(21, 23, 25, 

36, 38), 54(22, 24, 26, 39), 55(28, 30, 32), 56(33, 34, 40))),  

 

which is hardly imaginable if an artificial design is used.  
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It is a basic design principle that one transmission shaft 

drives as more output shafts as possible [1], [2]. Three 

local designs, shown in Figure 14, are optimal because one 

transmission shaft drives 6 output shafts that are the most. 

However, they are not optimal if we look at the whole 

picture as they don’t appear in the optimized solutions in 

Figure 13. Analogously, although shaft 50 in Figure 13(b) 

drives the more shafts than shaft 48 in Figure 13(c), two 

solutions use the equal transmission shafts, even the 

equal gears. Therefore, the design principle needs to be 

investigated. 

 

 

 

 

6 Conclusions 
The paper proposed a gearing forest automaton as an 

automatic design tool to automatically create the design 

schemes for a gearing system. The principal aim of the 

presented work is to transform a conventional design way 

into a new one in which multiple local designs are 

automatically assembled together without artificial 

intervention until the solutions appear. For automation, it 

is crucial that a design process is described by data 

structure.  

A program for realizing the automaton has been 

developed, and is validated. Compared with the 

traditional methods, the program design not only 

significantly decreases the designer’s workload and 
avoids design errors as desired but also, more importantly, 

greatly improves the design quality. In addition, a 

traditional design guideline that one shaft directly 

connects as more shafts as possible, is challenged.  
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