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Abstract 

 

Public transport vehicles require cyclic loading in their mechanical systems, 

which generally leads to the implementation of short-term maintenance plans and 

compels their manufacturers or owners to pay high monetary costs. One of these 
systems is the door opening and closing mechanism. High forces tend to be applied 
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for this mechanism, causing problems in its components and, hence, malfunction 

in a shorter period of time. This paper shows the redesign of a door opening and 

closing mechanism in which an optimization process is implemented based on 

genetic algorithms; the objective variable being the improvement of the 

mechanism’s transmission angle. In this document, a comparative kinetostatic 

analysis of both the original and the redesigned mechanisms is carried out through 

a multi-body dynamics simulation. The results found in the simulation point out 

that the reactions of the proposed mechanism are reduced. In the experimental part 

of this work, a prototype of the designed mechanism was built and subjected to 

cyclic closing and opening operations. The results of this practice confirmed the 

advantages of the designed mechanism. 

 

Keywords: Genetic Algorithm, Design of mechanism, Transmission angle 

 

 

1 Introduction 
 

Components that make up the subsystems of public transport vehicles constantly 

undergo high mechanical loads. The opening and closing mechanism can be 

analyzed to serve as an example of this. Figure 1 shows a schematic 

representation of the mechanism used in some urban transport buses. 

 

 
 

Figure 1. Opening and closing mechanism 

 

Although this mechanism does not seem to be complex, it presents a number of 

performance and functioning problems during the construction and assembly 

process. These failures cause the blockage, excessive wear and premature 

deterioration of some of the pieces that make up the mechanism, thus making it 

difficult to deliver the required reliability to ensure its operation and to keep the 

needed parameters to determine a sufficient lifespan. 

Although this mechanism does not seem to be complex, it presents a number of 

performance and functioning problems during the construction and assembly 

process. These failures cause the blockage, excessive wear and premature 

deterioration of some of the pieces that make up the mechanism, thus making it 

difficult to deliver the required reliability to ensure its operation and to keep the 

needed parameters to determine a sufficient lifespan. 
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Furthermore, the mechanism lacks smooth behavior probably due to the rigidity 

and motion resistance of some of its elements. The arrangement of the 

components responsible for the motion transmission also plays a part by 

producing sudden door acceleration changes. 

All of the different failures that regularly occur in the door mechanism have 

sparked the start of investigations that point out some of its components are 

poorly arranged, specifically those that are responsible for the transmission of 

motion from the input actuator to the final activated elements. The majority of 

these failures happen prematurely to some of the parts that are installed on the end 

links and serve as elements of spherical joints or other types of kinematic pairs. 

Malfunctions also happen on elements that act as a base, support and direct some 

moving parts and the entire mechanism. The problems mentioned above cause 

more mechanical overhaul of the bus in order to get their mechanisms and door 

accessories serviced, hence making the maintenance process longer each time 

since some additional tasks have to be performed apart from the programmed ones 

as a result of all the involved variables that make the mechanism change slightly 

during reparations and prone to malfunction. 

It is very difficult to say that a particular design is the only existing solution for a 

given problem. For example, there is a number of alternate possibilities for the 

motion relationship between the input and output links of a simple four bar 

linkage which has very few parameters. When the number of links and degrees of 

freedom increases, the design becomes more complex. Therefore, it is better to get 

a performance measurement of the mechanism when it is still in its design stage, 

i.e. the motion efficiency imparted to the output link. 

The ability to judge the quality of motion transmission in a mechanism during its 

design stage is really important for the designer and, therefore, it is highly 

significant that this can be done in many cases by means of a single angle, the 

transmission angle. 

In the initial stage of the kinematic design of any mechanism, it is essential to 

have some knowledge about the appliances of the transmission angle in order to 

use either a geometrical or analytical method of synthesis, as this helps the 

designer to compare his own design with similar ones and to choose the best one 

among the family of mechanisms. Even if the transmission angle is not the only 

solution for every design problem, it can guarantee a higher-speed, vibration-free 

performance for many mechanical applications. 

Further studies on transmission angle control are reviewed in [1]. The synthesis of 

a five-bar mechanism of variable topology type with transmission angle control, 

which is done by varying the dimensions of a four-bar linkage, is described in 

recent related works [2]. Equivalent results to the transmission angle of our 

construction can be obtained applying the methods of Sun and Waldron [22]. 

Chase [6] provides a cookbook approach to rectifying the transmission angle of 

four-bar linkages synthesized for two or three precision position motion 

generation. Söylemez [21] studies the classic transmission angle problem for 

slider-crank mechanisms. The mechanisms are designed with an optimum 
transmission angle for the given values of the slider stroke and corresponding crank 
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rotation. In this study, complex algebra is used to solve this classic problem. Bali 

and Chand [2] suggest a method to synthesize a planar five-bar mechanism of 

variable topology type with transmission angle control. In the text, the authors 

study the synthesis of a mechanism able of performing function, motion and path 

generations for two finitely separated positions. Wilhelm et al. [23] analyze slider-

crank mechanisms using the transmission angle as a criterion to eliminate non-

viable solutions based on a set of linking dimensions. 

The approach presented in this paper to mechanism synthesis deals with genetic 

algorithms. Genetic algorithms were firstly introduced by Holland [12] and have 

since been extensively and successfully applied to different optimization 

problems. Genetic algorithms are used to find the solution space of the objective 

function through the strategy of the survival of the fittest. The fittest individuals of 

a population have a higher probability of reproducing and surviving up to the next 

generation. 

These methods define a starting population that is improved through 

approximations to the goal function making use of natural selection mechanisms 

and the laws of natural genetics. The main advantages of these methods are the 

simplicity of the algorithm implementation and their low computational cost. In 

addition, there is no need for a deep knowledge on the search space subject, such 

as whether or not it is continuous, counts with local minimums or shows other 

mathematical characteristics needed by traditional searching algorithms. 

Some examples of mechanism optimization based on genetic algorithms can be 

found in the papers [14, 20, 24]. Saxena [20] describes a procedure to synthesize 

the optimal topology, shape, and size of a compliant mechanism for a given 

nonlinear output path, using genetic algorithm. Liu and McPhee [14] depict a 

method for the automated type synthesis of planar mechanisms and multibody 

systems, which explicitly includes topology as a design variable in an 

optimization framework based on a genetic algorithm. Zhang and Nelson [24] 

show a multiple-criteria kinematic optimization for the design of spherical serial 

mechanisms using genetic algorithms. Cabrera et al. [3] present a comparative 

study for the synthesis of four and six-bar linkage mechanisms using different 

strategies.  

Other optimization techniques have been used to optimize linkage mechanism. 

Ebrahimi and Payvandy [8] compare the synthesis of path generating four-bar 

mechanisms making use of different heuristic methods. Chanekar and Ghosal [5] 

propose an optimization procedure based on least squares. Quintero et al [18] 

study the synthesis of path generation and body guide using four and six-bar 

linkage mechanisms. 

Genetic algorithms are also used in other kind of study; for example in the design 

of spherical parallel manipulators [24] in the design of crowned cylindrical roller 

bearings [13] estimation in-situ rock elastic constants by acoustic reflection 

records [16], deposition of thin copper films on flat surfaces of polypropylene 

polymer, [7], calculation of reconfiguration patterns for Photovoltaic Arrays [4], 

analysis of the requirements of an assembly line and paint shop to determinate the 
scheduling  order of vehicles in a production day [10], in the design of the prosthesis 
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of a lower limb [15], in the design of displacement law of noncircular gear [19]. 

In this article, a redesign of the door opening and closing mechanism present in 

public transport bus is proposed, with the goal of solving a real engineering 

problem. A better mechanism performance is sought through this redesign, 

focusing on reducing transmitted forces, therefore minimizing the resulting stress 

applied on the mechanism components. A study on mechanism transmission 

angles is introduced as a design alternative, implementing an optimization 

procedure based on genetic algorithms that have transmission angles as their 

objective function. This method takes the dimensions of the links as design 

variables. 

 

2 Analysis 
 

Transmission Angle 

 

The transmission angle, , is the smaller angle between the direction of the relative 

velocity vector vBA of the driving link and the direction of absolute velocity vector 

vB of the output link, both taken at the point of connection, see Figure 2. It is the 

angle between the follower and coupler links of a 4-bar linkage, [11].  

 

 
 

Figure 2. Definition of terms for a four-bar linkage 

 

The definitions are related to a joint variable and depend on the choice of the 

driver and driven links. It appears to be an acute angle and an obtuse angle (180° 

–  ). It varies throughout the range of operation and is most favorable when it 

measures approximately 90°. The recommended transmission angle is 90°  50°, 

[9]. Referring to Figure 2, transmission angle in the form of equation (1) 
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where L1, L2, L3, L4 are length of links 1, 2, 3, and 4, respectively,  are coordinate 

angle of link 1. 

The mechanism designed following the maximal transmission angle criterion will 

have minimum force acting along the coupler and on the bearings resulting in 

small friction torque at the shafts. A good transmission angle can guarantee a 

higher-speed linkage performance without unfavorable vibrations. When  = 90°, 

the most effective force transmission takes place and the accuracy of output 

motion is less sensitive to manufacturing tolerances of link lengths and clearance 

between joints and to the change of dimensions due to thermal expansion. 

Mechanisms that count with a transmission angle excessively deviated from 90°, 

exhibit poor operational characteristics like noise and jerk at high speeds. If the 

angle measures 0° or 180°, self-locking takes place. 

Transmission of motion is impossible when the transmission angle is equal to 0° 

or 180°. If the transmission angle measures zero, no torque can be performed on 

the output link, meaning the mechanism is at its dead center position. A large 

transmission angle does not necessarily guarantee a low torque fluctuation. A 

transmission angle that is too large or too small results in large error of motion, 

high sensitivity to manufacturing error and noisy and unacceptable mechanisms. It 

is not the absolute value of the transmission angle but its deviation from 90° that 

is significant [11]. Some suggested limits for the transmission angle are 35 – 145°; 

40 – 140°; 45 – 135°, [17].   

Along these lines, the transmission angle of a mechanism is a really good 

indicator of its quality of motion, performance accuracy, expected noise output 

and its cost in general. In other words, it is a simple and useful coefficient of 

performance for mechanisms for non-uniform motion transmission. It also serves 

as a basis for comparing mechanisms. 

 

Analysis of the Mechanism 

Figure 3 shows the schematic representation of the top section of the mechanism 

where the extreme positions of the connecting rod (line CD) and both the initial 

and final positions of the pneumatic cylinder (line AC1 and AC2) are represented. 

The optimization process implemented is based on determining the dimensions of 

the links to improve the deviation of the transmission angles1 and 2, in a way 

that they get as close to 90° as possible. The angle  represents the angular 

displacement to which the rod is subjected by moving between its extreme 

positions. This angle affects the opening of the door, thus being a restriction in the 

optimization process,  = 60°. 

 

 
Figure 3. Transmission angle of the mechanism’s top section  
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The values R1 = LO, line AC1 and R2 = LO + SP, line AC2; where SP is the 

displacement and LO is the initial longitude of the pneumatic cylinder, are 

obtained from Figure 3. The distance SP is a parameter in the design process as it 

depends on the pneumatic cylinder being used. The transmission angle for the 

studied mechanism is determined by equation (2). 

 


 




2 2 2
AD DC AC

AD DC

arccos
2

L L L

L L
      (2) 

 

where LAD, LDC, LAD correspond with the length of links between revolute joints 

A, D and C. 

Mechanisms for non-uniform transmission of motion such as linkages are 

characterized by their continuous change of transmission ratios. Ideally, smooth 

motion throughout the whole range of operation is expected. In order to design 

such mechanisms, it is important to make use of all possibilities known from 

theory and practical experiences [11]. 

 

Analysis of the Lower Section of the Mechanism 

 

The diagram of the mechanism’s lower section depicted in Figure 4 shows the 

positions of the door wing and the positions of the connecting rod (line DE1 and 

DE2). In this analysis, the 90° placement of the door wing in its extreme positions 

and the angle of rotation for the link DE delimit the position of the frame, the 

lengths of links DE and EF and the location of the runner to generate the suitable 

angles µ and β to improve the transmission. 

 

 
 

Figure 4. Opening and closing of the door 

 

While studying the mechanism, the influence of the orientation of the conveyor 

guide, angle  in Figure 4, was analyzed. This analysis was done due to the high 
forces generated during the beginning of the door closing cycle. In the original 

mechanism where  = 0, the force transmitted to the conveyor by the coupler follows 
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mostly a perpendicular direction to the guide. When the guide is tilted, the 

component of the force that is transmitted in the direction of the desired 

translation increases, therefore reducing the total required force while maintaining 

the same friction force. 

 

 

Optimization of the Mechanism 

 

The door mechanism obtained through synthesis presents enhanced link 

dimensions and transmission angles in comparison with current mechanisms. This 

mechanism is just one solution out of the group of configurations that may be 

effective and achieve the same objective. Because of this reason, the programming 

of a genetic algorithm was carried out. This algorithm would be able to analyze 

each of these possible configurations and narrow them down to a generated 

predominant one, taking the restrictions of the mechanism and mathematical 

relations that determine its behavior into account. In this way, it would be possible 

to optimize the arrangement of the components of the mechanism, the dimensions 

of its links and the different transmission angles it presents in its extreme 

positions. 

Motion transmission is most favorable when the transmission angle is equal to 

90°, and is impossible when  measures 0° or 180°. Thus, it is not the absolute 

value of the angle, but the difference between  and 90° which is significant. 

The attempt of performing a design process to optimize the linkage with respect to 

its force transmission characteristics simultaneously with the synthesis of an 

optimum transmission angle, increases the difficulty of this problem extensively. 

The mechanism designed following the maximal transmission angle criterion will 

have minimum force acting along the coupler and on the bearings resulting in 

small friction torque at the shafts. 

During the optimization process implemented in this work, the objective variable 

is defined as a combination of the variation of the transmission angle, and an 

angle between the cylinder and the connecting rod that allows a 60° turn of the 

rod between the extreme positions of the pneumatic cylinder. The objective 

function, f, is established by means of equation (3). 

 

 


       1 2
1

[ abs(90 ) abs( 60)]
n

i
i

f K K      (3) 

 

where n is the number of points analyzed from the rotation interval of the rod, n = 

12 points were considered,iis the transmission angle for position i,  is the 

rotation angle of the connecting rod between the extreme positions of the cylinder, 

and K1 and K2 are two weighting coefficients that determine the influence of the 

transmission angle and the rotation angle of the rod between the extreme positions 

on the objective function. 
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The optimization task consists in minimizing the objective function, process in 

which each individual Xi of the population obtains a value, its fitness. In this work 

a population of ten individuals was considered. 

The first step of the evolutionary method strategy to solve optimization problems 

is the generation of a starting population. For the mechanism synthesis studied in 

this paper, sets of design variables with randomly generated values within the 

searching space were taken as the starting population. Each individual 

(chromosome) of the population is a possible solution to the problem, and is 

formed by parameters (genes) that set the design variables of it. 

An initial population with N chromosomes is randomly generated. The gene xi in 

each chromosome is given by equation (4). 

 

   min( ) (max( ) min( ))i i i ix x c x x
    

         (4) 

 

where min(xi) and max(xi) are the limit values of gene xi, and c is a random 

number between [0, 1]. Then, each gene takes a random value within their 

respectively prescribed interval.   

While the mean error is obtained, a termination criterion is then checked, as given 

by f  ≤ ftol, where ftol is a prescribed value for error tolerance. If the termination 

criterion is not satisfied, the population is updated using perturbation operations to 

produce the next generation. The procedure is repeated until the termination 

criterion is satisfied or until the number of generations produced is equal to the 

prescribed number of generations Gmax. 

Genes can be schematized in a vector that represents a chromosome (equation 5), 

whose dimensional variables belong the mechanism showed in Figure 1. 

 

   0 AD CD AD 3 DE EF F G G[ , , , , , , , , , ]X L L L L L x y
             

(5) 

 

where LO is the minimal length of the cylinder, LCD is the length of the crank, LAD 

and ADare, respectively, the distance and orientation angle between the fixed 

pivots A and D; 3 is the angle formed in vertex D of link 3, LDE and LEF are the 

dimensions of the mechanism; xG, yGare the coordinates of a reference point for 

the guide of link 5, and F is the orientation angle for the guide of link 5. 

The value ranges applied to each one of the variables in the analysis are: LO = 

[370 mm, 440 mm], LAD = [70 mm, 75 mm], LCD = [380 mm, 490 mm], AD, = 

[0º, 5º], 3= [0º, 75º], LDE = [200 mm, 250 mm],  LEF = [140 mm, 180 mm],  F = 

[20º, 60º],  xG = [30 mm, 90 mm], yG = [-50 mm, -10 mm]. 

 Afterwards, the starting population has to evolve to groups in which individuals 

constitute a better solution. This can be reached through natural selection, 

reproduction, crossover, mutation or other genetic operators. In this work, each 

process was used independently. 
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Selection 

The quality of a chromosome is estimated by examining it fitness value, given by 

Eq. 3. During the selection process, the two chromosomes with worst fitness value 

are eliminated for the next population. These chromosomes are replaced by two 

new individuals created randomly in a similar way in which the initial 

chromosomes were synthesized. 

 

Crossover 

 

Following the selection process, the two fittest individuals are kept unmodified for 

the crossover operation to be carried out, and they are crossed with the other 

remaining eight individuals. In this process, the genes of the eight individuals are 

randomly modified by the genes of the two fittest individuals. In this study, 50% 

of genes were changed. The crossing operation for each gene is given equation 

(6). 

 

 , ,new ,1,new , ,oldif( 0.5, ),else j k j j kx randn x x
            

(6) 

 

where xj,k,newis the gene j of the individual k in the subsequent generation. 

 

Mutation 

 

Mutation may be useful to maintain the population diversity. In this paper, 

mutation is defined as follows: when a gene mutates, the operator randomly 

chooses a value within the interval of real values, which is added or subtracted 

from the initial gene. The fittest individual is kept without any mutations. This 

operation is given by equation (7). 

 

   , ,new , ,old ( 0.5)j k j k jx x randn      (7) 

 

In this equation, j is a percentage value of the range of gene j, randn is a random 

number between 0 and 1. The range of gene j is given by the difference between 

its maximum and minimum value. 

The whole optimization process is repeated until the programmed number of 

cycles is carried out. 

 

3 Results and discussions  
 

The optimization algorithm was implemented in Matlab ®. A comparison 

between the responses of both the original and the proposed mechanism was 

carried out using a multi-body analysis program. The simulations for the analysis 

of the stresses applied and the deformations of the different mechanism 

components, and the analysis of the force applied on the kinematic pairs were 

developed for one closing and opening door wing cycle. 
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For the simulations and the cycle mentioned above, a time lapse of 2,4 seconds 

was delimited to open the door wing, then an interval from 2.4 s to 2.8 s in which 

the wing is in rest and finally an interval from 2.8 s to 5.2 s to close it. 

Figure 5 illustrates the force transmitted by the hydraulic cylinder. In Figure 5 it 

can be observed that the force needed in the hydraulic cylinder is greatly reduced 

for the optimized mechanism, especially on the final stage of its opening cycle 

and on the first stage of its closing cycle. In the final stage of the opening cycle 

the force is minimized from 120 N to 40 N, while in the first stage of its closing 

cycle it is reduced from 160 N to 125 N. 

 

 
 

Figure 5. Hydraulic cylinder force 

 

Figure 6 presents the force on the connecting pair between the cylinder and the 

rod. According to the results found, the maximum reaction of the cylinder-rod pair 

is minimized from the 175 N of the original mechanism to 125 N in the optimized 

one. 

 

The force on the ground joint of the cylinder is shown in Figure 7. A diminution 

in the maximum reaction of the support pair of the cylinder from 220 N to 130 N 

can be observed in the proposed design that counts with a frame. 

The maximum stress applied to the mechanism can be seen in Figure 8. The 

higher reaction on the joint between the connecting rod and the door can be 

diminished to55 N in the optimized mechanism, while in the original one the 

higher force is of 115 N.  

 

Figure 9 depicts the stress applied to the pulley. In the optimized mechanism, the 

stresses on the pulley are reduced up to 15 MPa which represents a significant 

improvement in comparison with the ones applied on the original mechanism, 70 

MPa. 
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Figure 6. Force on the connecting rod-cylinder joint 

 

 

 

 
 

Figure 7. Force on the ground joint of the cylinder 

 

 

 
 

Figure 8. Reactions on the joint between the connecting rod and the door 
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Figure 9. Stress on the ground joint of the pulley 

 

Based on the results of the simulations, it can be concluded that the forces that act 

on the kinematic pairs of the proposed mechanism are reduced in comparison with 

the ones acting on the current mechanism. 

In the experimental phase of this work, a prototype of the proposed mechanism 

was built, studied and subjected to continuous door opening and closing cycles. 

This prototype was able to go through a high number of cycles, more than those 

that had been observed in the original mechanism, without malfunctioning. 

 

4 Conclusions 
 

This paper presents the redesign of a door opening and closing mechanism present 

in an urban bus implementing an optimization process based on genetic 

algorithms, the objective variable was the improvement of the transmission angle 

between the hydraulic cylinder and the connecting rod. The geometric variables 

that characterize the mechanism were delimited as design variables during the 

optimization process. 

In this document, a comparative analysis of both the original and the redesigned 

mechanisms was carried out through a multi-body program. It could be 

determined through this study that the forces on the kinematic pairs of the 

proposed mechanism decrease, thus proving its good performance. 

The transmission angle was analyzed in a four-bar mechanism with a prismatic 

joint, and was used during the analysis of force transmission for planar linkage 

mechanisms. The results obtained from the simulation, shown in Figure 9, 

demonstrate the reliability of the use of the transmission angle as a criterion of 

quality of motion transmission in planar mechanisms, as it leads to the synthesis 

of a mechanism with an optimum transmission angle and reduces the forces that 

act on the joints. 
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