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Abstract. In the field of mechanism design, optimum dimensional synthesis 

plays a significant role. Focusing on path generation synthesis, the designer has 

to find the most adequate mechanism capable of tracing a trajectory as similar as 

possible to a prescribed one. The objective is obviously clear, but, in many occa-

sions, the methods dealing with optimum synthesis are quite complex and 

with a lack of transparency. Consequently, students often get lost in the insights 

of the optimization method and do not comprehend the influence of the different 

parameters that can be included in the optimization, or important choices such as 

enhancing the starting mechanism. Thus, they are not qualified to assess the va-

lidity of the resulting optimum design. To overcome this lack of knowledge, we 

propose a didactic optimum dimensional synthesis methodology mainly based on 

the analytic relations of the mechanism under study and considering the interre-

lation among synthesis variables. The guidelines of the procedure can be easily 

programmed and different design criteria can be incorporated. A software named 

GIMSYNT has been developed with this purpose, focusing on the slider-crank 

and the four-bar mechanism. 
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1 Introduction 

In the field of Mechanical Engineering, in particular in Mechanism and Machine The-

ory, many of the exercises or problems outlined to the students are not just related to 

the analysis of a certain given mechanism, but that in many occasions, the students have 

to design the mechanism to perform a specific task. In general, this type of open prob-

lems, meaning that more than one solution exists and some criteria design must be in-

corporated, generates uncertainty to the students. In this area, many problems in me-

chanical design, and more particularly in dimensional synthesis of mechanisms, can be 

included.  

Regarding the methods related to exact dimensional synthesis, graphical methods to 

design a planar mechanism that traces a trajectory passing through a maximum of five 

precision points or positions (for path generation or rigid boy motion respectively) are 
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taught to the students. In many universities, these themes are taught during the Bachelor 

degree, and there exist some softwares, as for example GIM [1], intended for helping 

the students to better comprehend the theoretical concepts. When more precision points 

are required and the mechanism does not have as many design parameters, the only 

option is to proceed with optimum synthesis methods, which obtain approximate solu-

tions.  

Dealing with optimization techniques numerous approaches can be found, some of 

them particularized for certain mechanisms, such as the four-bar mechanism, and other 

ones of general purpose. Their common target is to minimize a certain function that 

assesses the mechanism’s capacity to accomplish the desired synthesis. Basically, two 

main groups can be distinguished: local and global methods. Among local methods, the 

most effective ones are based on the gradient of the function to be minimized [2-4]. An 

inconvenient of this type of methods is that, in general, the resulting solution depends 

greatly on the starting mechanism that is established as the initial guess. Regarding the 

global methods, those based on genetic algorithm techniques are undoubtedly the most 

popular and effective ones. They are inspired in biological principles, and based on four 

stochastic processes to enhance the survival skills: reproduction, mutation, competition 

and selection. As a reference, one of the most complete and efficient approach is devel-

oped in [5]. Additionally, in many occasions both local and global tactics are combined 

to carry out a hybrid optimization approach [6]. Frequently, the global approach is ini-

tially applied to find an adequate starting mechanism, and then, a local optimization 

method is subsequently used to find the final optimum design. Bearing in mind the 

importance of the starting design, other procedures based on the comparison among 

different shapes of the coupler-curves associated with several designs of the mechanism 

under study are also used [7]. In conclusion, after all these years, dimensional synthesis 

of mechanisms is still a current issue, in particular many present works dealing with the 

four-bar mechanism [8,9]. 

From an educational point of view, these optimization methods, in general, follow a 

complex process and the students do not get the insights of the approach. As a conse-

quence, they just apply the methods without really understanding the influence of the 

different choices that can be implemented, and with no capacity of evaluating if the 

final result could have been improved. With the purpose of overcoming this difficulty, 

we propose an optimum dimensional synthesis approach built with some basic and or-

dered guidelines, mainly based on the analytic equations related to the mechanism un-

der study and the dependence among the synthesis variables, that combined with certain 

design criteria result in an easy-to-follow procedure which helps the students getting 

deeper into the optimum synthesis. To facilitate the comprehension of the procedure 

and to evaluate the influence of all the implemented options, GIMSYNT software has 

been created, its main capacities being presented in this paper. 
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2 Procedure for optimum dimensional synthesis 

The basic guidelines of the procedure for optimum dimensional synthesis are the fol-

lowing: first, the relation among the variables or parameters involved in the synthesis 

problem are established by considering the dependence-diagram among these variables; 

then, the synthesis and loop-closure equations of the mechanism under study are ana-

lytically obtained in order to pose the necessary equations included in the objective 

function; finally, the minimization of the objective function is solved. The latter step 

can be done in an analytic way, in some simple cases, or numerically for more complex 

designs. 

 

Initially, the dependence-diagram among existing variables is established (see Fig. 1). 

The 𝑠 variables are: 

 

- On the one hand, the independent variables of the synthesis: the degrees of freedom 

of the mechanism, 𝑒, and the design parameters, �⃗�. 

- On the other hand, the variables involved in the loop-closure equations, 𝑙, have to be 

also included, which depend on the degrees of freedom of the mechanism and the de-

sign parameters. Thus, we have: 𝑙 = 𝑙(𝑒, �⃗�). 

 

Accordingly, the general dependence-diagram of the synthesis variables for a certain 

mechanism can be posed as it is shown in Fig. 1. 

 

Fig. 1. Dependence-diagram among synthesis variables. 

Focusing on path generation, the purpose of the optimum dimensional synthesis is to 

find the most adequate design capable of tracing a trajectory as similar as possible to a 

prescribed one. In a planar case, the prescribed or desired trajectory will be formed by 

a set of 𝑃𝑖
𝑑 desired points so that the trajectory is defined by a set of (𝑥𝑖

𝑑 , 𝑦𝑖
𝑑) coordi-

nates, ∀𝑖 = 1,2, … 𝑁. As an illustrative example, the four-bar mechanism shown in Fig. 

2 will be used. In the figure, the 𝑎𝑗 design parameters, the 𝜑 input (the degree of free-

dom), and the variables of the loop-closure equations, (𝜃, 𝜓), are established, together 

with a certain desired trajectory and the real generated trajectory of the mechanism. 
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Fig. 2. Four-bar mechanism. Desired and real generated trajectory 

The error function, E, can be defined as the sum of the squared distance between the 

generated points, 𝑃𝑖 , and the desired points, 𝑃𝑖
𝑑. Thus: 

 

𝐸 = ∑  [(𝑥𝑖 − 𝑥𝑖
𝑑)2 + (𝑦𝑖 − 𝑦𝑖

𝑑)2]

𝑁

𝑖=1

 
(1) 

 

The equation system that has to be solved results from the minimization of the error 

function. Accordingly: 

 

𝜕𝐸

𝜕𝑎𝑗

= 0   →    ∑ [(𝑥𝑖 − 𝑥𝑖
𝑑)

𝜕𝑥𝑖

𝜕𝑎𝑗

+ (𝑦𝑖 − 𝑦𝑖
𝑑)

𝜕𝑦𝑖

𝜕𝑎𝑗

] 

𝑁

𝑖=1

= 0          
(2) 

 

∀𝑗 = 1,2, … , 𝑛 design parameters of the mechanism. 

 

The partial derivatives of Eq. (2), 
𝜕𝑥𝑖

𝜕𝑎𝑗
 and 

𝜕𝑦𝑖

𝜕𝑎𝑗
, are obtained by considering the depend-

ence-diagram among variables established in Fig. 1. For that, the synthesis equations 

and the loop-closure equations have to be analytically obtained. 
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Following with the four-bar mechanism, the synthesis equations 𝑥 = 𝑓𝑥(𝜃, 𝜓, 𝜑, 𝑎𝑗) and  

𝑦 = 𝑓𝑦(𝜃, 𝜓, 𝜑, 𝑎𝑗) yield: 

 

𝑥 =  𝑎1 𝑐𝑜𝑠 𝜑 + 𝑎5 𝑐𝑜𝑠 𝜃 − 𝑎6 sin 𝜃 (3) 

𝑦 =  𝑎1 𝑠𝑖𝑛 𝜑 + 𝑎5 𝑠𝑖𝑛 𝜃 + 𝑎6 cos 𝜃 (4) 

And the loop-closure equations are:  

 

𝑎1 𝑐𝑜𝑠 𝜑 + 𝑎2 𝑐𝑜𝑠 𝜃 =  𝑎4 + 𝑎3 𝑐𝑜𝑠 𝜓 (5) 

 

𝑎1 𝑠𝑖𝑛 𝜑 + 𝑎2 𝑠𝑖𝑛 𝜃 =  𝑎3 𝑠𝑖𝑛 𝜓 (6) 

Hence, the partial derivatives to be obtained are: 

 
𝜕𝑥

𝜕𝑎𝑗

=
𝜕𝑓𝑥

𝜕𝜃
⋅

𝜕𝜃

𝜕𝑎𝑗

+
𝜕𝑓𝑥

𝜕𝜓
⋅

𝜕𝜓

𝜕𝑎𝑗

+
𝜕𝑓𝑥

𝜕𝑎𝑗

 (7) 

  

𝜕𝑦

𝜕𝑎𝑗

=
𝜕𝑓𝑦

𝜕𝜃
⋅

𝜕𝜃

𝜕𝑎𝑗

+
𝜕𝑓𝑦

𝜕𝜓
⋅

𝜕𝜓

𝜕𝑎𝑗

+
𝜕𝑓𝑦

𝜕𝑎𝑗

 
(8) 

 

Note that the partial derivatives 
𝜕𝜃

𝜕𝑎𝑗
 and  

𝜕𝜓

𝜕𝑎𝑗
 can be implicitly obtained through the loop-

closure equations.  

 

In many cases, the value of the input is prescribed for each 𝑃𝑖
𝑑  point. This is known in 

the literature as prescribed timing. However, this often implies a restriction in the opti-

mization process. On the contrary, if the input values are included in the set of optimi-

zation variables, the optimum input parameters so that the mechanism best fits the de-

sired trajectory can be achieved. This latter option, called unprescribed timing, has been 

integrated in the presented optimization procedure. Considering unprescribed timing, 

the set of 𝑎𝑗 optimization variables include both the design parameters and the input 

parameters. 

 

3 Understanding optimum synthesis using GIMSYNT software 

The optimum synthesis approach has been programmed in Matlab for the four-bar 

mechanism and the slider-crank mechanism, and it serves as an educational tool for 

students. A GUI (Guide User Interface) has been created, resulting in the software 

named GIMSYNT, its main window for the case of the four-bar mechanism being 

shown in Fig. 3.  
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Fig. 3. Main window of GIMSYNT software 

The basic guidelines of the procedure have been implemented in the software, together 

with some additional options: 

 

- A library of several designs which trace different trajectories. This enables the stu-

dent to select the most appropriate starting mechanism. 

-  Possibility of applying an initial phase of Translation-Rotation-Scaling (TRS) to 

better adapt the initial design to the desired trajectory. 

-  Selection of the initial approximation points by writing the corresponding (𝑥𝑖 , 𝑦𝑖) 

coordinates or by simply clicking on the points of the starting trajectory. 

-  Possibility of selecting the design parameters that will be optimized. The student 

can also activate the option of unprescribed timing. 

-  Include design constraints such as: limited ratio between maximum and minimum 

length, choice of fulfilling the Grashof criterion, establishing the maximum length of a 

certain element, and so on. 

 

With the purpose of explaining how these latter options influence on the optimization 

results, three different cases will be compared. In all the three examples shown in sub-

sequent figures, the desired trajectory is depicted in red color, the initial trajectory of 

the starting mechanism is plotted in green, and the generated trajectory of the optimum 

design is depicted in blue.  
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(a) (b) 

 
(c) 

 

Fig. 4. Case 1: (a) Starting and (b) optimum mechanism;  

(c) Visualizing trajectories among precision points  

 

The first example, Case 1, starts from a quite suitable starting mechanism because, as 

it can be observed in Fig. 4a, the initial trajectory resembles the desired trajectory. This 

starting mechanism has been selected from the implemented library. However, for the 

Case 1, the unprescribed timing option is not activated meaning that the input parame-

ters must remain constant. This greatly limits the optimization process and the final 

result, that is, the optimum design, does not generate an acceptable trajectory. The re-

sulting trajectory is shown in blue color in Fig. 4b and Fig. 4c, and the error between 

the desired and generated trajectory, given by Eq. (1), is 3.2736 units. 

 

In Case 2, represented in Fig. 5, different actions have been realized to enhance the 

optimization results in comparison to the previous case. On the one hand, the initial 
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starting mechanism traces a trajectory more similar to the desired one. Besides, before 

applying the optimization tactic, a previous phase of TRS adapts the starting design to 

get even closer to the desired path. As it can be observed in Fig. 5c, the TRS transfor-

mation obtains the black trajectory which is indeed much better than the initial one (in 

green) and quite similar to the desired one (in red). On the other hand, the option of 

unprescribed timing is included, so that the optimum input values are also obtained, 

together with the optimum design parameters.  The final optimum design is shown in 

Fig. 5b, having a really small error of 0.00149 units. 

 

 

 

 

 
(a) (b) 

 
(c) 

 

Fig. 5. Case 2: (a) Starting and (b) optimum mechanism;  

(c) Visualizing trajectories among precision points  

 

 

Despite achieving very good results in Case 2, concerning the existing small error be-

tween the generated and the desired path, it can be observed in Fig. 5b that, in the opti-

mum design which has been achieved, the size of one of its bars is out of proportion to 
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the remaining bars. In practice, this design could not be valid. As it has been previously 

mentioned, different design constraints can be included in the optimization approach. 

This has been done in Case 3 which is shown in Fig. 6. In this case, a limitation of the 

ratio between maximum and minimum lengths is imposed by integrating a penalty func-

tion in the optimization process. Consequently, as it can be observed in Fig. 6b and Fig. 

6c, the resulting error is not so small as the one achieved in Case 2 (though it is rather 

satisfactory), but the achieved design is much more adequate in practice. 

 

  

(a) (b) 

 
(c) 

Fig. 6. Case 3: (a) Starting and (b) optimum mechanism;  

(c) Visualizing trajectories among precision points  

4 Conclusions 

The optimum dimensional synthesis approach presented in this paper has been mainly 

developed with the intention of being a comprehensive and didactic procedure to help 

students to really understand how the optimization process works. The guidelines of 

this procedure can be programmed by the students for a certain case under study, in-

deed, they do it during some of the practical sessions of a related subject taught in the 

Master of Mechanical Engineering. In addition to this, GIMSYNT software has proven 

to be very useful to compare different designs and achieve a suitable optimum final 

design. Specially, the understanding of the influence of the different options that can 

be incorporated in the optimization process stands out, such as the importance of the 
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starting mechanism, the feasibility of applying the unprescribed timing approach and 

the benefits of including an initial TRS transformation.  
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