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[bookmark: _Hlk148550957][bookmark: _Hlk151312195][bookmark: _Hlk151313049]Abstract- Nowadays, several machinery and vehicles utilize mechanical elements which transmit power ranges from low, middle, and high levels depending on the type of equipment needed. Gears are the most influential design elements on any process during the running of a specific application, moreover engineers tried to obtain the optimality of a gear design which is a more compact, reliable- long service with simply operating features by following a systematic calculation of the mathematical model from standards and handbooks, however this process doesn't give the optimal design of the gears. Optimization techniques have been added to the design process for a more robustness of the gear pair design as well as improvements of the performance of the whole machine with better operational characteristics included. In this review paper, a concentration on macro geometry (such as module, facewidth, profile shift coefficients and helix angle) optimization process of cylindrical gears with distinct stages which includes objective function selection, decision variable selection and constraints handling formulation reported in the literature. This paper also provides some details about naturally inspired algorithms presented in the literature and this is what differentiates it from other review articles. Findings deduced by other authors are summarized where they are divided into two sections; based on the parameters of the technique itself while the other section considers the basic geometric parameters. 
Keywords- Optimization; naturally inspired algorithms; macro geometry; cylindrical gears; polymer gears.
I. INTRODUCTION
Modern industry has been utilizing various mechanical components such as belts for transmitting power from its source to consumers [1]. Such components needed not only specific applications, but also a large space to setup in, therefore, gear design 
[bookmark: _Hlk151320320][bookmark: _Hlk151321345]was the corner stone to overcome the problem of space in different applications [2]. Cylindrical gears can be fitted in small places such as watches or heavy-duty machine tools with many advantages such as compactness, light weight, reliability, and effectiveness in power transmission to shaft whether parallel or skewed [3]. All the previous advantages have made various industrial sectors rely on such components. The most common attributes needed in applications such as automobiles are light weight, lower power losses and low manufacturing and computational costs. These features have been a subject of interest for many researchers [4–8]. A relation has been established between these attributes of the gear and its failure of modes. So, different optimization techniques have been presented to decrease the weight and increase efficiency of the gears, protection against failure modes, as well as establishing safety and effectiveness requirements. Gears can be adapted to work in different severe conditions such as elevated temperatures, humidity, and vibration, thus better design solutions with high efficiency could be determined by manufacturers and transmission designers using several optimization methods whether conventional such as goal programming or stochastic such as genetic algorithm [8]. Variety of optimization techniques can be applied to entire system such as automobiles, however the applicability of these techniques is complex because of the high number of objective functions as well as design variables with several types such as continuous, integer and even discrete. So, it could be better if these multiple techniques applied to individual components or decompose the optimal problem into a series of manageable sub-problems for the sake of simplicity with improved product quality [9]. Following the same vein, a study on a co-axial helical gear reducer for example has been carried out by Buiga and Tudose [10] to establish the functionality and structure of components interconnections with specified dimensional tendencies. All the optimization methods have approximately the same procedure explained in “Fig.1”. This procedure starts with defining the customer’s needs such as lower weights or higher efficiency, then collecting data such as materials, operational torque and velocity passing by formulation of objective function with selection of variables and constraints for excluding any unfeasible solutions,
[bookmark: _Hlk151393503][bookmark: _Hlk151401908]finally, the designer obtains the optimal solution needed. This solution should satisfy the customer’s requirements. To build an optimization technique, a mathematical model should be determined through a traditional design process based on durability, tooth bending strength, tooth surface fatigue and interference [11]. Computer-aided design (CAD) model should be built instead of manual design for the sake of ease after obtaining optimum parameters. Multiple optimization methods have been adopted in references [7,12–17]. These methods include numerical conventional and evolutionary ones. However, conventional techniques proved to be slow in convergence to optimum solution giving local optima in addition to their complexity with time consumption which ended with inaccurate design outcomes, so they are not appropriate for this type of problems without any kind of robustness [18]. Robustness means getting the best design in terms of performance without diminishing any source of errors [19]. Although evolutionary and swarm-based algorithms are stochastic methods, they give optimum solutions through their rapid convergence and global search capabilities. This is  because their patterns depend on evolution mechanisms such as natural selection and biological genetics. Stochastic algorithms consist of objective functions such as light weight, variables which are carefully selected, and some constraints not to be violated [20]. Evolutionary based algorithms are based on iterative process to finally obtain the optimal design values where all the constraints are fully satisfied. Moreover, increasing the number of constraints will increase the complexity of the optimization especially when these constraints are non-linear. So, the level of difficulty will be escalated when using classical methods of optimization, thus it is better to use population-based algorithms to deal with such constraints.  This paper is organized as follows:
Section II covers problem formulation, while section III mentions different optimization techniques, section IV summarizes polymer gear materials and optimization, lastly section V establishes a rough guideline for designers considering gear pair design and the performance of the algorithms (see Fig. 2). 

Ii.  PROBLEM DEFINITION
To begin the optimization procedure, a carefully gear design model should be calculated according to AGMA, ISO, and VDI standards, then formulating the optimization problem containing objective function, variables, and various categorized constraints need to be satisfied. 
This section is divided into four subsections, firstly, section A which summarizes macro geometric variables mentioned in the literature. Secondly, section B covers single objective functions developed by other researchers. Thirdly, section C is concerned with multi objective functions of the gear set covered in the literature



















Figure 1. Flow chart of optimization process reproduced from [21]
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Figure 2. Flow chart of gear pair design optimization

.  Finally, section D is meant to involve sorts of constraints including geometric, control, and design which will influence the optimum solution of the gear drives.
A. Design variables
[bookmark: _Hlk151402743]The most design variables involved the optimization problem and concerning with macro geometry of the gear were face width, module, and number of pinion teeth with gear ratio as design was conducted based on pinion, nevertheless, face width was defined according to width factor  [5,8,22] . profile shift coefficients were utilized as design variables with maximum value of pinion coefficient of X1max = 0.4m suggested by [7,22]. Refs. [4,18] included gear shaft diameter, as well as hardness of the gear material while Yokota et al. [3] attached the diameter of pinion shaft instead of hardness of the material as design variables. In another approach [4] the author combined all the pervious variables comparing two sorts of cases; problem design including bound without expanding and expanding bounds variables suggested by Yokota et al. [3], and newly design variables including bound without expanding and expanding bounds. Variables were bounded to decrease the random search in addition to obtain the feasible solution. Atila et al. [23] applied two different scenarios of variables with ranges adopted by [3,4] seeking the optimality of these variables. The second scenario was regulated according to the standard American Gear Manufacturers Association (AGMA), where some design factors were turned to be parametric factors such as velocity factor (Kv), and form factor (Yf). [24,25] added helix angle and gear ratio as a design variable where the Centre distance is a function of these variables together with module and pinion number of teeth. It should be noted as mentioned by Miler and Hoić [1] that module is a standardized gear tooth size, so it should be a discrete variable with values obtained from technical standards in order to give optimal feasible solutions with the applicability to manufacture while pinion number of teeth should become integer, that's why rounding up or down results in different pair properties and depends on the gear transmission ratio requested by the consumer, however [22] used face width and pinion number of teeth as discrete variables. Panda et al. [18] reported that some variables are more influential on the optimized solution than others. These variables were specified by large dispersion through coefficient of variance. Solution is affected more considering module and hardness which is critical for gear durability and physical dimension, as a result, easily machinable material resisting against different failure modes is fundamental to design gears with light weight as suggested by [18,23]. To conclude, macro geometric variables mentioned earlier in this section and other nomenclature of the gear can be seen in Fig. 3.


B. Single objective optimization
[bookmark: _Hlk151388936]Weight function is the most encountered criteria for most researchers. The optimum weight of a gear set plays a pivotal role if the designer wants a compact gear box design. [3,4,18,23,27–30] utilized weight of a spur gear set as an objective function, aiming to minimize weight of the gear drive through selection of the optimum input parameters. Panda et al. [18] found that besides minimum weight, gear pair could withstand all failure modes in its running condition. The author found that objective function value decreased as number of generations increased until the change was marginal after reaching maximum number of iterations. Refs. [3,10] compared the weight/mass of the gear set before and after optimization using genetic algorithm and conventional method namely, trial and cut error, but the optimum result could not be obtained with a still satisfactory solution in comparison with traditional paradigm. Refs. [4,31] tried to improve the optimum weight of single stage spur gear by considering the optimal gear design problem defined by Yokota et al. [3]. The addition of one variable and three more constraints was the modification for Yokota’s problem. The author reported that objective function scores were getting better solutions than previous studies. [6,23] compared optimum weight function with previous studies. It is interesting that the author could minimize the objective function but could not reach the optimal solution as the algorithms used depend heavily on the type of the optimization problem including number of variables and whether the constraints 

Figure 3. Schematic of gear pair and nomenclature [26]
are active or not. Maputi and Arora [32] optimized a system of spur gear train using teaching-learning based algorithm (TLBO). Weight and center distance served as objective functions. The E-constraint approach was fostered in the study where one of the objective functions turned into constraint. When a comparison was made for optimal weight, it was favoring weight resulted from TLBO. When conducting a parametric study, it was reported that module is the most influential variable on weight of the gears. Selection of material is also vital to obtain the optimum weight of a gear pair as suggested by Delibas et al. [33]. In their study, a method called Ashby has been fostered which is a group of charts to select optimum material from. This optimum material satisfies a requirement of minimum weight based on bending strength as a constraint. This weight is a function of material index. So, if the latter increases, the former will be reduced. The authors also conducted further optimization to minimize the weight of gear pairs made of the selected materials. The results show minimized weight with material other than common steels. [5,22,34,35] used volume instead of weight as an objective function, however in the research of [34], distinct types of spur gear structures using CAD has been developed taking the influence of bottom clearance and modification coefficients of single stage spur gear into account. The authors claimed that by introducing these coefficients, clearance volume of gear pair could be determined which gave more accurate results of optimization than previous studies. Miler et al. [22] studied the effect of module on bending stress of the gear while making some parameters such as form factor Yf, stress factor Ys constants. It was reported that module had a bigger effect on stress than other variables. Zone factor ZH, transverse load factor , and face load factor   are parameters related to modification of contact pressure of the gear according to AGMA. By including profile shift coefficients as design variables in the optimization problem, the previous factors decreased and this in turn had reduced the contact pressure and volume of the gear pair. Providing three types of steel materials, authors compared the three volume materials including the profile shift coefficients for all gear sets and then excluding the same coefficients from the same gears. Volumes of gear set were calculated based on tip diameter instead of pitch circle to include the influence of addendum modifications. The same procedure was done by [36] where volume of a helical gear set was utilized as a single objective function. Positive addendum modifications were assumed to decrease the scoring failure on gear pair surface [37], this in turn has a significant effect on the minimization of weight of gears. Marjanovic et al. [38] optimized the volume of a spur gear train by ‘Gear Train Optimization’ GTO software. This optimization was not only depending on traditional variables including module face width as well as number of teeth for pinion but also encompassed a demonstration of selection of optimal concept of spur gear train. This concept involved best positions of gear axes, best materials, and best gear ratio. Another study conducted by Golabi et al. [39] attempted to reach the optimal number of stages of any gear train with the target of minimizing a gear box including gears, shafts, and housing shell. By varying the inputs such as power and gear ratio, applicable graphs could be employed for best design parameters such as number of stages, modules, shaft diameters, and face widths. Kostic et al. [40] attempted to minimize 2 and 4 stage spur gear train using innovative approach called golden spiral technique. This method depends on arranging the shaft axes of the gearbox in compact space as possible. This was done by making the distance between axes of first gear pair not causing any overlap between gears, then the other axes will be arranged in order on the contour of spiral. After getting the optimal configuration, volume was determined and compared with the one obtained by any optimization method. Optimization method is better in getting the optimal value of volume, however authors argued that the best technique is the one carried out with lesser effort. Another evaluation criterion was used by [24]. In this study, center distance was used as an objective function, aiming at minimizing weight of a single stage helical gear by using fmin technique in MATLAB toolbox, however a preliminary design of the gear reducer was done. In this design, pinion diameter was calculated according to contact fatigue strength, whereas determination of module was based on bending fatigue strength. The model started by initiating condition parameters such as power, driving gear speed in addition to material properties and working life of the gear. Results of optimization were compared to their counterparts of preliminary design where the authors revealed that minimum center distance could be obtained because of optimization. Carroll and Johanson [41] extended the work of previous literature when optimizing center distance by adding geometrical and dynamic factors to the bending stress equation according to AGMA. Their results revealed feasible center distance than previously done work, however, the algorithm used could not deal with discrete set of teeth and diametral pitch. Kader et al. [42] tried to optimize center distance of spur gear pair made of 20 dissimilar materials. Pinion number of teeth and module were catered as design variables. The aim was to study the mode of failure of each material which affects compactness of the gear pair under the optimized parameters such as pressure angle. 
C. Multiobjective optimization
[bookmark: _Hlk151400210][bookmark: _Hlk151400581][bookmark: _Hlk151400814][bookmark: _Hlk151401523]Multiobjective optimization was also studied extensively in literature. Weight and center distance of a spur gear pair were adopted by [43,44] as two objective functions. Three types of materials with specific properties were introduced in [43] namely, cast iron, alloy steel, and epoxy glass composites. The authors established a solid structure on SolidWorks as well as static structure using Ansys software inserting these materials alongside with input parameters chosen for the purpose of power requirement of windmill such as power, speed of the pinion, gear ratio, and service life. By modelling the gear set, weight of the gear set could be obtained. Genetic algorithm was also applied in the study to get the optimal parameters of face width, module, and pinion number of teeth; thus, results could be compared before and after optimization. Marcelin used the concept of multi-criteria optimization [45]. His aim was to minimize the volume of a cylindrical gear pair summed with the balance of sliding velocities at the first and last point of contact to overcome the wear, furthermore, checking and balancing two power values Ppress, and Prup; adapted from Hertzian theory and material resistance in bending. Comparing the reference calculation with the optimization, optimal solution for all preceding objectives was achieved with the efficient genetic algorithm method. A trade-off between volume and surface fatigue life of various stages of spur gear unit was assessed by Thompson et al. [46]. The aim was equalizing and minimizing fatigue lifetime of all stages of the gear train, however the study concluded that more evaluation needs to be conducted on several wider range of gear design problems before getting more broader conclusions. Huang et al. [47] tried to optimize same objectives of Thompson et al. using Interactive physical programming method. By applying the concept of multiobjective, surface fatigue life was sacrificed to get the optimal solution of volume and load capacity as per the preference of a designer. CHONG-HYONG et al. [48] used goal programming method to optimize volume and vibration of helical gear pair. The aim was to show the trade-off between the two objectives. results obtained were better than single objective optimization and validated through the applicability on elevator gearbox. Spur gear pair power loss was investigated as well as weight/volume and centre distance by [8]. It was mentioned in the study that heat generation was the reason for power losses. These power losses consisted of two types; load dependent due to friction and load independent which were related to external factors such as bearings, seals, in addition to oil churning in which is controlling in high input speeds, and this was not the case in the article. Power losses were minimized with the novelty of adding bottom clearance volume to the equation of volume to increase the level of accuracy where, clearance is the distance between dedendum circle of a gear and addendum circle of the mating gear. Results of optimization and standard gear pair were compared. Two different models were built; the first one with profile shift coefficients while the other without these coefficients to study their effect on both efficiency and volume. Different models of power loss calculations were introduced in the literature. One of these models was formulated by [49,50] which stated that power loss depends on coefficient of friction which is constant along pitch line, and load sharing ratio, but Hohn [49] neglected the rolling power losses as well as load independent power loss. Refs. [50,51] studied all types of power losses resulted from spur gearbox at different load and speed conditions. The authors elucidated that considering one type of power loss will increase the other type which in turn affects the overall efficiency of the gearbox. By measuring load independent power losses from experimental data and applying empirical formulas, gear mesh efficiency and total efficiency of the gearbox could be estimated. A similar study has been done by Korka et al. [52], however, here, the authors compared the gearbox efficiency calculations from analytical formulas with estimated by experimental data. It was reported that both results agreed with variation of less than 2%. previous power loss and coefficient of friction models introduced in literature are shown in tables 1 and 2. Theoretically, nearly all the optimization techniques use speed and torque as an input to the algorithm, solving the optimization design problem. However, in practice, gearbox is being exposed to uncertain load changes. So, the need for robust optimization is essential for optimal performance of a gearbox [19]. Salomon et al. [19] established a technique for optimization of a 2-stage gearbox called Active robust optimization. By taking the reasons, (neglecting some environmental and inaccuracies in operational parameters) for variations of load, robust optimal gearbox could be attained. Nevertheless, most literature considered the robustness only when converging toward optimal objective functions regardless of any inaccuracies such as in [23]. Based on the previous sections, a comparison has been made showing the strengths and weaknesses of single and multiobjective approaches as shown in table 3. 
D. Constraints
The most common constraints in any design optimization problem are the design constraints. These constraints involve bending fatigue strength, surface fatigue strength  based on ISO 6336:2006 and AGMA [7,22,24,53,54], and torsional strength of pinion and gear shafts, respectively were added by [5,18] moreover, attached two more types of constraints which were geometric constraints related to premises of gear sizing such as teeth constraints to avoid interference between pinion and gear, whereas control constraints considered to control values of module, face width for the purpose of uniform load distribution among teeth, and flash temperature to overcome scoring failure. [4,23] used another type of controlling constraint which was Centre distance to ensure compactness of the design. Mounting inaccuracy is a plausible reason for decreasing contact ratio, thus transverse contact ratio was used as a controlling constraint to ensure continuous action without any noise and vibration as suggested by [7,8]. To the best of the authors knowledge, most studies in literature lacks the connection to practical field, thus, [10,55] considered all design constraints related to industry including gears, shafts, bearing, seals, and lubrication constraints. A pie chart showing the percentage of all each type of constraint adopted by other researchers in the literature “see Fig. 4.”
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	Table 2. Various models of gear pair friction coefficient for steel gears
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	Table 3. comparison between single and multiobjective approaches

	Type of approach
	Single objective approach
	Multiobjective approach

	Computational time
	less
	more

	Computer resources
	less
	more

	Decision making methods
	no
	yes

	Objectives’ compromise 
	no
	yes



Figure 4. Percentage of each type of constraint in the literature



III. CONCLUSION AND FUTURE WORK
Literature covered design and optimization of the gear pair of macro and micro geometry, however the former has been related to the tool geometry and it includes basic geometric parameters such as module, face width, number of teeth, helix angle, and lastly addendum modifications. While the latter consists of modification of the gear teeth on the microscales such as tip reliefs and profile crowning which is out of the scope of the paper. The process of optimizing the macro geometry of the gear set has been extensively studied by different researchers and covered comprehensively in this paper as the performance of the gear is much influenced by macro rather than micro geometric specifications. The article also gathers all types of naturally inspired techniques of optimization with its basic work principles. Polymer gears have been reported in terms of materials and optimization in this article. Results recorded by other authors have been reported in this article which unfortunately, most of it depends on varying the parameters of the techniques or statistical analysis to reach the optimal design solution of the gear set. A rough guideline for gear design and optimization has been established to provide the designers and researchers with a flexible farmwork for application. Based on previous studies future aspects recommendations will be:
As the literature focused on steel gears for macro geometry optimization, it is suggested to optimize polymer gear sets with dissimilar materials as polymers have become essential in many industrial sectors for its light weight and lower manufacturing cost. Examining the previously studied optimization techniques on micro geometry whether it is metallic or polymer gears to show how effectively these methods can obtain optimal design. Conclusions have been made previously, but from theoretical studies, so it is advisable to include experimental work to connect between academic field, technological and industrial applications. 
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