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Abstract

:

In this paper, a review of the evolution of the study of cylindrical gear dynamics is presented. After a brief historical introduction to the field, the first attempts to describe the complex interactions in those systems are analyzed introducing the dynamic factor and the first methodologies used to compute it. Next, the sources of excitation in geared systems are analyzed in detail and the models of the various contributions are discussed. Then, the paper focuses on the use of those sources in several dynamic models which are wildly different in terms of scope, applicability, complexity and methodology employed, ranging from simple analytical models, to lumped masses models up to multibody and finite element models. Finally, an outlook to the future evolution of the field is given and conclusions are drawn.
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1. Introduction


Gears are among the most widely used methods to transmit motion and power, and they have been so since ancient times. Probably the oldest evidence of their use is the Antikythera mechanism which dates back to the 3rd century BC and was used as an astronomical calendar. The Chinese during the 3rd century developed a chariot with a differential mechanism with gears to keep the statue of the emperor pointing south as it travelled through the country. From the ancient ages the uses of gears have multiplied exponentially and as of today their uses ranges from super-heavy machinery, down to miniaturized high-precision applications like clocks and watches. Recently [1] it has also been discovered that a small insect in its juvenile state uses a geared mechanism to synchronize the movement of its legs during jumps to maximize accuracy and distance covered as visible in Figure 1. This is the first occurrence of a natural geared mechanism ever found. Ideally gears could be considered as rigid bodies and as such, due to their properties and geometry, they should be able to transmit motion at a constant rate without introducing in the system that they’re a part of further sources of dynamic excitations.



This would mean that gears would not be sources or victims of mechanical failures, since those are most commonly caused by dynamic problems. Indeed, most of the damage mechanisms, such as fatigue and wear, and all the noise and harshness problems are due to the dynamic nature of the conditions in which the mechanical systems are operating. The large amount of literature related to engagement dynamics and gear dynamics in general ([2,3,4]) proves that this is not the case. This great amount of literature available is due to the various aspects and outputs the engineers are interested in, starting from the stresses in the gears, the cumulated damage, the efficiency of the power transmission, the noise and vibration emission and propagation, the loads on the supporting members such as the bearings and the gearbox casing, all the way to more complex problems like rotor dynamics and the final life assessment of the entire transmission. These dynamic effects are generated by the system kinematics, such as the cyclic variation of load due to gears rotation, and by the system flexibility. The first aspect could surely induce failure of the gears such as fatigue in the tooth root fillet or in the contact surface, but this is implicit in the nature of mating gears and unavoidable and therefore must be treated by a conventional fatigue approach as described in the consolidated standards like AGMA [5] or ISO [6] (Figure 2). Scientific analyses to reduce and mitigate problems related to the second aspect started in the Twenties and Thirties of the 20th century and they were related to the evaluation of the dynamic overloads due to teeth mating and studied which design changes could increase the lasting of the system by reducing noise and vibration. In the Fifties, studies were conducted to understand the overload during engagement with the help of the first dynamic models. More complex models were then introduced in order to improve their accuracy and to take into account the effects of tooth tridimensionality and the nonlinearities of the main components and also due to the effects of friction and lubrication. The increase in computational power and availability the literature is enriched by complex Finite Element (FE) and Multibody models that alsoconsider the micro and macro geometry of the gears, the overall deformations of the gearbox components and the evolution in time of the engagement. The goals of those studies also shifted with time. The earlier works are oriented towards the estimation of the Dynamic Factor which is the load increment due to the dynamics. Others are instead voted to engagement dynamics and they focus their attention on the compliance. Others are more system-oriented and they consider shaft and bearing clearances and flexibilities. With the rise of high spin speed system gyroscopic effects are also taken into account with complex rotor dynamics models of the geared system, while others are more focused on the noise and vibration aspects. This wide variety of goals and methods is justified by the objective complexity of those systems and reflects the difficulty of understanding and modeling the dynamic behavior of geared transmissions. In the early years the objective was to study and define a factor to scale the nominal forces to take into consideration the dynamics during the design of the gears, as is still done today according to AGMA [5] and ISO [6]. The first works were mostly experimental and the first definition of the Dynamic Factor was obtained by comparing the nominal conditions to failure conditions by experimentally varying the spin speed and loads of a transmission and recording ruptures [2]. Failure conditions were then compared to nominal ones and the Dynamic Factor was computed. This clear dependency of the survival of the gears with spin speed and load conditions led Walker [7] to propose the first analytical expression. In that expression the Dynamic Factor (  D F  ) was directly related to the tangential speed and the pitch diameter


  D F =   600 + v  600  =   dynamic  load   static  load    



(1)




where v is the linear speed of the gear at the pitch diameter in feet per minute. This approach overestimated the dynamic contributions since it neglected a lot of parameters. A modification, which became the starting point for the AGMA standard [5], was proposed in [8]:


  D F =   78 +  v   78  =   dynamic  load   static  load    



(2)







The AGMA standard will later take into consideration the manufacturing quality in the expression of the Dynamic Factor   K v  :


   K v  =    C  C +  v      − B   =   dynamic  load   static  load    



(3)




where   C = 50 + 56 ( 1 − B )  ,   B = 0 . 25   (  A v  − 5 )   2 / 3     and   A v   is the transmission accuracy level. Tuplin [9] was the first to consider the errors due to gear manufacturing. He defined a natural frequency of the resonance phenomenon that could occur in a gear pair when a pitch error is present and the maximum load that the gear pair could experience. A sketch of this model is visible in Figure 3 and the accelerations    x 1  ¨   and    x 2  ¨   can be computed solving the equations of motion where the external load is represented by the time variation of the distance between the gear   m 2   and the stiffness k. Tuplin finds that the maximum load cannot exceed the value of the stiffness times the pitch error e. Harris [10] conducted a series of tests to understand the causes of gear vibration. Harris analyses the relative displacement as the variation in the velocity ratio at the pitch diameter for different gears and loads. He finds that the relative displacement at a precise load is strictly related to the static error at that loads and the curves he registers in the so called Harris map (Figure 4) are only related to the variation in stiffness. He therefore introduced the concept of the design load which corresponds to the particular torque for which the mesh excitations of a given gear are minimal. His findings were confirmed by numerous experiments and also proven theoretically for pinion-gear pairs ([11,12]) and for multi-mesh systems [13], thus the importance of the Transmission Error (  T E   see Figure 5) was highlighted. If the gears are considered rigid, they form a perfect kinematic coupling and therefore the displacements along the line of action of the two mating gears are equal, so


    d  b , 1   2   θ 1  =   d  b , 2   2   θ 2   



(4)




where   d  b , 1   ,   d  b , 2    represent the base diameters of the two mating gears and   θ 1  ,   θ 2   their angular displacements. In actual conditions, teeth are flexible, profiles are different from ideal and due to manufacturing and assembly errors the above relationship does not hold anymore. Therefore, the following general definition for the TE can be stated


  T E =   d  b , 1   2   θ 1  −   d  b , 2   2   θ 2   



(5)







If conditions can be considered static or quasi-static, this TE is often called Static Transmission Error (  S T E  ) or equivalently Loaded Static Transmission Error (  L S T E  ). Several approaches have been proposed throughout the years to analyze the   S T E   ranging from experimental methods ([14,15,16]), analytical ones ([17,18,19]) or adopting the flexibility and accuracy of the FE method ([20,21,22,23]). When the   T E   is computed taking into considerations only the modifications from the ideal gears due to the manufacturing process then it is called Manufacturing Transmission Error (  M T E  ) ([24,25,26,27,28,29]). Those errors can be of shape, of pitch deviations or indexing and run-out. When the mounting deviations such as center distance variation, eccentricities and misalignments but no loads are acting on the system then that is called the No Load Transmission Error (  N L T E  ) as described in [30]. Furthermore, due to dynamic effects, the instantaneous load changes and teeth could even lose contact and even have impacts on the coast side of the tooth profile and during rotation all of the above mentioned errors cumulate and the Dynamic Transmission Error (  D T E  ) originates, which is hence a function of time, that can be expressed as


  D T E =   d  b , 1   2   θ 1   ( t )  −   d  b , 2   2   θ 2   ( t )   



(6)







During the 1980s, Japanese researchers and engineers conducted several important experimental studies on torsional dynamics of gears including analyses of gear errors and profile modifications providing a solid groundwork for subsequent studies ([31,32,33,34,35,36,37]).




2. Sources of Excitation


2.1. Transmission Error


Evidently, the calculation of those errors, especially the   S T E  , is crucial in understanding the dynamic interaction in geared systems and obtaining the correct Dynamic Factor   K v   and the   D T E  . The first works in this direction were based on analytical formulations and the first one is by Weber [38] and later by Weber and Banaschek [39]. These works are based on the superposition of the deformation due to the contact between teeth, the deflection of a clamped-free beam with the shape of the tooth and the ring compliance. The compliance due to contact between teeth is analyzed using the bidimensional Hertz theory [40] for cylindrical contact, while Lundberg [41] proposed to consider a distribution of pressure at the surface of an elastic half plane. The clamped-free variable shape beam introduces the flexural, shear and normal compliances. The gear body is accounted for considering the tooth rigid and assuming the ring as a large elastic plane where flexural, shear and normal effects are applied. Ishikawa [42] improved the methodology by considering the tooth as a trapezoidal beam attached on top of a rectangular beam. Attia [43] introduced some modifications to Weber’s model and a sketch for its application is visible in Figure 6.



Its main contribution is the inclusion of the deflection of the teeth close to the loaded one in the calculation of the static solution. Cornell [44,45] later used a discrete approach instead of Weber’s integral approach to improve the feasibility of a computer implementation. O’Donnel [46] improved the model by implementing influence coefficients in the evaluation of tooth base stiffness. More recently, Sainsot et al. [47] modified the approach to the compliance of the tooth base from the semi-infinite plane of Weber to a semi-analytical formulation based on elastic rings which results in a comprehensive formula. Other authors propose semi empirical models to describe the stiffness variation during the motion of the gear, such as the work of Cai and Hayashi [48,49]. In this paper, the stiffness of the tooth is described as a function of time and contact ratio and the main parameters are the spin speed of the gear and the number of teeth that are contemporarily mating. For helical gears, Umezawa et al. ([50,51]) observed a logarithmic relationship between the stiffness and the position along the tooth face, and later Cai [52] proposed an improved function for the stiffness considering the contact ratio and addendum modifications. As the computational power increased, many researchers started using the FE method, initially to compute the stress in the root fillet, but in [53] the FE was used instead to evaluate the dynamic behavior of the gear pair. An interesting validation of the FE approach is given in [54]. In that paper a comparison of 3D FE with experiments and other base theories is given. From that time many researchers started using FE analyses to calculate the stiffness of the teeth. Some of those consider only the effect of the tooth stiffness neglecting the contact, so the FE model is only related to the structural behavior of the tooth as in [55,56,57]. Others consider separately the summation of Hertzian phenomena and the elastic behavior of the gear ([58,59,60,61,62,63,64]). An in-depth literature overview of the use of FE in the simulation of gear drives is given in [4]. Interestingly, Parker et al. [65] introduced a detailed semi-analytical contact mechanics model close to tooth surface, matched to a FE model of gear teeth and body that closely captures the non-linear dynamic response of spur gears, and another hybrid approach is presented in [66]. The effects of profile and lead modifications was investigated for helical gears in [26,67], where it was found that the meshing process can be modified by those since they affect the contact lines in the base plane and also the quality class of the gear was considered. Houser et al. [68] experimentally verified the strict correlation between the   S T E   and the noise and vibration levels generated in operation. This relationship led researchers to minimize this source, first by investigating the corner contact [69], then suggesting algorithms to obtain the optimal microgeometries [70,71]. Other attempts at controlling the microgeometry can be found in [72,73] for the improvement of the load distribution along the tooth flank, and in [74] to reduce the overloads. Recently ([75,76,77]) a set of analytical formulas was proposed which defines the optimal set of linear tip relief for spur and helical gears which minimizes the variance of the   S T E  . The wide literature around these aspects highlights their importance and indeed Wang ([78,79]) analyzes the effects of backlash and the   S T E   in lightly loaded high speed gears. He concludes that “the backlash alone is not a source of trouble, but backlash coupled with transmission errors can be”. In [80] a study related to gear vibration is carried out using an analytical approach, considering the tooth stiffness variable along the tooth height and the position of the external force moves according to the engagement process.




2.2. Other Sources


While   T E   is the dominant source of excitation in geared systems, other phenomena also contribute to the overall dynamic behavior. One of the most easily recognizable secondary sources is the fluctuation of the torque, which in automotive gearboxes can generate vibro-impacts and therefore rattle noise [81] as experimentally investigated in [82]. Wind turbines suffer torque oscillations due to the unsteady aerodynamics [83] as well as vacuum pumps due to low fluidic drag torque interactions [84]. Interestingly, in [85], a model utilizing adaptive selection of the time-step is proposed to take into account both rotational velocity and torque oscillations highlighting the fact that the resulting   D T E   is not only dependent on the instantaneous stiffness but also greatly affected by the rotational speed with wildly different impacts for the different sub-harmonics. Friction in the engagement also plays a non-negligible role since the relative sliding velocity changes as the contact point passes through the pitch point possibly increasing gear vibration [86]. A method to consider friction in the calculation of the mesh stiffness is shown in [87], while its effects as an excitation source are especially evident along the off-line-of-action direction as highlighted in [88,89]. Manufacturing errors not only influence the   M T E   and hence the   S T E  , but are directly involved in the dynamics as experimentally shown in [90] and more recently in [91], while the effect of shaft balancing, positioning and alignment of the gear pairs has been analyzed in [92]. For helical gears the centroid of the normal force moves across the facewidth causing a shuttling moment [93] which can be a further excitation as can be the electromagnetic forces [94] in the increasing number of electric vehicles, showing that for a comprehensive analysis also secondary phenomena can play an important role as excitation sources.





3. Dynamic Models


3.1. 1D Models


In the years between Tuplin’s [9] work and that of Bahgat et al. [80], a great number of studies were conducted and the extensive review by Ozguven and Houser [2] was surely the starting point for the model presented in [95] (Figure 7), which is similar to the one in [51] but makes a distinction between   S T E   and   D T E   and uses the former to compute the latter and was validated on the experimental results of dynamic root strains recorded in [96]. Using a similar model, Kahraman and Singh in [97] (Figure 8) study the dynamic behavior of a gear pair simplifying some aspects. For example, the   S T E   is modeled as a sinusoidal quantity that varies with its own frequency and the fluctuation of the torque is characterized by a fundamental frequency different from the one of the   S T E  , and those fluctuations make up the excitation sources. However, it introduces a non-linear trend of the elastic contribution to the force equilibrium, which is equal to zero when the displacement measured along the line of action is between the values of the backlash and is linear otherwise. The equation of motion for this model can be written as


  m  x ¨  + c  x ˙  +  k m  x =   T 1   d  b , 1    + e  ( t )   



(7)




where the equivalent mass is   m =  I 1   I 2  /  (  I 1   r 1 2  +  I 2   r 2 2  )    obtained from the inertias   I 1   and   I 2   of the pinion and gear respectively and their base radii   r 1   and   r 2  ,   k m   is the mesh stiffness,   T 1   is the static torque, c is proportional damping,   x =  r 2   θ 1  +  r 1   θ 2    is the   D T E   and   e ( t )   is the excitation source described above. Instead, in [65] a similar model is proposed but in this case the external excitation source is not present and the excitation comes from the fluctuation of one of the parameters, namely the Time Varying Mesh Stiffness (  T V M S  )    k m   ( t )    computed from the   S T E   at different torque levels. Thus, the parametrically excited system equation of motion can hence be written as


  m  x ¨  + c  x ˙  +  k m   ( t )  x =   T 1   d  b , 1     



(8)




which highlights the different approach used to simulate the nonlinear behavior of meshing gears. Kahraman and Singh later improved their model [98] by taking into account also the compliance of the shafts and the clearances in the bearings as well as the periodic variation of the mesh stiffness as a source term. Blankenship and Kahraman [99] later developed a test rig to verify the numerical results and they find that if a non-linear jump phenomenon occurs, its jump-up frequency is independent of the load applied, while the jump-down frequency lowers as the load vanishes.



A similar model can be found in [49], but they explicitly state the error contributions, and they are able to linearize the equations and express the error function in Fourier’s series considering the effect of contact ratio and errors on the dynamic response of the gear pair. They then demonstrate that the presence of subharmonics in the response is mainly due to the error harmonics. Profile errors were also simulated in [100] using a digitized approach to include their effect in the dynamic response showing possible increases in dynamic loads due to contact loss caused by those errors. Rather than focusing on the line of action, a rotary model was developed by Yang and Sun [101] which also introduced the alternation of the number of tooth pairs in contact. In [102] the authors provide a detailed description of flank modifications, deviations from the theoretical one and mounting errors resulting in a general definition of the   N L T E  , which was first investigated in [103]. They apply this methodology on a system in which each gear is represented by six degrees of freedom, and it proves to represent well enough a unified approach. Amabili et al. [104] proposed a modified non-linear model that takes into account also the non-linearity in damping and for its description they use the same approach as for the stiffness and also a method to identify important dynamic parameters by the vibration of spur gears [105], while the contribution of composite manufacturing errors in the dynamic response was highlighted in [106]. NASA [107] published a report implementing the state of the art and focus on a parametric evaluation of the dynamic overload with respect to the contact ratio highlighting its importance in ruling gear dynamics. Kahraman and Blankenship ([108,109]) experimentally investigated the relationship between the contact ratio and the magnitude of the dynamic overload and also the one between mesh stiffness variation and contact ratio. One of the first works that employs FE to evaluate gear dynamics is [110] in which different models of increasing complexity are studied and the influence of the engaging shifting due to teeth compliance on the dynamic overload is underlined. An interesting work focused on damping and friction was published by Vaishya and Sing in [111] and later in [112]. They consider the friction coefficient as an explicit function of time by taking into account the instantaneous sliding velocities between the surfaces due to the kinematics and the vibration. They highlight that friction damping is present also at pitch point where theoretically no sliding effects are present and that the absence of instabilities in most practical applications is due to this effect, but that this friction effect is a source of excitation for out of line actions. A further model improvement was published in [113], where the effects of profile modifications, backlash, tooth separation, mesh and bearing damping were included. In [114], Theodossiades and Natsiavas consider the time-dependent mesh stiffness not as an external excitation, but as an intrinsic time-varying parameter of the system and they study the system’s response with analytical and numerical methods analyzing the effects of backlash, damping and other parameters on the response and stability in several conditions highlighting the possibility of occurrence of crises and intermittent chaos for this kind of systems. The same researchers then improved their model [115] including the non-linear characteristics of oil journal bearings and also proposing a reduced order model to take into account also the flexibilities of the shafts and their rotordynamic behavior showing that several possible branches of unstable periodic response are possible. Another approach detailed in [116] introduces nonlinearities also from bearings and by only specifying the external loads the existence of other chaotic phenomena is demonstrated. Potential instabilities were also studied in detail in [117,118,119] with different approaches such as the phase-plane and state-space methods.




3.2. Advanced Models


Parker and Vijayakar [65] (Figure 9) removed the need to provide the mesh stiffness as in input by coupling a FE model with a detailed analytical contact model whose results got a close agreement with experimental data on the dynamic response of spur gears and was also compared to experimental tooth root strains in [120].



The same method was later extended to the frequency domain in [121]. This approach was even employed to applications in planetary gears [122] and experimental comparisons can be found in [123] also against simpler lumped parameters models. Further improvements to the method were introduced in [124,125,126] where the effects of compliant ring and sun gear was studied and it was shown that a higher flexibility of those components can improve the load sharing on the planets and the overall dynamic response. The effects of the presence of rolling elements was investigated in [127] using the same approach and comparing the results to those from a perturbation analysis. Improvements to reduce the computational effort were introduced in [128,129] still considering several sources of non-linearities and the influence of flexibilities and also the effects of tooth profile modifications [130]. This model was the base upon which the Hybrid Analytical–Computational model was developed in [131]. The authors precompute a Force Deflection Function (Figure 10) for various loads and apply that to a lumped parameters model obtaining extremely accurate results at a fraction of the computational time required by more complex analyses.



Cooley and Parker also introduced an approach to the simulation of flexible gears by modeling a rotating elastic ring coupled to constant space-fixed foundations ([132,133]) and a study on the parametric instabilities was later conducted introducing fluctuating values of the mesh stiffness [134]. The analytical nature of their model allows them to derive closed-form solutions for the eigenvalues including rotor dynamics effects and study in detail veering and instability phenomena. An interesting paper from Cooley et al. [135] analyzes two different methodologies to compute the mesh stiffness during the engagement and their appropriate use as input in lumped parameters or FE dynamic models (Figure 11). The first one is the average slope approach and it implies the calculation of the mesh stiffness by simply dividing the load by the deflection during engagement:


   k a  =   F m   q m    



(9)




where    q m  =   d  b , 1   2   θ 1  −   d  b , 2   2   θ 2  − ϵ   and   F m   is the tooth mesh load. In this expression the loaded   T E   from Equation (5) can be recognized and  ϵ  is the   N L T E  . The local slope approach contemplates the following instead:


   k l  =    F m   (  q m  + δ  q m  )  −  F m   (  q m  − δ  q m  )    2 δ  q m     



(10)




where   δ  q m    is a small variation in the mesh deflection. The authors find that using the average slope approach is correct for static analyses, but is incorrect for dynamic studies, where the local slope approach should be used instead, thus formulating the equations of motion as


   m e    q ¨  m  +  k l   ( t )   q m  =  k l   ( t )   q 0   ( t )   



(11)




where   m e   is the equivalent mass of the system and therefore the excitation depends on the   S T E     q 0   ( t )    which takes into account both the mean and the fluctuating components of the mesh stiffness. Hotait and Kahraman [136] went back and tried to experimentally deepen the understanding of the relationship between the   D T E   and the   D F  . They recorded for different torques and speeds the   D F   as the ratio between the tooth root strain under dynamic conditions and quasi-static ones (Figure 12):


  D F =    [  ϵ  d y n    ( t )  ]   m a x     [  ϵ  s t a t    ( t )  ]   m a x     



(12)







At the same time, they recorded the   D T E   and found a strong relationship between the two factors finally formulating a linear relationship between them, allowing the estimation of one by knowing the other. Palermo et al. [137], starting from [65], proposed a scalable multibody model for spur and helical gears based on an instantaneous contact solution and considering also the effects of misalignments. Particularly interesting is the description of the shuttling, that is axial fluctuations due to mounting deviations, and its effects on the bearings loads and the dynamic moments along the plane of action. Lim and Singh ([138,139,140]) analyzed in detail the literature regarding the inclusion of the housing in the global dynamic response and coupled the gearbox assembly with its gears and rolling elements to study the overall response. Rigaud and Sabot used a FE model of the gearbox [141] and showed the effects of the inclusion of all components of a gearbox, such as shafts, bearings, couplings and external inertias, on the overall dynamic response. In [142], a detailed FE model of the gearbox was used to its vibroacoustic response, but the dynamics of the gears was decoupled from the FE and only later the excitation through the bearings was applied to the casing. Instead in [143] the dynamics of the gears and the housing was coupled directly by a FE/contact mechanics model. In statics the rolling elements of the bearings were described in detail, while in dynamics they were included as an equivalent lumped-parameter model to reduce their otherwise enormous computational cost.





4. Future Perspectives and Conclusions


In the most recent years, the development of methodologies has not slowed down mainly thanks to the increasing interest in this field coming from the aviation and wind turbines industry, which aims at constantly increasing the power density and reliability of the gearboxes, and from the progressive electrification of vehicles thus increasing the importance of the gearbox generated noise, since in some cases the electric engine is now quieter than the reduction gearbox. This renewed interest has led to development of advanced and complex models, which now can simulate also the effects of the Bearing Time-Varying Stiffness (  B T V S  ) [144] and also the non-inertial conditions in which the gearing operates [145] which cause diverse nonlinear phenomena. Hybrid FE have been specially developed to simulate the main components of the gearbox, including the housing, with an integrated tooth contact analysis as in [146] and also several chaotic phenomena have been studied considering several clearances in [147] and even the   T V M S   has been made dependent on the instantaneous dynamic mesh force in [148] to further improve accuracy of the results. To further improve the accuracy of the calculation of the   T V M S  , the stiffness and damping contribution of the oil film during engagement are taken into account in [149], while the interaction between friction and   T V M S   is studied in [150]. Alongside those advanced models, several multibody approaches have been developed to reduce the computational times while retaining a good degree of accuracy, such as [151] in which the need to precompute quantities usually treated as inputs, such as the   S T E   and the   T V M S   is removed, or using different model order reduction techniques such as [152] or [153]. Several attempts have also been made with the goal to minimize the variation of the   T V M S   such as [154,155] and also for the bending stress in dynamic conditions in [156]. Some focus has also been shifted to the predesign phase of the engineering process to design a gearbox by introducing quicker, yet reliable, results for example using a block-oriented approach as in [157] or with the application of the harmonic balance method in [158]. In this context an efficient method with a 3D Non-Hertzian contact model has also been proposed ([159]) and applied for different profile modifications in [160] also detailing the effects of torque inversion during operation. More than one hundred years demonstrate that the study of gear dynamics is still a challenge and an interesting field of investigation. Further research has to be done to understand the numerous phenomena at play in geared systems. This review highlights that the gear dynamics topic has not covered all issues, especially in solving the relationship between fatigue life of an actual component and the predicted dynamic response and the connection between   S T E   and   D T E  .
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The following abbreviations are used in this manuscript:



	FE
	Finite Element



	DF
	Dynamic Factor



	TE
	Transmission Error



	(L)STE
	(Loaded) Static Transmission Error



	MTE
	Manufacturing Transmission Error



	NLTE
	No Load Transmission Error



	DTE
	Dynamic Transmission Error



	TVMS
	Time-Varying Mesh Stiffness



	BTVS
	Bearing Time-Varying Stiffness
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Figure 1. Naturally occurring geared mechanism from [1]. 
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Figure 2. Tooth bending strength calculation as detailed AGMA [5] and ISO [6]. For an explanation of the depicted quantities, the reader is referred to the cited standards. 
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Figure 3. Tuplin’s proposed dynamic model, as described in [9]. 
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Figure 4. Harris map [10]. 
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Figure 5. Visualization of TE: in grey the ideal position, in cyan the actual one. 
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Figure 6. Sketch of Attia’s model as defined in [43]. 
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Figure 7. Ozguven and Houser dynamic model as detailed in [95]. 
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Figure 8. Nonlinear trend of the elastic contribution as described in [95]. 
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Figure 9. Coupled FE/Contact mechanics model from [65]. 
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Figure 10. Force Deflection Function from [131], (a) 3D view, (b) frontal view. 
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Figure 11. Average and Local slopes for the estimation of the mesh stiffness from [135]. 
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Figure 12. Static and dynamic tooth root strains during engagement from [136]. 
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