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Abstract. The problem of identifying the parameters of spur and helical gears is solved using a specific example. The method of identifying a composite satellite, part of a planetary cylindrical gear mechanism, is considered. The satellite under study has helical (first stage) and spur (second stage) rims. For classic planetary cylindrical gear mechanisms, the conditions that must be satisfied are given, especially the condition of coaxiality. It is noted that appropriate standards greatly facilitate the identification task for gears cut with a standard cutting tool. Several features of plastic gear parameters identification are discussed, especially the influence of wear and extensive tooth damage. Particular attention is paid to the identification of the helix angle. Identifying unknown parameters of a composite satellite has been successfully performed with assumptions about the absence of correction during manufacture (zero cutting tool shift). Prospects for further research on identifying the parameters of corrected helical gears are outlined. The need for additional verification calculations for the found parameters is emphasized. The work will be interesting for engineers, who design gear transmissions and are involved in repairing gear mechanisms, especially plastic gear wheels. The conclusions formulated in the work will help solve the problem of identifying gear wheel parameters.
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INTRODUCTION
Gear drives are the most common type of mechanical transmission, which, in turn, causes their considerable variety. Despite their high reliability, cases of gear failure still occur. The optimal solution is to use original spare parts; however, situations often arise where such parts are unavailable on the market or their delivery time is excessively long. In such cases, the restoration of gear drives can be carried out using accessible local manufacturing technologies. Among these, rapid prototyping technologies deserve particular attention.


Rapid prototyping technologies provide broad opportunities for producing functional prototypes of whole gear mechanisms or separate components based on their 3D models created in modern CAD systems such as Autodesk Inventor, SolidWorks, PTC Creo, and others. These advanced technologies significantly reduce the manufacturing time of gears and mechanisms, thereby accelerating the development process of new products. It also enables detailed analysis of the performance and various parameters of designed assemblies at early development stages. Modern literature presents numerous ideas and recommendations regarding designing and fabricating gears using 3D printing [1-4]. For instance, article [5] provides several guidelines for optimizing 3D models to improve the manufactured quality with additive technologies sample. Modelling and prototyping of aeronautical planetary gear demonstrator described in the work [6]. Paper [7] investigates an unconventional gear transmission. This paper describes the creation of a specialized test rig, produced via 3D printing, for studying the efficiency of a spherical gear under various angles between the shafts (axes of rotation) across a wide range from  to .
Due to the relatively low cost of production plastic gears are widely used in electromechanical transmissions. However, as noted in [8], even short-term overloads beyond the design limits can lead to partial or complete failure. Rapid prototyping technology opens up new opportunities for repairing or accelerating the restoration of gear mechanisms. Modern additive manufacturing technologies are particularly relevant for producing failed plastic gears.
A significant challenge in manufacturing a replacement gear during the restoration of a gear transmission is accurately identifying the damaged gear’s parameters. Insufficient accuracy in parameter identification and subsequent manufacturing can significantly reduce the contact area of the meshing surfaces, leading to increased stress levels and, consequently, premature transmission failure. There are many methods for determining the parameters of gear mechanisms, but most of them require special equipment.
Publication [9] proposes a hardware–software system for determining gear parameters based on computer vision, where a CCD camera serves as the primary sensing element. This method enables relatively fast parameter identification but is limited to spur gears. Similarly, [10] describes a hardware-software system for identifying the parameters of cylindrical spur gears. The author highlights the high accuracy of the method with maximum deviations of ±0.101 mm for an addendum diameter of approximately 156 mm. To enhance the performance of the machine vision system, the study [11] implements a color-based probe tracking algorithm. In this approach, probe tracking is a key aspect of the measurement process.
Methods based on laser vision (LVPMM) provide even higher accuracy. Experimental measurements of gears reported in [12] show a measurement error of only 2.1 µm. Such precision meets the requirements for inspecting high-accuracy gear classes. Of particular interest are methods utilizing laser triangulation. In [13], the authors applied laser triangulation for rapid 3D scanning of the tooth surfaces of large gears with high accuracy.
Another optics-based approach is the projection moiré method. Study [14] describes a non-contact optical measurement technique for inspecting gear tooth surfaces.
In contrast to optical methods for obtaining the coordinates of curved surface points, there are contact-based approaches, such as those utilizing robotic manipulators equipped with appropriate probes [15] or coordinate measuring machines (CMMs) [16]. An on-machine measurement efficiency optimization model for complex curved surfaces is developed in [17]. Unlike optical techniques, contact methods do not impose specific requirements on the optical properties of the surface; however, they are generally more labor-intensive.
In contrast to the previously mentioned techniques requiring specialized hardware and software, the study [8] proposes approaches for gear geometry identification using standard measuring instruments. It also addresses other issues related to restoring the operability of gear transmissions through 3D printing, such as the challenges of replacing a single gear in a pair, the selection of appropriate technology and materials, and methods for enhancing the load-carrying capacity of the transmission.
The present article serves as a logical continuation of publication [8]. In this work, however, the problem of gear parameter identification is solved using a specific case study.
This research will be of interest to engineers involved in designing gear transmissions and to specialists engaged in repairing gear mechanisms, particularly those containing plastic gears.
RESEARCH METHODS OF IDENTIFICATION GEAR PARAMETERS
First of all, the following aspects of collecting a priori information for the identification of gear parameters should be listed, as they must be taken into account when solving the problem:
1) Determining values we can know with absolute certainty – in most cases, this involves only counting the number of teeth.
2) “Unambiguous” measurement of linear dimensions using a caliper (without additional operations). For example, the wheel's width or the shaft's outer diameter.
3) Measuring center distances or pitch requires several measurements and additional calculations.


4) The most approximate – determining the helix angle of the teeth  (on the pitch cylinder). Measurement and calculation errors are added together when determining . It is reasonable to digitize gear imprints and process them in modern CAD systems to obtain more accurate results. It should be noted that the helix angle varies depending on the cylinder diameter along which the helical line is constructed. Specifically, the angles measured along the addendum cylinder will be slightly larger than the actual values measured along the pitch cylinder.
To eliminate the possibility of obtaining inaccurate values, the measurements should be taken multiple times and the obtained values should then be averaged.
Sometimes there are more complex cases for identification, which are associated with the creation of full-fledged calculation models of the entire gear mesh, and it is necessary to additionally know the kinematic (transmission ratio) and power parameters (mesh force/torque or power).
For classic planetary cylindrical mechanisms (Fig. 1), the following conditions must be met:


– The condition of coaxiality reflects the requirement that the axes of the central wheels coincide. This condition is often written for the number of teeth (), but for multi-module or helical meshes, it is more convenient to write this condition using the working pitch diameters 


	 – for the diagram in Fig. 1 a;	(1)


	 – for the diagram in Fig. 1 b;	(2)


	 – for the diagram in Fig. 1 c.	(3)

– The proximity condition describes the requirement that the satellites do not touch each other



	 if ;	(5)



	 if ,	(6)

where  is the number of satellites.
– The assembly condition ensures that the planetary mechanism can be assembled while maintaining equal angles between the satellites


	,	(7)




where  is the transmission ratio of the planetary mechanism from link 1 to the planetary carrier when wheel 4 is stopped,  and  are any integers.
For the diagram in Fig. 1 a, when determining or selecting the number of teeth on the mechanism's wheels, you can also consider the recommendation that all tooth numbers should be multiples of the number of satellites.
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(a)                                                   (b)                                                  (c) 
FIGURE 1. Schemes of classical planetary cylindrical mechanisms

In conclusion, it should be emphasized that most gears (with some exceptions) are manufactured using standard cutting tools, so their parameters are standardized. For example, in Europe, several standards [18, 19], among others, are in place, and applying these facilitates the gear parameter identification task.
IDENTIFICATION OF PARAMETERS FOR SPUR AND HELICAL GEARS USING THE EXAMPLE OF A COMPOUND SATELLITE
It makes no sense to publish an abstract identification algorithm, so consider the task using a specific example. Let us consider the method for identifying a compound satellite that has both straight-toothed and helical-toothed rims (Fig. 2). The compound satellite shown in Fig. 2 is part of a planetary gear mechanism (Fig. 3). It should be noted that the investigated mechanism (Fig. 3) in this case is not planetary according to the classical definition, since it operates in a fixed planetary carrier mode, i.e., it does not have spatially movable axes of rotation. However, understanding that the investigated mechanism is a special case of the classic planetary mechanism also allows us to use the coaxiality condition (1).
Three satellites are used to distribute the power flow, which reduces the load on each of the satellites and, significantly, reduces the size of the transmission.




The number of teeth was determined by simple calculation (the numbering of the gear wheels is shown in the Fig. 4): , , , .
In the case of severely damaged gear wheels, as shown on the right side of Fig. 2, the number of teeth can be determined by the transmission ratio and the number of teeth on the mating wheel, or from additional conditions valid for planetary mechanisms.
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FIGURE 2. Photograph of the compound satellite.
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	FIGURE 3. Photograph of planetary cylindrical gearbox.
	FIGURE 4. Schema of planetary cylindrical gearbox.


In our case, the transmission ratio is

	.	(8)






As a result of measurements taken with a caliper, the addendum circle diameters  mm,  mm, the dedendum circle diameter  mm and rim widths  mm,  mm were determined.
The accuracy of the caliper measurement was 0.1 mm. The wear of the samples was not taken into account. However, in some cases, it is necessary to consider the amount of wear on the measured parts.
Identification of the spur gear. It is rational to start the identification with a spur gear, as it is simpler, and then use the obtained parameters as additional ones when identifying a helical gear. We will use the method described in [8] to do this.
Assuming that the gear is “simple,” we can use a simplified relationship to determine the diameter of the vertices


	,	(9)


from which the module  of the second gear stage (meshing of gears 3 and 4) can be obtained


	 mm.	(10)


The resulting module is standard (standard series modules [19] in millimeters 1, 1.125, 1.25, 1.375, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 9, 10, 11, 12, 14), which confirms the assumption about the identification of a “simple” mesh, i.e. gear wheel is standard zero without correction (profile shift coefficient ).
The center distance of the identified spur gear with internal meshing is found using the following formula


	 mm.	(11)

A distinctive feature of the mechanism is the coaxiality (1) of the input and output shafts, therefore the center distance of both gear stages is the same. At the same time, it is possible to determine the center distance with some accuracy in another way (Fig. 5). 


Based on the measured values  mm and  mm, we find the center distance


	 mm,	(12)

We note that the calculated value of the center distance agrees well with the measured value (absolute error less than 0.1 mm), which confirms the correctness of the identification of the parameters of the spur gear.
The obtained accurate value of the center distance (11) complements the initial data on the identification of the helical gear.
Identification of the helical gear. First, let's determine the gear module.
The addendum diameter of the gear wheel is

	,	(13)





where  – equalizing shift coefficient,  и  – profile shift coefficients,  – center distance modification coefficient.
The dedendum diameter of the gear wheel is

	,	(14)


where  is the clearance factor (according to ISO 53 [18] it is recommended to choose ).


Remember that the number of teeth on the satellite is greater than 17 and therefore no correction is required (). Although the equivalent number of pinion teeth is less than 17, and such gears are typically manufactured with cutter profile shift, in this mechanism it is acceptable to use a pinion with undercutting, since the mechanical properties of the pinion material (metal) significantly exceed those of the gear (polymer). This assumption allows the design to neglect profile correction ().




From equations (13) and (14), under the assumptions that , , ,  , we obtain


	,	(15)


Thus, the module of the first gear stage  (meshing of gears 1 and 2)


	 mm,	(16)


The closest standard normal modulus value is .

The helix angle of the teeth along the addendum cylinder  can be determined from the imprint of the gear tip (Fig. 6).
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	FIGURE 5. Schema for determining the center distance.
	
FIGURE 6. Schema of determining the helix angle .



Depending on the degree of damage to the teeth, there are two calculation options.
1) By the tangent of the angle:





	, when  mm,  mm, the helix angle of the teeth will be ,	(17)

2) By the cosine of the angle:





	, when  mm,  mm, the helix angle of the teeth will be ,	(18)



There is a slight difference between the determined values of the helix angle of the teeth on the addendum cylinder . Thus, both proposed calculation options (17) and (18) for determining the helix angle make it possible, with some deviations, to obtain a satisfactory result, but the accuracy of determining the helix angle  decreases with a reduction in the size of the identified gear and the presence of wear.

To determine the angle  along the pitch circle, the following formula can be used:


	,	(19)


Most likely, taking into account the technical capabilities of cutting gear wheels, the angle .
Let us check the center distance


	 mm,	(20)






It can be seen that the value  mm is significantly close to the value  mm found as a result of measurements (12) or the value  mm calculated for spur gearing (11). Therefore, we can conclude that the most likely value of the helix angle is  if  (without cutter profile shift).
PROSPECTS FOR FURTHER RESEARCH


For plastic wheels, it is also necessary to take into account the fact that when plastic gear wheels fail, the teeth may be damaged (i.e., plastic deformation of the tooth surface may occur, which may distort the identifiable parameters, namely: the modulus  and, in particular, the helix angle ), which can lead to errors in parameter identification. And, if a wheel that has not been accurately identified is manufactured and installed into the mechanism, this will lead to accelerated wear. Further research should consider issues related to the identification of corrected wheels (with cutter profile shift). A particularly interesting/complex task is determining the parameters of helical wheels with correction, in which case it becomes necessary to identify the helix angle much more accurately (in essence, this is a task of optimal selection).
In the absence of additional initial data that would allow verification the obtained helix angle value, special samplers can be manufactured using 3D printing. Printing a 3D model of the identified gear wheel and installing it in place of the damaged one does not allow assess the quality of the meshing. A more accurate method of checking the helix angle is to print a “covering part (negative)” for the undamaged mating wheel and “try it on”. To improve the accuracy of tooth surface reproduction, it is advisable to use VP (vat polymerization) technology.
CONCLUSION
When identifying gear parameters, it can always be assumed that the number of teeth is an integer and the module belongs to the standard series.
Actual measurements should be taken several times and then averaged.
The identified parameters must be calculated/verified in different ways (for example, the module can be determined by the diameter of a specific wheel and the center distance).
In complex cases, the identification of parameters is associated with the creation of full-fledged calculation models of the entire gear mesh, and it is necessary to use kinematic (transmission ratio) and power parameters (mesh force/torque or power) as additional a priori information.
When identifying the parameters of planetary gear wheels, the conditions of coaxiality, proximity, and assembly must be met.

The accuracy of determining the helix angle of the teeth  decreases with a reduction in the dimensions of the identified transmission and the presence of wear.
We emphasize the need to perform verification calculations for the unknown parameters of gear wheels using additional measurements or calculated dependencies.
In conclusion, it is worth mentioning the well-known statement that in complex cases, if possible, not only the failed gear wheel should be replaced, but the entire gear stage. This is because there is always a possibility of error in identifying the parameters of the gear transmission and, as a result, manufacturing the wrong wheel. Designing and manufacturing a new gear with the required parameters (center distance, gear width, and gear ratio) is preferable.
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