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Abstract

:

Featured Application


In this study, an original approach to the dynamic analysis of cycloid disc stress-strain state is proposed, which provides a very accurate picture of dynamic processes in cycloid drives.




Abstract


The problem of internal forces that occur on the cycloid disc during the cycloid speed reducer operation so far has not been considered in a way that reflects its actual workloads and stresses in the cycloid disc itself. This paper presents a dynamic analysis of the stress-strain state of a cycloid disc by using experimental and numerical methods. The following cases of meshing are presented in the paper: a single-tooth, double-tooth, and triple-tooth meshing of the cycloid disc and the ring gear. The cycloid disc was chosen for this study because it is one of the main elements and the most critical element of the cycloid speed reducer. An experimental physical model of the cycloid disc and the meshing elements of the cycloid speed reducer was made based on a previously performed 3D CAD model. The numerical analysis of the stress-strain state of the cycloid disc was performed with the identically defined external load using the transient stress method. The paper presents a comparative analysis of the experimental and numerical results, which gives a solid insight into what is happening in the cycloid disc during the cycloid speed reducer operation. The experimental and simulation results both give the results with a deviation between 3% and 15%. After the detailed analyses, it is shown that the most critical element of cycloid speed reducer are output rollers, which need further study.
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1. Introduction


Over the last few decades, cycloid speed reducers have found a wide application in engineering practice. They are generally used as reducers, while their applications as multipliers or two-way power transmission systems have not been sufficiently studied yet. Cycloid speed reducers have a great number of good performance characteristics, such as a wide range of transmission ratios, extremely compact design, low noise and vibration, lightweight concerning the torque they transmit, ability to transmit high torques, reliable operation under intensive dynamic loads, high efficiency, etc. All these good operating characteristics together with a good price range, give them an advantage over conventional speed reducers. These gear trains have found application in robots, satellites, manipulation devices, crane machines, large industrial mixers, conveyors, and renewable energy sources (wind generators, mini hydro power plants).



The cycloid speed reducer force analysis and stresses in reducer elements caused by internal forces is a very complex task. For that reason, the cycloid speed reducer elements are often over-dimensioned, considering the possible problems that can be encountered in the cycloid speed reducer operation. The first analysis of the cycloid speed reducer internal forces was performed by Kudrijavcev in his book Planetary Gear Train [1]. His model was further improved by Lehmann [2] in his doctoral thesis. Malhorta and Parameswaran [3] developed a detailed model for determining the forces on all the elements of the cycloid speed reducer, which they later used to calculate the efficiency. The further published research about cycloid reducer dynamic analysis can be divided into two main groups: the papers that deal mainly with analytical models and simulations and the papers with dynamic simulations compared with experimental testing. One of the first papers from the first group of research was performed by Thube and Bobak [4], showing the detailed dynamic simulation in CAD software of a cycloid speed reducer without a theoretical background. On the other hand, Kniazeva and Goman [5] gave the analytical method of excitation force creation and its transformation into internal reducer forces. Furthermore, Wang et al. [6] analyzed sliding speed in cycloid speed reducers. Li [7] did a static analysis of the stress state in cycloid discs interacting with other reducer meshing elements. Hsieh [8,9] did both simulation and experimental analysis in classic cycloid speed reducers and non-pin wheel cycloid speed reducers, comparing their results. Shen et al. [10] did a dynamic analysis of cycloid speed reducers with special attention to their vibrations. Other authors in this field [11,12,13,14,15,16,17] did various dynamic simulations of cycloid speed reducer working using different software for its analysis, such as SolidWorks, ANSYS, MSC NASTRAN, etc. Two papers [18,19,20] in this field have been different because they described the simulation of contact stresses in cycloid discs all along their width. One of the most influential factors in the cycloid speed reducer dynamic is its machining and manufacturing tolerances [21]. Very accurate research about forces and stress calculation was performed by Efremenkov et al. [22], which can be used as a starting point for further experimental analyses.



Papers from the second group of papers related to cycloid reducer dynamics involve investigations with experimental testing. These papers were not published often because of the experiments’ complexity and their costs. One of the first papers related to cycloid reducer dynamics was written by Hsieh [8], and the part related to the experiment was conducted in an open power circuit. In that research, the output torque was measured in two types of reducers: classic cycloid reducer and non-pin wheel concept. Another publication that had an experiment was by Kumar et al. [23]. After analysis in ANSYS, they found that the existing mechanism of the cycloid speed reducer was a critical part and they performed an experiment on the real model. The vibration analysis, numerically and experimentally, was conducted by Chen and Yang [24]. The same group of authors also performed one more experiment with a classic type of cycloid speed reducer and a new proposed model [25]. In that experiment, they used an accelerometer on the reducer output to have insight into the output shaft starting and stopping. They also conducted additional research with the same model, where they performed vibration analyses and oscillation modes [25]. Recent research in this field [26] shows the proposed design of a cycloid speed reducer with experimental verification of its functioning.



The authors of this research also have a background in this field, both theoretical and experimental papers. A solid foundation in the field of cycloid reducer research was conducted by Blagojevic [27] in his doctoral thesis. Furthermore, Blagojevic et al. [28] set up the single-stage cycloid reducer dynamic model, solved in MATLAB. In later research, a group of authors [29] analyzed the new concept of a two-stage cycloid reducer that uses one cycloid disc instead of two per transmission stage. This research uses an experiment of cycloid disc static loading. Blagojevic et al. [30] conducted FEM and experimental analyses on one cycloid disc from a cycloid speed reducer in static conditions. Interesting research by Blagojevic and a group of authors [31] was conducted similarly to [7], but NASTRAN was used for the solving software. For the new concept of a cycloid speed reducer presented in Blagojevic’s Ph.D. thesis, a complete dynamic model has been given in the paper [32]. In another paper [33], the authors gave complete static analyses for a particular cycloid speed reducer with forces calculated on each reducer element. Blagojevic et al. [34] investigate the influence of friction forces on cycloid drive efficiency. In that paper, they show that friction forces can greatly impact cycloid drive operation due to decreased lubrication in case of oil leakage, lubricant decreased properties during operation, etc.



During dynamic load conditions, power transmissions must keep their stability, precision, and endurance. Therefore, examining cycloid speed reductions in dynamic load conditions is very significant. As can be noticed, in the available literature, most papers have analytical and numerical results. Few papers have an experiment. Most of the shown experiments in the available literature are conducted under static load conditions. The problem with static load conditions is that a physical process in the actual working conditions of the cycloidal drive is not simulated properly. Some of the dynamic experiments shown in the literature review only give output values of torque or output of acceleration. These experiments do not give complete insight into what is happening in the cycloid speed reducer during meshing in working conditions. Thus far, the experimental dynamic loading of the cycloid disc in laboratory conditions is not published because the examination methodology is very complex. In this paper, the authors will present a new approach to cycloid disc dynamic testing as well as cycloid disc mesh elements (output pin and meshing tooth). The testing was conducted both experimentally and numerically.



The rest of the paper is structured as follows: Section 2 presents the loading cases of the cycloid disc and its theoretical background. Section 3 presents experimental testing. In Section 4, the numerical testing was shown. Section 5 deals with the discussion of the results. At the end of the paper, in Section 6, conclusions are drawn.




2. Theoretical Model of the Cycloid Disc Loading


This paper studies a classic single-stage cycloid speed reducer with two cycloid discs shown in Figure 1. The paper is orientated in cycloid disc dynamic analyses and elements that interact with it during the cycloid speed reducer operation.



A cycloid speed reducer is a very complex system from the aspect of its geometry as well as from the aspect of its kinematic and dynamic structure. In order to perform the analysis, it is necessary to know the loads that act on the cycloid disc as the main element of the cycloid speed reducer. Figure 2 shows the forces acting on the cycloid disc during meshing. They are the following [1,2]:



	-

	
FE—eccentric cam force (the force where the vertical component FEV generates the drive torque T1 on the cycloid disc due to its eccentric rotation),




	-

	
FN—normal force at the current contact point of the cycloid disc tooth and the stationary ring gear roller (normal force),




	-

	
FK—normal force at the current contact point of the output roller and the opening in the cycloid disc (output force).







The torques due to which these forces occur are:



	-

	
T1—drive torque of the cycloid disc,




	-

	
T2—torque on the ring gear,




	-

	
T3—output torque of the cycloid disc.







From Figure 2, it is evident that this is a statically indeterminate system. The only known force is the vertical component of the eccentric cam force FEV. Kudrijavcev defined the first procedure for calculation of the forces acting on the cycloid disc in his book Planetary Gear Train in 1966 [1]. Both Kudrijavcev and Lehmann [2], as pioneers in this field, analyzed the ideal case of the cycloid disc meshing with other elements of the cycloid speed reducer. In this case, there are no clearances between the teeth of the cycloid disc and the rollers of the stationary ring gear, hence the assumption that half of the teeth of the cycloid disc transfer the load simultaneously. This is obviously not the case in real operating conditions. In reality, clearances exist for many reasons: as the result of manufacturing faults, to facilitate assembly and disassembly for maintenance purposes, and to enable adequate lubrication, among other reasons. Kudrijavcev’s procedure for calculating the normal force occurring in the contact of the cycloid disc and the stationary ring gear roller is described in great detail in the literature [1]. In this paper, only the basic expressions are presented in order to help understand the calculation of the normal force in experimental and numerical analyses.



The normal force on the i-th roller is calculated based on Equation (1):


   F  Ni   =  F  Nmax   ⋅    l i     r 1     



(1)




where FNmax—is the maximum value of the normal force, li—is the normal distance from the center of the cycloid disc to the corresponding normal force (Figure 2), r1—is the radius of the stationary circle [1].



Since the output torque of the cycloid disc T3 is given by Equation (2):


   T 3  =  F  Nmax   ⋅  r 1  ⋅  z 2  ⋅     ∑ i    l i 2       r 1 2  ⋅  z 2     



(2)







Having solved Equation (2), the maximum value of the normal force can be calculated as in Equation (3):


   F  Nmax   =   4 ⋅  T 3     r 1  ⋅  z 2     



(3)




where z2 is the number of the rollers of the stationary ring gear.



The size of the clearances between the ring gear and the cycloid disc is directly related to the number of the ring gear rollers meshing with the cycloid disc. The larger the clearances, the smaller the number of the meshed teeth of the cycloid disc and the rollers of the ring gear. In this paper, three types of meshing were analyzed: triple-tooth, double-tooth, and single-tooth meshing. The single-tooth meshing is the most unfavorable type because only one tooth of the cycloid disc and one roller of the ring gear is meshing. The cycloid disc of the single-stage cycloid speed reducer (Figure 2) used in this paper has the following characteristics:



	-

	
Input power: Pin = 5.5 kW;




	-

	
Input number of revolutions: nin = 1450 min−1;




	-

	
Gear ratio: ur = 11;




	-

	
Eccentricity e = 4 mm.







Numerical and experimental analyses were performed for all three types of meshing and for three different loads: 50% of FNmax, 100% of FNmax, and 150% of FNmax. The overload of 150% of FNmax is taken into account in cases of shock loads or increased friction loads due to decreased lubrication occurring during the cycloid drive operation. Based on Equation (1), the normal forces were calculated as a function of the driving angle from the moment the cycloid disc teeth entered the mesh up to the moment they exited the mesh. Until the cycloid disc teeth enter the mesh, the normal meshing force equals zero. This procedure was carried out for all three types of meshing: single-tooth, double-tooth, and triple-tooth meshing. Based on the obtained values for the normal force, an approximate function of the normal force was obtained by function fitting and used in the experimental and numerical analyses. Approximate functions of the normal force are given in Table 1.



Based on the obtained functions given in Table 1, a diagram of the normal force was prepared. The diagram of the normal force Fn as a function of the driving angle ϕ is shown in Figure 3.




3. Experimental Analysis of the Cycloid Disc


The experimental testing was performed at the Center for Engineering Software and Dynamic Testing of the Faculty of Engineering, the University of Kragujevac, on a Shimadzu EHF-EV101KZ-070-0A servo-hydraulic pulsator, with an accuracy of ±0.5% [35]. The test was performed at room temperature (22 ± 2 °C) by controlling the force according to the given input functions (Figure 3). Based on the input forces as a function of the driving angle ϕ (Figure 3), the function was transferred into a time domain corresponding to the rotational speed of the input shaft of the cycloid speed reducer of 350 min−1. This was the maximum speed of loading and unloading that could be achieved on the servo-hydraulic pulsator. Higher speeds could not be achieved due to the inertia of the servo-hydraulic pulsator system. The diagram of the input force achieved on the servo-hydraulic pulsator is given in Figure 4.



If Figure 3 and Figure 4 are compared, it can be concluded that a precise application of force was achieved using the pulsator. The experimental model on the described pulsator is shown in Figure 5. The direction of eccentricity makes a 20° angle in the horizontal direction. At this position of the eccentric cam, all the elements come into contact, and the compression force assumes a vertical direction. This is a necessary condition for testing on a servo-hydraulic pulsator.



The strain gauge method was used for experimental analysis. Due to space limitations, the strain gauges could not be placed in the contact zone, so they were placed as close to it as possible. We used strain gauge chains 1-KY11-2/120 produced by HBM, one of the world’s leading test and measuring equipment manufacturers, with an accuracy of ±1% [36]. Two chains were glued. Each of the glued chains contained 5 strain gauges spaced at 2 mm, which made it possible to measure the strain gradient. The area of a single strain gauge was 1.95 mm2. A schematic presentation of the position of the strain gauges is given in Figure 6.



The maximum values given in Table 2 were used to set the maximum compression force. A total of 9 measurements were made for all three meshing cases with load levels of 50%, 100%, and 150% of the force FNmax. The first measurement was made for the case of a triple tooth-meshing of the cycloid disc and a ring gear.



This paper presents strain measurement results for the maximum load of 150% of FNmax. These results are given in Figure 7.



Figure 7, for the load case of 150% of FNmax, shows the results for three cases of meshing: triple tooth meshing, double tooth meshing, and single tooth meshing. The results present the measured strain by strain gauges. As can be noted, and as well expected, the most critical case is single tooth meshing because the biggest force was applied during that experiment.




4. Numerical Analysis of the Stress-Strain State of the Cycloid Disc


In order to verify the performed measurements, numerous numerical analyses were carried out using the finite element method. In both the experimental and numerical analyses for all three types of meshing, loading and unloading were performed to correspond to the actual going of the cycloid disc teeth and the ring gear into and out of the mesh. Namely, the tooth loading was gradually increased until the maximum force was applied, followed by a partial and then a complete tooth unloading until the moment the teeth re-entered the mesh. If Figure 5 and Figure 8 are compared, it can be concluded that the experimental model is very similar to the CAD model used for the numerical analysis so that simulation can follow the experiment procedure.



The numerical analysis of the stress-strain state of the cycloid disc was performed using the finite element method. The CAD model was made using the Autodesk Inventor software, while the numerical analysis was performed using the Autodesk Simulation Mechanical software, which uses the ALGOR solver. In order to be able to compare the numerical and experimental results, the CAD model for numerical analysis was made based on the physical model of the cycloid disc and other meshing elements used for experimental analysis (Figure 5). For the numerical analysis to be efficient, only the parts in direct contact were considered for the FEA model, while the rest were taken as constraints, Figure 8b.



The numerical analysis was performed as a dynamic analysis in the transient stress environment. Therefore, as part of this dynamic analysis, simulations were performed for a single-tooth, double-tooth, and triple-tooth meshing of the ring gear rollers and cycloid disc teeth. The function of the FNmax was modeled in the real-time domain where the loading and unloading correspond to the actual going of the cycloid disc teeth and the ring gear rollers into and out of the mesh [1,2,30]. The cycloid disc was considered a deformable elastic body in the analyses.



Interactions between the meshed elements were modeled as surface contacts. Unlike in previous studies [30], where the line load was applied in the contact area with the pusher (which simulated the ring gear), the surface contact load transfer was used in this study. As illustrated in Figure 9, the pusher can move only in the vertical direction. In this way, a simulation that most closely represents the operating conditions of the cycloid disc was created. Based on the procedures described in the previous section and in the literature [1,2,30], the force FNmax was determined for the triple-tooth, double-tooth, and single-tooth meshing. For all three types of meshing, the following external loads were used: 50% of FNmax, 100% of FNmax, and 150% of FNmax. Because of the large number of results obtained, only the results for the dynamic force with the maximum value of 150% of FNmax modeled for single-tooth, double-tooth, and triple-tooth meshing were presented in the paper.



The values of the external loads used in the numerical analysis are given in Table 2. They correspond to the diagram of the forces achieved on the servo-hydraulic pulsator. Table 3 presents the ordinal numbers of the nodes that best correspond to the centers of the strain gauges (Figure 5 and Figure 6). The von Mises stress is chosen for the comparison because it has a similar value to the dominant stress component. The deviation between the dominant stress component and von Mises stress is negligible, which is the main reason for choosing von Misses stress for the comparison of results.



This problem was regarded as spatial so that the numerical and experimental analyses could be performed with the same boundary conditions. In order to compare the numerical and the experimental results, the strain values were given as a function of time for the positions where the strain gauges were glued in the experimental testing. The positions of the strain gauges are shown in Figure 6—position of the glued strain gauges.



The strain gauges were positioned identically to the ones shown in Figure 6. This was achieved by placing virtual sensors on the nodes of the corresponding finite elements. Figure 10 shows the numerical results for all three cases of meshing under the load of 150% of Fnmax (Table 2).



The cycloid disc was made of steel 30CrMoV9, which for the given thickness, according to the standard EN 10250-3:2000 [37], has a minimum yield stress of Re = 700 MPa and a minimum tensile strength of Rm = 900 MPa. The other mechanical characteristics of the material needed for the numerical analysis were found in the software library: modulus of elasticity E = 2.07 × 105 MPa and Poisson’s ratio μ = 0.3.



The lowest stress value on the cycloid disc occurs in the case of the triple-tooth meshing of the cycloid disc and the ring gear (σ = 338 MPa). About 7% higher stresses occur at the double-tooth meshing compared to the triple-tooth meshing, while about 224% higher stresses occur at the single-tooth meshing compared to the triple-tooth meshing. At the single-tooth meshing and the load of 150% of FNmax, the stresses that occur are close to the yield stress value, but this is only for very short time intervals.



According to the literature [23], the stress that occurs in the contact of the cycloid disc and the output rollers can have the most unfavorable effect on the operation of the cycloid speed reducer.




5. Experimental and Simulation Results Comparison


A comparative analysis of the numerical and experimental results is presented in this section. Table 4 gives the strain and stress values obtained using the finite element method and experimental testing. The values are given for the force that equals 150% of FNmax for the most critical moment of loading.



In both numerical and experimental analyses, the highest strain occurs at the site of strain gauge 1, i.e., at the strain von Mises node (1377). Figure 11 shows comparative strain diagrams of strain gauge 1 (MT1) and the corresponding strain von Mises node (1377) for the most unfavorable load when the force FN reaches 150%.



The stresses that occur in the case of the single-tooth meshing are almost twice as high as that of the double-tooth or triple-tooth meshing of the cycloid disc and the ring gear. This is found in both numerical and experimental analyses. The difference in stresses between the double-tooth and the triple-tooth meshing is much smaller than between the single-tooth and the double-tooth meshing. A correlation analysis was conducted for the presented diagrams. The single tooth meshing results correlates 99.6% between the experimental and numerical results. The double-tooth and triple-tooth meshing results correlate 99.7% and 92.9% between the experimental and numerical results. The biggest deviation in correlation was the triple tooth meshing case because of the multiple meshing contacts and harder input force prediction. The correlation analyses show that the simulation setup follows the experimental procedure in more than acceptable boundaries. The highest stresses occur in the simulations and experiments at the site of strain gauge 1 or node 1377. Figure 11 gives a comparative diagram of the strains at the site of strain gauge 1. Based on Figure 11, it can be concluded that the difference in the strain values is almost negligible in the double-tooth and triple-tooth meshing, while the strain values for the single-tooth meshing differ considerably. Namely, in the case of the triple meshing, the strain values obtained by numerical analysis are slightly lower compared to the values obtained experimentally. The lowest strains occur at the site of strain gauge 5 in the experimental analysis, while in the numerical analysis, the lowest strains occur at strain gauge 6. In the numerical analysis, the strain values are much higher at the sites of strain gauges 4 and 5, while at the site of strain gauge 6, the stress values are lower. This is not the case with other strain gauges. This inconsistency may be caused by improperly glued strain gauges or inhomogeneity of the cycloid disc material, among other reasons. The deviations between the numerical and experimental analysis results for the strain gauge 1 range from 3% to about 15%. Therefore, it can be concluded that the numerical results are valid and that the numerical model was well developed. The deviation between results probably occurred because the von Mises stress is considered instead of the stress component. The results deviation is at appropriate values.




6. Conclusions


This paper presents a numerical and experimental dynamic analysis of the stress state of the cycloid disc meshing with other elements of the cycloid speed reducer. A single-tooth, double-tooth, and triple-tooth meshing were analyzed. Based on the obtained results, the following can be concluded:



	-

	
There is a high level of matching between the numerical and the experimental results. The level of mismatching for the strain gauge with the largest measured strain, MT1 (node 1377), is between 3% and 15%. This clearly shows that the boundary conditions set for the numerical model corresponded to the operating conditions in the experiment. The presented deviation between the results is in the acceptable interval.




	-

	
As expected, the maximum stress occurs in the meshing zone of the cycloid disc and the ring gear. These stress values are far below the material yield stress.




	-

	
There are two more places where the stress spikes occur: in the contact area between the cycloid disc and the eccentric cam and in the contact area between the cycloid disc and the output rollers, as shown in [23]. These are expected results, as shown in the literature review.




	-

	
The stress values are far below the yield stress value of the cycloid disc material at the double-tooth and triple-tooth meshing, while in the case of the single-tooth meshing, the stress values are close to the yield stress value (the most unfavorable case being when the load was up to 150% of the force FNmax). Overload is included in this research for the cases of shock forces or increased friction forces occurring during the cycloid drive operation to cover those possibilities as well.




	-

	
Based on the performed analysis, it can be concluded that the output rollers of the cycloid speed reducer need to be further studied in more detail since the contact area between the output rollers and the cycloid disc is one of the places where the highest stresses occur. This is the place that requires further analyses and possible new experimental setups.




	-

	
Manufacturing tolerances for cycloid speed reducers should be kept as low as possible, as shown in [21] so that at least a double-tooth meshing can be achieved. This would considerably decrease the stresses occurring during interactions between the elements of the cycloid speed reducer.







In further research, particular attention will be paid to other elements of the cycloid speed reducer, such as the eccentric cam, output rollers, and ring gear.
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Figure 1. 3D model of a classic single-stage cycloid speed reducer: 1—input shaft; 2 and 2′—cycloid discs; 3 and 3′—output rollers; 4—exiting mechanism, and 5 (5′)—ring gear rollers. 
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Figure 2. Forces on the cycloid disc [35]. 
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Figure 3. Diagram of the normal contact force. 
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Figure 4. The input force achieved at the servo-hydraulic pulsator. 
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Figure 5. The experimental model on the servo-hydraulic pulsator: (a) left side view; (b) right side view 2. 
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Figure 6. Position of the glued strain gauges. 
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Figure 7. Strain results obtained in the time domain for the external load of 150% of Fnmax for: (a) triple–tooth meshing, (b) double–tooth meshing, and (c) single–tooth meshing. 
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Figure 8. CAD model of a segment of the cycloid speed reducer: (a) experimental analysis (b) FEM analysis. 
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Figure 9. Illustration of the limitations of the pusher. 
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Figure 10. Von Mises strains in the time domain for the external load of 150% FNmax for: (a) triple–tooth meshing, (b) double–tooth meshing, and (c) single–tooth meshing. 
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Figure 11. A comparative diagram of the numerical and experimental results obtained at site MT1 (node 1377) at the load of 150% of FN for (a) single–tooth meshing; (b) double–tooth meshing, and (c) triple–tooth meshing. 
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Table 1. Approximate functions of the normal force in the meshing of the cycloid disc teeth and the ring gear.
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	Meshing Type
	Approximate Function of the Normal Force for a Single Revolution of the Input Shaft
	Flow, N
	Famp, N





	Single tooth meshing
	  F  φ  =     0 ,    [ 0 , 20 )       F  low   +    F  amp   ⋅ sin   1.5 ⋅ φ         0 ,    ( 120 , 360 ]      ,    [20,120]
	2387
	1616.8



	Double tooth meshing
	  F  φ  =     0 ,    [ 0 , 20 )       F  low   +    F  amp   ⋅ sin   2 ⋅ φ         0 ,    ( 90 , 360 ]      ,    [20,90]
	1530
	427.7



	Triple tooth meshing
	  F  φ  =     0 ,    [ 0 , 30 )       F  low   +    F  amp   ⋅ sin   1.5 ⋅ φ         0 ,    ( 90 , 360 ]      ,    [30,90]
	1456
	293.9
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Table 2. External loads during the meshing.
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	Meshing
	Load 50% FNmax, N
	Load 100% FNmax, N
	Load 150% FNmax, N





	Triple tooth
	872.5
	1745
	2617.5



	Double tooth
	975.5
	1951
	2926.5



	Single tooth
	2000.5
	4001
	6001.5
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Table 3. Comparative presentation of the strain gauges and the corresponding finite element nodes.
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	Node Number
	MT Number
	Node Number
	MT Number





	Strain von Misses (1377)
	MT1
	Strain von Misses (1846)
	MT6



	Strain von Misses (1378)
	MT2
	Strain von Misses (1847)
	MT7



	Strain von Misses (1379)
	MT3
	Strain von Misses (1848)
	MT8



	Strain von Misses (1380)
	MT4
	Strain von Misses (1849)
	MT9



	Strain von Misses (1381)
	MT5
	Strain von Misses (1850)
	MT10
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Table 4. Comparative results obtained using the finite element method and experimental testing.
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Single-tooth meshing—Load 150%




	

	
MT1

	
MT2

	
MT3

	
MT4

	
MT5

	
MT6

	
MT7

	
MT8

	
MT9

	
MT10




	
ε—ex., μm m−1

	
473.75

	
390.26

	
333.91

	
218.09

	
106.51

	
297.37

	
300.36

	
300.63

	
280.83

	
305.38




	
σ—ex., MPa

	
98.07

	
80.78

	
69.12

	
45.14

	
22.05

	
61.56

	
62.18

	
62.23

	
58.13

	
63.21




	
ε—num.,μm m−1

	
561.52

	
526.12

	
491.68

	
352.50

	
350.36

	
193.95

	
328.17

	
459.80

	
455.71

	
420.51




	
σ—num., MPa

	
116.24

	
108.91

	
101.78

	
72.97

	
72.52

	
40.15

	
67.93

	
95.18

	
94.33

	
87.04




	
Double-tooth meshing—Load 150%




	

	
MT1

	
MT2

	
MT3

	
MT4

	
MT5

	
MT6

	
MT7

	
MT8

	
MT9

	
MT10




	
ε—ex., μm m−1

	
276.69

	
230.16

	
196.74

	
128.87

	
63.27

	
174.69

	
175.92

	
174.99

	
162.58

	
176.74




	
σ—ex., MPa

	
57.28

	
47.64

	
40.73

	
26.68

	
13.10

	
36.16

	
36.42

	
36.22

	
33.65

	
36.59




	
ε—num.,μm m−1

	
277.21

	
259.73

	
242.73

	
174.02

	
172.96

	
95.75

	
162.01

	
226.99

	
224.97

	
207.59




	
σ—num., MPa

	
57.38

	
53.76

	
50.25

	
36.02

	
35.80

	
19.82

	
33.54

	
46.99

	
46.57

	
42.97




	
Triple-tooth meshing—Load 150%




	

	
MT1

	
MT2

	
MT3

	
MT4

	
MT5

	
MT6

	
MT7

	
MT8

	
MT9

	
MT10




	
ε—ex., μm m−1

	
247.28

	
206.24

	
176.15

	
114.69

	
56.69

	
156.37

	
156.53

	
156.46

	
145.70

	
157.98




	
σ—ex., MPa

	
51.19

	
42.69

	
36.46

	
23.74

	
11.73

	
32.37

	
32.40

	
32.39

	
30.16

	
32.70




	
ε—num.,μm m−1

	
249.47

	
233.74

	
218.45

	
156.61

	
155.66

	
86.17

	
145.80

	
204.28

	
202.47

	
186.82




	
σ—num., MPa

	
51.64

	
48.39

	
45.22

	
32.42

	
32.22

	
17.84

	
30.18

	
42.29

	
41.91

	
38.67
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