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Abstract

:

Cycloidal roller gearboxes offer good performance in terms of loading capacity and overloading limits, but a precise manufacturing process is required to avoid overloads on relatively small teeth. In addition, these gearboxes are very sensitive to lubrication, which plays an important role on the contact surfaces of rollers and teeth. However, it is acknowledged that an equivalent Cycloidal–Wolfrom configuration can be a possible solution to improve these aspects. In this work, the authors perform a comparison between two equivalent configurations, investigating how tolerances can affect the performances. The investigation approach is based on the use of simulations performed through virtual models of the main wheels of the gearboxes. The outcomes suggest a high suitability of the proposed Wolfrom configuration for applications with high transmitted torques, relatively poor materials, and modest construction tolerances.
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1. Introduction


Cycloidal drives assure low transmission errors and, consequently, high precision in the positioning of the controlled elements. For this reason, their usage is widely diffused in robotics and precision machines subjected to heavy loads [1]. However, their capability to provide high reduction ratios with compact layouts and short kinematic chains is also becoming an interesting feature for power transmission tasks [2], in which more conventional solutions are usually employed (e.g., based on involute gears). For these applications, the relevant performance is the transmission efficiency, while the transmission error becomes of secondary importance [3].



In a recent project, we designed a cycloidal drive dedicated to machines for construction yards [4,5,6]. The proposed solution is a Wolfrom-based configuration that suggests the adoption of cycloidal stages with a low number of big teeth [7]. This feature is particularly advantageous for machines potentially affected by unpredictable overloads, often operating in off-design or in harsh environmental conditions. Since the considered application field requires a cost-effective solution, an aspect worthy of investigation is the relationship between the performance of the system and the dimensional error of the cycloid’s profile and rollers. More specifically, we are interested in comparing the sensitivity to dimensional errors of the Wolfrom configuration against the traditional Mono-stage, which is characterized by a high number of small teeth and, therefore, is expected to be more critical.



The literature is crowded with contributions that investigate the impact of dimensional errors on the transmission error of cycloidal drives. In [8], a new type of cycloidal reducer is presented, which differs from the traditional configuration in the pin-hole mechanism used to extract the output motion. In reference to the new configuration, the authors performed an analysis aimed at verifying the impact of the proposed solution on the dynamic transmission error. The contribution presented in [9] discusses the issue related to the torque ripple that affects the (input or output) shafts of a cycloidal drive. The analysis considers nominal dimensions and machining tolerances and shows how the latter affects the torque ripple. In [10], the authors study the multi-tooth contact characteristics caused by modifying the cycloid profile. The investigation was performed using a new Finite Element (FE) model that was validated through a prototype. The study is focused on improving the understanding of the influence that a tooth profile modification has on the transmission accuracy and torsional stiffness of a reducer. Paper [11] investigates the impact on transmission efficiency due to the assembly dimensional chain. The analysis is focused on deepening the relationship between power losses and cycloid–pinion interactions. A comparison via FE and dynamical multi-body analysis between a conventional cycloidal drive and its involute-tooth kinematical equivalent is presented in [12]. The performed simulations characterized the torque ripple behavior and the contact conditions and compared the traditional involute design against the cycloidal one in reference to efficiency. Paper [13] performed an analysis focused on the impact that production failures can potentially have on transmission fluctuations and backlash of a cycloidal drive. The author considers a shift of the cycloidal profile due to a dimensional error and determines its influence on the transmission ratio. The effects of tolerance and friction on the multi-contact and output torque of a cycloidal reducer were investigated in [14]. The scholars found that torsional stiffness and output torque are considerably affected by tolerances, as they decrease the stiffness while increasing the output torque fluctuation. In [15], the distribution of contact forces was determined with reference to the tolerance of the radius of the bushings’ arrangement and the holes in the planet wheel. The outcomes of the analysis show that backlash distribution, contact forces, and pressures largely depend on these parameters. The impact of radial and pin-hole tolerances and eccentricity errors on contact stress, transmission error, gear ratio, and load on bearings was investigated in [16], in reference to the theoretical geometry of a cycloidal reducer, concluding that these parameters play a key role. The impact of a mismatch between the cycloid–pin gear pair was also investigated in [17], where an improved load distribution model of the mismatched cycloid–pin gear pair with ring pin position deviations is presented. Parametric case studies are presented to verify the correctness of the proposed model and demonstrate the influences of ring pin position deviations on the distributed load, contact stress, loaded transmission error, and instantaneous gear ratio. More recently, in [18], the researchers developed a lumped-parameter dynamic model for cycloidal reducers that accounts for tooth profile variations as well as system defects, such as machining errors, assembly errors, and bearing clearances. It uses the Runge–Kutta method to explore the effects of errors on dynamic behaviors and transmission accuracy, confirming the impact on dynamic transmission error previously noted in the literature but with a more precise assessment method.



The retrieved literature shows several contributions focused on the identification of the impact that the system’s errors have on the performance of a specific configuration, especially in reference to transmission error, efficiency, and behavior of the input and output torque. The main considered parameters are the cycloid profile, the eccentricity of the cycloid’s wheels, and the pins’ position, whereas the influence of errors affecting the size of the rollers seems to be scarcely investigated, notwithstanding their importance in determining the transmission performance. Furthermore, to the best of the authors’ knowledge, there are no contributions that perform a comparison between configurations characterized by a low number of big teeth and those having many small teeth, especially in terms of sensitivity of torque, torque ripple, energy consumption, and contact stress to dimensional errors, which can affect rollers’ size and cycloidal profiles simultaneously. Therefore, the proposed study aims to fill this gap, as we believe that the outcomes can be useful to guide the design towards cost-effective systems.



The content of this paper is organized as described in the following. Section 2 provides a deep description of the research approach that was adopted to fulfill the objective introduced in this section. The results of the investigation are summarized in Section 3 and discussed in Section 4. Eventually, Section 5 provides a brief recap of the entire paper and its main findings.




2. Materials and Methods


This section presents the studied configurations, the considered dimensional error for which we want to assess the impact on performance, and the investigation approach to achieve this objective.



2.1. Configurations under Investigation


The cycloidal drive under investigation is dedicated to machines for construction yards and should provide a reduction ratio equal to 56. The input rotational speed is 1500 rpm and is supplied by an asynchronous electric motor, while the load applied to the output of the cycloidal drive is a torque of 150 Nm. To achieve the expected performance, we investigated two concepts that differ in terms of the number of stages and teeth, as follows:




	
Mono-stage—classical configuration constituted by a single cycloidal stage where the output motion is extracted by the “pin-hole” solution.



	
Wolfrom—“two-stage” configuration where the output motion is extracted through the fixed rollers of the second stage.








Both configurations use fixed rollers, which are a more cost-effective solution with respect to movable rollers. The investigated configurations are comparable in terms of encumbrances since both must meet the size constraints imposed by the application. In the following, a detailed description is provided of the Mono-stage and Wolfrom configurations, with reference to the components that play the main role in determining the power transmission. Accordingly, ancillary components, like, for instance, balancers, bearings, etc., have been omitted.



2.1.1. Mono-Stage


The Mono-stage has 57 rollers and 56 teeth and provides a transmission ratio of –(1/56). The main components of this configuration are shown in Figure 1. In more detail, it is constituted by:




	
The input shaft that hosts the eccentric (having an eccentricity of 1 mm).



	
The cycloid’s wheel.



	
The wheel hosting the fixed rollers and the holes for the extraction of the output motion.



	
The output shaft that has the pins.








The main characteristics of the Mono-stage are summarized in Table 1; the overall dimensions are 170 mm (wide) × 192 mm (length).




2.1.2. Wolfrom


The Wolfrom configuration is constituted by two reduction stages, and its main characteristic is that the extraction of the output motion is performed through the wheel that hosts the fixed rollers of the second stage. More specifically, this component is rigidly connected to the output shaft, and, thus, it rotates around its axis. The kinematic behavior and the preliminary investigation of the performance of this configuration are described in detail in [4,5,6]; for the sake of brevity, here we recap just the main features. The Wolfrom allows for radically lower encumbrances and a lower number of components than those of a classical two-stage configuration, as there is no need for pin-hole transmissions between the first and second stages or between the second stage and the output shaft. This allows one to avoid some of the problems related to misalignments between pins and holes, as highlighted in [16,17]. The first stage has 9 rollers and 8 teeth, thus providing a transmission ratio of (−1/8), while the second stage has 8 rollers and 7 teeth, and, consequently, the transmission ratio is (−1/7). Therefore, the overall transmission ratio is (1/56) and the output shaft rotates in the same direction as the input one. In this configuration, the eccentric hosting the cycloids’ wheels has an eccentricity of 7 mm, which generates not negligible dynamic loads with respect to the Mono-stage. However, for both configurations, this problem is easily solved by inserting adequate masses on the input shafts to obtain the dynamic balance of the whole system. Figure 2 depicts the main components of the Wolfrom, which are the following:




	
Input shaft that hosts the eccentric on which the cycloids’ wheels of the first and second stage are mounted (eccentricity of 7 mm).



	
Cycloid’s wheel of the first stage.



	
Cycloid’s wheel of the second stage that is rigidly connected with the cycloid’s wheel of the first stage.



	
Fixed roller’s wheel of the first stage.



	
Fixed roller’s wheel of the second stage that is rigidly connected with the output shaft.








The main features of this configuration are summarized in Table 2. It is worth noting that the overall dimensions are comparable to those of Mono-stage, as well as the thicknesses of rollers and teeth.





2.2. Investigation Approach


The objective of the investigation was fulfilled by simulating the mechanical behavior of the two configurations described in the previous subsection, under the hypothesis of a dimensional error e affecting the rollers’ radius and the cycloids’ shape. The benchmark was represented by the condition with nominal dimensions. In more detail, we considered as a positive shift the error that diminishes the radius of the roller and the height of the tooth of the same quantity, as shown in Figure 3. Negative shift was not considered, as this condition would generate interference between rollers and cycloids, with an obvious disruptive impact on the performance. The non-symmetric positive shift was neglected, as it is supposed to be less impactful than the symmetric condition.



The considered shift was 0.8 mm, which refers to a precision grade well beyond the “very coarse” for the Mono-stage (whose value corresponded to 0.5 mm), and between “coarse” and “very coarse” for the Wolfrom (whose values corresponded to 0.5 and 1 mm, respectively), according to the Standard ISO 2768. We applied this error to both stages of the Wolfrom, as the nominal dimensions of rollers and teeth were the same for the two stages. We did not consider shifts greater than the considered magnitude, the Mono-stage configuration being very close to the physical limit at which it experiences uncertain contact conditions between rollers and cycloids. This makes the simulations impossible since, very often, they do not converge on a solution. Table 3 summarizes the considered configurations and errors (in mm).



As the considered dimensional error reduces the number of rollers and teeth that are in contact, as well as their shape, the performances against which we assessed the impact in reference to the nominal dimensions were the following:




	
Input Torque—is the torque seen from the side of the input shaft. As is well-acknowledged by the literature, it is also affected by the contact forces between rollers and teeth.



	
Torque Ripple—is the fluctuation of the input torque. The literature suggests that the torque also changes depending on the number of rollers (and teeth) in contact, which in turn affects the direction of the contact forces.



	
Input Energy—is the energy the input shaft provides.



	
Von Mises Stress—is the equivalent stress that acts on the surface of the teeth. We considered the maximum magnitude of this feature since the dimensional error affects the radius of the tooth’s surface along the contact arc, whereas the radius of the roller remains constant. The two configurations are comparable, as rollers and teeth have the same thickness to guarantee the overall encumbrance of the system imposed by the specification.








The comparison among Wolfrom and Mono-stage was performed by considering the average values of the above performances in a rotation of the input shaft. The simulation approach used to obtain the required data is described in the next subsection.




2.3. Simulation Approach


As is known, the stage of a cycloidal drive is characterized by a configuration where several teeth are in contact with rollers, and, therefore, the contact forces strongly depend on the stiffness distribution along the whole contact arc [16]. The introduced dimensional error decreases the length of the contact arc and, consequently, diminishes the number of teeth that are in contact with the rollers in an unpredictable way. Therefore, to simulate the mechanical behavior of the system in both the Mono-stage and Wolfrom configurations, we needed an approach capable of modeling the contact stiffness and its variability along the contact arc; otherwise, the contact conditions could not be correctly determined. For this reason, we adopted the finite element method (FEM) instead of multi-body approaches. The 3D virtual prototypes of the configurations under investigation were parameterized to manage the introduced error through the radius of the rollers and an offset of the cycloids’ profiles. Furthermore, to simulate the system in different positions, we assembled the virtual prototypes in a fashion capable of managing the relative angular position between rollers and input shafts. The employed simulation code was Solidworks Simulation (release 2020), which is a tool integrated in the Solidworks suite (by Dassault Systemes). It can assist in design optimization tasks, determining the mechanical resistance and the natural frequencies, and evaluating heat transfer and buckling instabilities of mechanical systems.



According to the description of the configurations presented in Section 2.1, the finite element models were built taking into consideration the following components:




	
Mono-stage—input shaft, fixed roller wheel, and cycloid’s wheel.



	
Wolfrom—input shaft, fixed rollers of the first stage, cycloids’ wheels, and fixed rollers of the second stage (to which the output shaft is rigidly connected).








The other components were neglected, as they play a negligible role in determining/affecting the behavior of the system, especially the contact between rollers and cycloids.



Due to the high number of simulations that the investigation approach entailed, we searched for a compromise between the time taken by the simulation task and the quality of related results. To achieve this aim, we used parabolic tetrahedral solid elements to generate the mesh, whose size was managed through transition controls that allowed the tightening of the discretization on the contact surfaces between cycloids and rollers. This aspect was particularly critical for the Mono-stage, which is characterized by small rollers and teeth. To identify a minimum element size capable of guaranteeing a good quality of the results, we performed some simulations on the Mono-stage aimed at exploring the sensitivity to the parameter of the maximum Von Mises stress. The applied constraints and load were the same, as described in the following subsection. The explored size’s range spanned from 0.9 to 2 mm, whereas values greater than 2 mm were not investigated as the model became unstable during the solving process. Furthermore, we kept track of the time the simulations took to get an estimation of the overall computational effort. Figure 4a depicts the results of the conducted exploration. The hardware was to the following: Intel Core™ I7-9750H, 2.6 GHz processor 12 MB L3, HDD: 1000 GB, SSD: 256 GB, RAM: 16 GB. As shown, while the maximum Von Mises stress did not change significantly for an element size between 0.9 and 1.4 mm, the time required for the simulation halved. Therefore, we considered a size’s limit as 1.4 mm, as it seemed to be a good compromise between quality of the results and time effort. It is worth noting that the results are coherent with the recent literature on the topic [19].



However, as the Wolfrom has two cycloidal stages, its FE model required a number of elements greater than the Mono-stage, since the number of components that are in contact doubles the Mono-stage. According to the selected finite element size, the FE models of the Mono-stage and Wolfrom configurations are presented in Figure 4b and the number of nodes and elements are summarized in Table 4. Eventually, the considered material was steel with an elastic modulus of 210,000 N/mm2 and a Poisson’s coefficient of 0.3. The material was implemented through a linear-elastic model already available in the simulation code.



The contact between rollers and cycloids was modeled through the automatic contact search algorithm available in the simulation tool with a friction coefficient of 0.05, which refers to steel with lubricated surfaces. This contact’s modality allows one to search for contact that does not require an analytical determination of the relative angular position between the rollers, the cycloids, and the input shafts, making the whole simulation task easier and faster. This is an important requisite also considering the over-constrained nature of the studied contact, which is distributed among many teeth, making this application far more demanding with respect to known examples in the literature such as cam-follower transmissions, in which the geometry of a single contact patch is quite similar, but the overall system is not over-constrained [20].



Figure 5 and Figure 6 depict the constraints and load applied to the Wolfrom and Mono-stage, respectively. The input shafts of both configurations were constrained by blocking the rotation around their axes and the translation along the radial direction and the direction parallel to the rotation axis. The cycloidal wheels of both configurations were constrained on the input shafts by using the constraint “rigid bearing”, which can model the pivot of the bearing and block the degree of freedom related to the direction parallel to the rotation axis. The fixed rollers were constrained by blocking all the degrees of freedom, as they are fixed elements in both configurations. The applied load was a constant torque of 150 Nm, which acted on the moving rollers of the Wolfrom configuration and on the cycloid’s wheel of the Mono-stage. This load comes from the specifications defined by the company that manufactures the machines to which the cycloidal drive is dedicated.



The procedure implemented to collect the expected outcomes is represented in Figure 7 and was applied to the two configurations under study. To have a satisfactory representation of the system’s behavior, the procedure calculates the desired outcomes for 72 angular positions of the input shafts along with a complete rotation. In such a way, each angular step of the input shaft had an amplitude of 5°, which corresponds to a rotation of the cycloids equal to 0.71° for the Wolfrom and 0.089° for the Mono-stage configuration. We deemed this a good compromise between the accuracy of the representation of the system’s behavior and the required time resources. Therefore, the simulation approach took 288 simulation tasks, i.e., 1 simulation for each configuration and condition error, as summarized in Table 1. Going into the procedure in more detail, Step 1 entailed the setting up of the considered condition’s error. This was obtained by modifying the roller radius and the geometrical parameters of the cycloidal profiles in the virtual prototype. Step 2 was dedicated to the solving process of the FE model, which entailed the meshing task and the solution of the static problem. In Step 3, the relevant outcomes of the FE analysis were extracted from the set of results and recorded on an Excel datasheet. More specifically, the torque acting on the input shaft was assessed by reading the reaction torque on the rotation constraint applied to the input shaft, whereas the maximum Von Mises stress, as already said, was probed on the surface of the cycloids. As the input torque was obtained as a function of the angular position of the input shaft, the input energy was calculated by integrating the input torque for a complete rotation of the input shaft. Step 4 updated the layout of the system in reference to the new angular position of the input shaft.



Once the input shaft assumed all 72 angular positions, the study of the condition’s error ended.





3. Results


The overall simulation task entailed the execution of 288 simulations, i.e., 144 simulations for each configuration and 72 simulations for each condition error (e = 0 and e = 0.8 mm). Each simulation lasted 20 min on average, however, the duration strongly depended on the position of the input shafts and the error condition. The simulations of the configurations corresponding to the nominal dimensions required more time, as the contact conditions were harder than those affected by the dimensional error due to the high number of rollers and teeth in contact.



Figure 8 and Figure 9 present the variation in the torque seen by the input shaft for the Mono-stage and Wolfrom configurations, respectively, in a complete rotation of the input shaft. Furthermore, Figure 10 depicts the torque ripple, calculated as the difference between the maximum and minimum magnitudes of the torque. The torque of the Mono-stage varied between 2.21 and 2.78 Nm in the condition corresponding to the nominal dimensions, and between 2.38 and 2.81 Nm in that affected by the error. In the nominal condition, the torque of Wolfrom varied between 0.59 and 4.06 Nm, while in the condition affected by the dimensional error, it comprised an interval between 0.95 and 3.83 Nm. On average, the sensitivity of the torque had the behavior presented in Figure 11 for the Mono-stage and the Wolfrom. The average input torque was calculated as the arithmetic average of the values determined in the simulated positions of the input shaft for a complete rotation.



The diagrams presented in Figure 12 show the input energy evaluated in a complete rotation of the input shaft for the Mono-stage and Wolfrom configurations, respectively. As it is possible to see, the input energy required by the Mono-stage with the nominal dimensions was 15.7 J, while, in the condition affected by the dimensional error, the magnitude reached 16.1 J. This trend was also confirmed for the Wolfrom, which absorbed 12.1 J in the nominal condition and 13.4 J when affected by the dimensional error.



The behavior of the average maximum Von Mises stress is shown in Figure 13 for both the Mono-stage and Wolfrom configurations. It was calculated as the arithmetic average of the maximum values that act on the surface of the cycloids, for a complete rotation of the input shafts. In the nominal condition, the mono-stage underwent a stress of 23 N/mm2 while in the condition affected by the error, and the stress became 361 N/mm2. The Wolfrom configuration in the nominal condition experienced a stress of 15 N/mm2 for the first stage and 29 N/mm2 for the second stage, whereas the stress was 28 N/mm2 for the first stage and 40 N/mm2 for the second stage in the condition affected by the dimensional error.



Eventually, Table 5 presents a comparison, in percentage terms, among the Mono-stage and Wolfrom configurations in the condition affected by the dimensional error, taking as reference the condition of nominal dimensions for the percentage calculations.




4. Discussion


4.1. About the Obtained Results


The results summarized in the previous section present a clear behavior of the performances and their sensitivity in reference to the number of rollers, teeth, and their dimensions when affected by dimensional errors. In the following, discussions are performed for each considered feature.



Taking into consideration the torque seen by the input shaft, Figure 8, Figure 9 and Figure 11 show that the Wolfrom configuration is less demanding than the Mono-stage. On the contrary, the torque ripple of the Wolfrom is always greater than that of the Mono-stage. However, the results highlight the appearance of high-frequency fluctuations when both the configurations stray from the nominal dimensions. This is a well-acknowledged effect [9,16] which leads to torsional vibrations of the shafts, whose design should carefully consider dangerous fatigue phenomena.



Furthermore, Figure 11 and Table 5 show that the average input torque increases when the Mono-stage and the Wolfrom are affected by a dimensional error, although the Mono-stage seems to be less sensitive, while the torque ripple decreases for both configurations, even though in this case the Wolfrom seems to be less sensitive (Figure 10). These outcomes suggest that a reduction in the rollers’ radius and the teeth size for a configuration with a large number of small teeth provides a positive impact on the fatigue of the input shaft as the torque ripple decreases, whereas the average input torque does not increase considerably in reference to the nominal configuration. On the contrary, in a configuration with a small number of big teeth affected by a coarse precision of rollers and teeth, the average input torque increases considerably with respect to the nominal configuration, and this effect could have a negative impact on the fatigue life of the input shaft [21].



As Figure 12 and Table 5 suggest, the behavior of the input energy is coherent with that of the input torque, and the Wolfrom seems to consume less energy than the Mono-stage in any condition. However, both configurations absorb more energy when they are affected by a coarse precision, although the Mono-stage is less sensitive than the Wolfrom.



Considering the average maximum Von Mises stress acting on the surface of the teeth, Figure 13 and Table 5 clearly show the better performance of a configuration with a small number of big teeth, as the Mono-stage performs poorly, especially in case of deviation from the nominal dimensions. In fact, although a coarse precision reduces the number of rollers and teeth in contact and increases the contact forces in both the configurations, the Wolfrom is less sensitive to these effects as it has two stages, and rollers and teeth have a curvature greater than that of the Mono-stage. Indeed, the considered dimensional error corresponds to a reduction of 27% of the roller radius for the Mono-stage, and of 5% only for the Wolfrom.



According to the above considerations, the conducted investigation leads to the following findings about a configuration with a small number of big teeth, if compared with a configuration with a big number of small teeth:




	
It is less demanding in terms of average input torque and energy consumption even when a coarse precision affects rollers’ radius and teeth size.



	
It has a greater torque ripple, even in the configuration affected by the dimensional error.



	
It is affected by an average Von Mises contact stress one order of magnitude lower. This allows less burdensome conditions in terms of wear and usage of lubricants.



	
It is more sensitive to deviations from the nominal dimensions in terms of average input torque and energy consumption. On the contrary, the torque ripple is less sensitive. This implies that the design of the Wolfrom should consider the fatigue phenomena affecting the input shaft carefully, especially in the case of manufacturing processes of scarce quality.



	
It is less sensitive to dimensional errors in terms of average Von Mises stress acting on the contact surfaces between rollers and cycloids. As a result, the Wolfrom configuration is suitable for those situations where the precision that can be assured by the manufacturing process is coarse or unpredictable.








The findings here discussed are summarized in Table 6 to better highlight the main outcomes. In reference to the paper’s objective, we believe that the above findings could be useful to support the design activities of such a kind of system.




4.2. Limits of the Work


Although the considered value of the dimensional error refers to the worst condition that could happen in practice for the considered configurations (according to Standard ISO 2768), the findings discussed in the previous subsection should be deepened by studying their behavior and sensitivity to other values of the dimensional error. Furthermore, as mentioned before in this paper, constructive details such as bearings and balancers were neglected. A comprehensive analysis should consider both the inertial and frictional effects of these elements. Moreover, constructive issues should be analyzed in depth, especially for balancers to be used in the Wolfrom configuration. However, before proceeding with further steps of the design process, and following a systematic approach, it has been decided to initially focus the attention on performance potentialities.




4.3. Expected Impact


This paper provides fundamental indications about the effect of tolerances on the performance of cycloidal gearboxes in two different configurations. Therefore, a plausible impact of this work is expected for both academia and the industry, concerning the development of cost-effective transmissions. Researching cost-effective solutions is an overwhelming objective in the power transmission sector. Accordingly, several recent studies can be found about this argument (e.g., [22,23,24,25]).





5. Conclusions


The paper compares two cycloidal drive configurations, Mono-stage and Wolfrom, to investigate their behavior based on the dimensional error affecting rollers’ radius and teeth size. The sensitivity analysis measures input torque, torque ripple, energy absorption, and Von Mises stress on contact surfaces. The results show that a configuration with a large number of small teeth is more demanding in terms of input torque and energy consumption, but less sensitive to deviations from nominal dimensions. Conversely, configurations with a small number of big teeth are less sensitive to stress conditions on contact surfaces. The analysis confirms the suitability of the proposed Wolfrom configuration for applications where reducers are subjected to overloads or assembled with materials with poor structural properties and tolerances.



However, higher torque ripples can cause noise and vibrations, especially at partial loads. The paper suggests that increasing the profile offset can slightly improve this issue, but this has limited consequences on resistance.







Author Contributions


Conceptualization, L.F., F.S.F., L.P. and F.R.; methodology, F.R. and L.P.; software, F.S.F.; validation, F.R. and L.P.; formal analysis, L.P.; investigation, F.R. and F.S.F.; resources, F.R.; data curation, F.R. and L.P.; writing—original draft preparation, F.R.; writing—review and editing, L.F., F.R. and L.P.; visualization, L.F.; supervision, F.R. and L.F; project administration, F.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



García, P.L.; Crispel, S.; Saerens, E.; Verstraten, T.; Lefeber, D. Compact Gearboxes for Modern Robotics: A Review. Front. Robot. AI 2020, 7, 103. [Google Scholar] [CrossRef] [PubMed]

	



Maccioni, L.; Concli, F.; Blagojevic, M. A new three-stage gearbox concept for high reduction ratios: Use of a nested-cycloidal architecture to increase the power density. Mech. Mach. Theory 2023, 181, 105203. [Google Scholar] [CrossRef]

	



Pham, A.D.; Ahn, H.J. High Precision Reducers for Industrial Robots Driving 4th Industrial Revolution: State of Arts, Analysis, Design, Performance Evaluation and Perspective. Int. J. Precis. Eng. Manuf. -Green Technol. 2018, 5, 519–533. [Google Scholar] [CrossRef]

	



Allotta, B.; Fiorineschi, L.; Maccioni, L.; Papini, S.; Pugi, L.; Rotini, F.; Rindi, A. Design of a Wolfrom cycloidal gearbox made with polymeric materials for mass production on smart construction yards. Int. J. Mech. 2020, 21, 129–142. [Google Scholar]

	



Allotta, B.; Fiorineschi, L.; Papini, S.; Pugi, L.; Rotini, F.; Rindi, A. Systematic Design of a New Gearbox for Concrete Mixers. J. Eng. Des. Technol. 2020, 18, 2017–2042. [Google Scholar]

	



Allotta, B.; Fiorineschi, L.; Papini, S.; Pugi, L.; Rotini, F.; Rindi, A. Redesigning the cycloidal drive for innovative applications in machines for smart construction yards. World J. Eng. 2021, 18, 302–315. [Google Scholar] [CrossRef]

	



Brumercik, F.; Lukac, M.; Caban, J.; Krzysiak, Z.; Glowacz, A. Comparison of Selected Parameters of a Planetary Gearbox with Involute and Convex–Concave Teeth Flank Profiles. App. Sci. 2020, 10, 1417. [Google Scholar] [CrossRef]

	



Xu, L.X.; Zhong, J.L.; Li, Y.; Chang, L. Design and dynamic transmission error analysis of a new type of cycloidal-pin reducer with a rotatable output-pin mechanism. Mech. Mach. Theory 2023, 181, 2–27. [Google Scholar] [CrossRef]

	



Wikto, M.; Krol, R.; Olejarczyk, K.; Kołodziejczyk, K. Output torque ripple for a cycloidal gear train. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2019, 233, 7270–7281. [Google Scholar]

	



Wang, H.; Shi, Z.; Yu, B.; Xu, H. Transmission Performance Analysis of RV Reducers Influenced by Profile Modification and Load. App. Sci. 2019, 9, 4099. [Google Scholar] [CrossRef]

	



Jiang, N.; Wang, S.; Yang, A.; Zhou, W.; Zhang, J. Transmission Efficiency of Cycloid–Pinion System Considering the Assembly Dimensional Chain. App. Sci. 2022, 12, 11917. [Google Scholar] [CrossRef]

	



Hamza, T.; Zhaksylyk, G.; Andas, A.; Christos, S. Assessment of contact forces and stresses, torque ripple and efficiency of a cycloidal gear drive and its involute kinematical equivalent. Mech. Based Des. Struct. Mach. 2022. in press. Available online: https://www.tandfonline.com/doi/abs/10.1080/15397734.2022.2144885?needAccess=true&journalCode=lmbd20 (accessed on 20 July 2023).

	



Csoban, A. Impacts of a Profile Failure of the Cycloidal Drive of a Planetary Gear on Transmission Gear. Lubricants 2021, 9, 71. [Google Scholar] [CrossRef]

	



Hyeong, J.A.; Byeong, M.C.; Young, H.L.; Pham, A.D. Impact Analysis of Tolerance and Contact Friction on a RV Reducer using FE Method. Int. J. Precis. Eng. Manuf. 2021, 22, 1285–1292. [Google Scholar]

	



Bednarczyk, S. Analysis of the cycloidal reducer output mechanism while taking into account machining deviations. J. Mech. Eng. Sci. 2021, 235, 7299–7313. [Google Scholar] [CrossRef]

	



Xuan, L.; Chaoyang, L.; Yawen, W.; Bingkui, C.; Teik, C.L. Analysis of a Cycloid Speed Reducer Considering Tooth Profile Modification and clearance-Fit Output Mechanism. J. Mech. Des. 2017, 139, 033303. [Google Scholar]

	



Li, X.; Tang, L.; He, H.; Sun, L. Design and Load Distribution Analysis of the Mismatched Cycloid-Pin Gear Pair in RV Speed Reducers. Machines 2022, 10, 672. [Google Scholar] [CrossRef]

	



Li, X.; Huang, J.; Ding, C.; Guo, R.; Niu, W. Dynamic Modeling and Analysis of an RV Reducer Considering Tooth Profile Modifications and Errors. Machines 2023, 11, 626. [Google Scholar] [CrossRef]

	



Rudyk, O.Y. The impact of the SolidWorks Simulation network quality on the accuracy of the calculations. In The 1st International Scientific and Practical Conference “Eurasian Scientific Congress”; Rudyk, O.Y., Gonchar, V.A., Eds.; Barca Academy Publishing: Barcelona, Spain, 2020; pp. 185–188. [Google Scholar]

	



Yousuf, L.S. Nonlinear Dynamics Simulation of Stress Concentration Factor of Pear Cam and Roller Follower Mechanism with Clearance. In ASME International Mechanical Engineering Congress and Exposition; American Society of Mechanical Engineers: New York, NY, USA, 2022; Volume 86670, p. V005T07A092. Available online: https://asmedigitalcollection.asme.org/IMECE/proceedings-abstract/IMECE2022/V005T07A092/1157140 (accessed on 20 July 2023).

	



Hertzberg, R.W. Deformation and Fracture Mechanics and Engineering Materials; John Wiley and Sons: Hoboken, NJ, USA, 1996. [Google Scholar]

	



Roozing, W.; Roozing, G. 3D-printable low-reduction cycloidal gearing for robotics. In Proceedings of the 2022 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Kyoto, Japan, 23–27 October 2022; pp. 1929–1935. [Google Scholar] [CrossRef]

	



Danh, T.H.; Huy, T.Q.; Danh, B.T.; Tan, T.M.; Van Trang, N.; Tung, L.A. Determining Partial Gear Ratios of a Two-Stage Helical Gearbox with First Stage Double Gear Sets for Minimizing Total Gearbox Cost. In Advances in Engineering Research and Application. ICERA 2022; Nguyen, D.C., Vu, N.P., Long, B.T., Puta, H., Sattler, K.-U., Eds.; Lecture Notes in Networks and Systems; Springer: Cham, Switzerland, 2023; Volume 602. [Google Scholar] [CrossRef]

	



Hrdlička, F. 3D printed planetary gearbox for robotic arm joints. Mech. Based Des. Struct. 2022, 12, 38–46. [Google Scholar] [CrossRef]

	



Praslicka, B.; Johnson, M.; Plugge, E.; Palmer, N.; Knight, D.F.; White, A.; Simms, T.; Zamarron, D.; Toliyat, H.A. Design and Analysis of a Novel, Low-Cost, High-Speed Cycloidal Magnetic Gear for Aerospace Servo Actuator Applications. IEEE/ASME Trans. Mechatron. 2023. [Google Scholar] [CrossRef]








[image: Machines 11 00772 g001 550] 





Figure 1. Concept of the Mono-stage configuration. 
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Figure 2. Concept of the Wolfrom configuration. 
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Figure 3. Dimensional error. 
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Figure 4. (a) The Y axis reports the maximum Von Mises stress (N/mm2) on the cycloid’s surface of the Mono-stage and the time (min) required by the simulation task, in reference to the finite element size (mm). (b) Mesh of Mono-stage (left) and Wolfrom (right). 
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Figure 5. Constraints on the Wolfrom configuration: input side (left), output side (right). 
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Figure 6. Constraints on the Mono-stage configuration: input side (a), output side (b). 
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Figure 7. Procedure to manage the investigation process for both configurations, Mono-stage and Wolfrom. 
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Figure 8. Mono-stage: torque seen by the input shaft (Nm) in a complete rotation for the conditions e = 0 and e = 0.8 mm. 
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Figure 9. Wolfrom: torque seen by the input shaft (Nm) in a complete rotation for the conditions e = 0 and e = 0.8 mm. 






Figure 9. Wolfrom: torque seen by the input shaft (Nm) in a complete rotation for the conditions e = 0 and e = 0.8 mm.



[image: Machines 11 00772 g009]







[image: Machines 11 00772 g010 550] 





Figure 10. Torque ripple (Nm) for the Mono-stage (left) and Wolfrom (right) in reference to the investigated error’s conditions (e = 0 and e = 0.8 mm). 
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Figure 11. Average input torque (Nm) for the investigated error’s conditions (e = 0 and e = 0.8 mm). Mono-stage (left) and Wolfrom (right). 
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Figure 12. Input energy (J) for the investigated error’s conditions (e = 0 and e = 0.8 mm). Mono-stage (left) and Wolfrom (right). 






Figure 12. Input energy (J) for the investigated error’s conditions (e = 0 and e = 0.8 mm). Mono-stage (left) and Wolfrom (right).



[image: Machines 11 00772 g012]







[image: Machines 11 00772 g013 550] 





Figure 13. Mono-stage: average maximum Von Mises stress (N/mm2) on the cycloid’s surface for the investigated error’s conditions (e = 0 and e = 0.8 mm). Mono-stage (left) and Wolfrom (right). 
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Table 1. Main features of the Mono-stage configuration.
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	Feature
	Value





	Transmission ratio
	−1/56



	Number of rollers
	57



	Number of teeth
	56



	Eccentricity
	1 mm



	Roller’s diameter
	6 mm



	Diameter of fixed roller’s wheel
	170 mm



	Thickness of the stage
	30 mm



	Overall axial length
	192 mm
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Table 2. Main features of the Wolfrom configuration.
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Feature

	
I Stage

	
II Stage






	
Transmission ratio

	
−1/8

	
−1/7




	
Total transmission ratio

	
1/56




	
Number of rollers

	
9

	
8




	
Number of teeth

	
8

	
7




	
Eccentricity

	
7 mm




	
Roller’s diameter

	
15 mm




	
Diameter of fixed roller’s wheel

	
170 mm

	




	
Diameter of fixed roller’s wheel

	

	
160 mm




	
Thickness of the stage

	
30 mm

	
30 mm




	
Overall axial length

	
192 mm
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Table 3. Considered errors (in mm).
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	Configuration
	Nominal
	e (mm)





	Mono-stage
	0
	+0.8



	Wolfrom
	0
	+0.8 (both stages)
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Table 4. Main characteristics of the finite element models for Wolfrom and Mono-stage configurations.
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	Configuration
	N° Elements
	N° Nodes





	Mono-stage
	390,706
	595,695



	Wolfrom
	587,442
	779,561
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Table 5. Comparison among Mono-stage and Wolfrom configurations affected by the considered dimensional error in percentages of the average values (taking as reference the condition e = 0 for the percentage calculations).
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	Configuration
	Input Torque %
	Ripple %
	Input Energy %
	Von Mises Stress %





	Mono-stage
	+3.0
	−23.9
	+3.0
	+1482.4



	Wolfrom
	+11.9
	−16.9
	+11.3
	+94.2 (I); +40.3 (II)
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Table 6. Performances and sensitivity of the configuration with a small number of big teeth in reference to a configuration with a big number of small teeth (“<” = lower than, “>” greater than, “+” more sensitivity, “-“ less sensitivity).
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	Performance
	Small Number of Big Teeth





	Energy savings
	>



	Average input torque
	<



	Torque ripple
	>



	Average Von Mises contact stress
	<



	Sensitivity to the dimensional error
	



	Energy consumption
	+



	Average input torque
	+



	Torque ripple
	-



	Average Von Mises stress (contact surfaces)
	-
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