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Abstract

:

In traditional gear design, the design theory is based on a rigid hypothesis and is popularly adopted in the preparation of metal gear. Plastic gear designing lacks a mature design theory. Hence, scholars still follow the traditional gear design theory. There is a marked difference in the rigidity and stiffness between the conventional gear design and plastic gear features. In traditional design theory, the deformation is 0.2% (Note: To assess the material yield, conditional yield strength is calculated). Designing deformation can exceed 2% for plastic gears, and the difference can sometimes be more than tenfold. The traditional design theory cannot match the gear strength and precision in the design of plastic gear. In the case of plastic gear, due to numerous meshing teeth, the 2% deformation seen cannot be neglected and should be taken into account in the presence and absence of loading to improve the meshing condition. Improvement in the gear loading ability and reduction in the meshing noise can thus be achieved. Herein, we propose an unequal pitch design theory. The results of Finite Element Analysis (FEA) and experimental verification showed that the strength could be increased by 24% for unequal pitch design theory.






Keywords:


equal pitch design theory; unequal pitch design theory; meshing theory












1. Preface


The worm and worm gear train has the advantages of a large speed ratio, small voltage, low noise, etc. Hence, they are widely used in the field of transmission. The technology is also applied in the preparation of window lift, rear wiper, front wiper, sunshade, seat height adjuster, recliner, among others [1].



A small volume, production of low noise, and lightweight are expected for high efficiency in this field. A strong/robust gear train is required for safe operation. The plastic gear is more prone to fail in the test due to its time-dependence characteristic (creep). Higher load capacity and higher safety factors are prerequisites in the case of gear design [2].



High load capacity in the worm gear cannot be achieved with such a small gear volume. It is imperative that the load capacity is increased, keeping the volume the same. High load capacity is equivalent to lower defective products [3].



Many scholars have investigated the load and deformation rule of the worm and helical gear tooth surface. Litvin et al. [4] analyzed the meshing rule of the metal worm and plastic helical gear, and presented a method to calculate the load on the tooth surface and the deformation at the contact point. Zhao et al. [5] presented an efficient method for calculating the load distribution rule of plastic cylindrical spur gear tooth surface and analyzed the influence of tooth surface distribution rule on gear transmission error and meshing stiffness.



Worm and worm gear train is widely used in window lift, a key product. The meshing teeth are three or four in number [6]. The load-displacement between the meshing teeth is not good, where the meshing teeth may carry half of the load. Based on the current design, we attempted to change the worm profile to achieve better load displacement and higher load capacity [7]. We did not change gearbox size and gear material, but increased bearing capacity for the gearbox. The transmission of metal worm meshing plastic helical gear can be used mainly.




2. Literature Review


Worm and Worm gear train is widely used in cross shaft transmission. It has many advantages, such as small volume, big speed ratio, low noise, simple structure, etc. [8]. The key points of the meshing between worm and worm gear are as follows [9]:




	(1)

	
The axial module of the worm is equal to the transverse module of the worm gear.




	(2)

	
The pressure angle of the Worm and Worm gear is the same.









According to the first key item, the worm pitch is the same as the pitch of the worm gear. This is always true when there is a steel worm meshing in the bronze worm gear. Commonly, a cutter is used to cut the bronze worm gear with the same parameters as that of the meshing worm.



The tooth thickness and the tooth addendum height of the cutter are small and different from the meshing worm owing to the tip clearance and backlash requirement [10].



In some appliances such as window lift, steel worm, and plastic helical gear train is widely used owing to its low cost, low noise, self-locking ability, and compact volume. According to DuPont’s suggestion, the helical gear strength should be calculated based on the sheer strength under the worst condition.



There are many appliances where the gear must be designed to withstand a stall torque loading significantly higher than the normal running torque. In some cases, the stall torque governs the gear design. To determine the stall torque a given gear design can handle, the material yield strength is taken into account at the expected operating temperature under stall conditions. Only a small safety factor (S = 1.3–1.5) needs to be applied if the material to be used is either Zytel® nylon resin (Dupont company, Eleutherian Mills, DE, USA) or Delrin®100 (Dupont company, Eleutherian Mills, DE, USA). The resilience of these materials allows the stall load to be distributed over several teeth [11].



Appliances like window lift gears for cars, use a steel worm, and a plastic helical gear (=worm gear), where the tooth thickness of the steel worm has been reduced in favor of the tooth thickness of the plastic gear.



In this case, the gear strength may be limited by the shear strength of the loaded teeth, as given by the following equation [12],


   F  max   = n · f · t · τ  



(1)




where n = number of teeth in (full) contact; f = tooth width (mm); t = tooth thickness (mm),


  τ    =   shear   strength   =    σ y  / ( 1.7 × S )   ( MPa )   



(2)




where    σ y    = yield strength at design temperature (MPa).



The characteristic of plastic widely varies with changing temperature. The typical strain-stress curve of POM is presented in Figure 1.



Plastic can show higher deformation than steel (Figure 1). According to DuPont, Delrin100 (POM) can withstand 48 MPa at 106 times under room temperature, which implies that the deformation is ~2.5%. For steel gear, the maximum deformation allowed is about 0.2%, which forms the basis of the gear design [13].



Steel gear carrying high load must be modified according to the load. Accordingly, plastic gear should be adjusted according to the load because the deformation of plastic gear is much larger than that of the steel gear.



According to the suggestion from American Gear Manufacture Association (AGMA), the plastic gear tooth profile is shown in Figure 2 [14].




3. Meshing Theory of Steel Worm with Plastic Helical Gear


3.1. Coordinatesystem of Steel Worm Meshing Plastic Helical Gear


To study the meshing process for a steel worm and plastic helical gear, we used four coordinate systems (Figure 3). The coordinate system of the worm    ∑ 1  = [  O 1  ,  X 1  ,  Y 1  ,  Z 1  ]  , the coordinate system of plastic helical gear    ∑ 2  = [  O 2  ,  X 2  ,  Y 2  ,  Z 2  ]  , and the fixed coordinate system   ∑ = [ O , X , Y , Z ]   and    ∑ P  = [  O P  ,  X P  ,  Y P  ,  Z P  ]   [15]. where    ω 1    is the rotational angular velocity of the worm;    ω 2    is the rotational angular velocity of the helical gear;    V  01     is the linear velocity of the contact point;    φ 1    is the angle at which the worm tooth surface rotates around the ZP axis at an angular velocity    ω 1   ;    φ 2    is the angle at which the tooth surface of the helical gear rotates around the Z-axis at an angular velocity    ω 2   ;    L 1    is the distance on that the contact point moves along the ZP axis at linear velocity    V  01    .




3.2. Helical Equation of Worm


It is a line for cutter edge, the plane of the cutter edge is fixed on the plane tangent to the worm base diameter (radius r01). When it cuts the worm, the worm remains fixed. The cutter moves according to the helical route. Therefore, the route is an involute helical plane (Figure 4) [16].



Two coordinate systems are selected. The coordinate system of the cutter is    ∑ U   , and the coordinate system is    ∑ 1   . The positions of the cutter line edge in,    ∑ U    as shown in Figure 5. The equation of P is given by,


  r  ( u )  =  X U   i U  +  Y U   j U  +  Z U   k U   



(3)






   X U  =  r  01    



(4)






   Y U  = − u cos  δ 1   



(5)






   Z U  = − u sin  δ 1   



(6)




where    δ 1    is the dip angle of the cutter,  u  is the parameter of the cutter, the matrix from    ∑ U    changes to    ∑ 1   


  r  ( 1 )  =  X 1   i 1  +  Y 1   j 1  +  Z 2   k 1   



(7)






   X 1  =  r  01   cos  φ u  + u cos  δ 1  sin  φ u   



(8)






   Y 1  =  r  01   sin  φ u  − u cos sin  δ 1  cos  φ u   



(9)






   Z 1  = − u sin  δ 1  + P  φ u   



(10)







This is the helical plane equation of the worm.




3.3. The Meshing Equation of Steel Worm with Plastic Helical Gear


To get the meshing equation (Equation (11)), the expression of a(u) on    ∑ U    is


  a  ( u )  = − cos  δ 1   j U  − sin  δ 1   k U   



(11)







Using the coordinate transformations, the expression of a(u) on    ∑ 1    is:


  a ( 1 ) = cos  δ 1  sin  φ u   i 1  − cos  δ 1  cos  φ u   j 1  − sin  δ 1   k 1   



(12)







During cutting worm, the relative motion between the cutter and worm V(U1) is given by,


     V   (  U 1  )    = P  w   ( U )     K   ( U )    +  w   ( U )     K U  ×  r   ( U )        =  w   ( U )    ( u cos  δ 1   i U  +  r  01    j U  + P  K U  )    



(13)







The expression of V(U1) on    ∑ 1    obtained by coordinate transformations is,


   V   (  U 1  )    =  V  X 1       (  U 1  )     i 1  +  V  Y 1       (  U 1  )     j 1  +  V  Z 1      ( U 1 )    k 1   



(14)







According to Equations (13) and (14), we get the expression for n on    ∑ 1    as,


  n = a  V  ( U 1 )   /  |  a  V   (  U 1  )     |   



(15)




where


  P =  r  01   tan  δ 1   



(16)







To get the meshing equation, The relative speed V12 between    ∑ 1    and    ∑ 2    needs to be calculated.


     V  12   = [ −  w 2  (  X 2  sin  φ 2  +  Y 2  cos  φ 2  ) +  w 1   Z 2  ] i +     [  w 2  (  X 2  cos  φ 2  −  Y 2  sin  φ 2  ) +  V  01   ] j −     [  w 1  (  X 2  cos  φ 2  −  Y 2  sin  φ 2  ) − a ] k    



(17)







In light of the meshing theory, it meshing each other between steel worm and plastic helical gear, it needs to meet meshing condition.


   V  12   ∗ n = 0  



(18)







Equations (15)–(17) when plugged into Equation (18) gives Equation (19),


    ( sin  δ 1  sin  φ 1   i 1  − sin  δ 1  cos  φ 1   j 1  + cos  δ 1   k 1  ) ×      {  [ −  w 2  (  X 2  sin  φ 2  +  Y 2  cos  φ 2  ) +  w 1   Z 2  ] i   +     [  w 2  (  X 2  cos  φ 2  −  Y 2  sin  φ 2  ) +  V  01   ] j −     [  w 1  (  X 2  cos  φ 2  −  Y 2  sin  φ 2  ) − a ] k } = 0    



(19)









4. Research Method


According to Section 3: Meshing theory of steel worm with plastic helical gear, we make some worm samples with different pitch values (Figure 6) and some plastic gears by tooling. We used UTM-4204 electronic universal testing machine and made a test fixture. The test machine verified the correctness of the theory, according to the research flow, as shown in Figure 7.




5. Load Distribution Model


It is well-known that cylinder gears need to be modified when a high load is carried. Figure 2 shows the correct method to alter the cylinder gear. This is always true when the meshing number is not more than two [17]. In some applications, such as window lift, three to four teeth carry the load in the steel worm and plastic helical gear train. Here, the working torque is further lowered than the maximum torque (stall torque). During the life test at a high temperature (~90 °C), the plastic helical gear is easily broken when maximum torque is applied.



Sometimes, a creep test is required in the case of a window lift. During these tests, the deformation of the plastic gear is inevitable, and the NONE breakage component is the key judgment rule. In other words, the deformation of the helical gear is permitted. The traditional tip relief and the root relief cannot satisfy the large deformations. Thus, to enhance the load capacity of the current steel worm and helical worm gear/helical gear, further modification is needed. From the traditional relief theory, it can be drawn that equal-stress displacement is expected when the load is carried at some temperature [18]. In this optimized design, the typical window lift is selected as the test platform, and a higher creep load capacity is the key aim. The creep rupture of Delrin®100 is listed in Figure 8.



The common requirement for a window lift is 12.74 Nm for 840 h (Window lift test standard). According to this, the same rate of deformation for all the teeth is expected to have the maximum load capacity. The same deformation rate can be obtained by modifications. A different pitch is selected to achieve the same rate of deformation. The traditional design is shown in Figure 9. The normal pitch of the worm and the helical gear is the same.



The tooth pair 2–2′,3–3′,4–4′ will be in contact in a while when the worm moves along the direction of the arrow. If only the load capacity is considered, the worm gear can be fixed.



The analysis is based on the following assumptions: The worm gear is strong enough that it would not be deformed. The material of helical gear/worm gear is Delrin®100. The structure of helical gear/worm gear is too strong to deform. In other words, the deformation is only limited at the tooth area. At the beginning of the meshing, the tooth pair 2–2′, 3–3′, 4–4′ will be in contact for a while. With the increasing load, teeth 2, 3, and 4 will deform by the same distance. Based on such assumptions, the bending deformation rate can be calculated according to the following formula [19],


  ε =  δ h   



(20)




where  ε  is deformation rate;  δ  is bending deformation (axial moveable distance), mm,  h  is the distance between the contact point and root circle, mm.



In this load model, δ1, δ2, δ3 are the same, and h1, h2, h3 increase in this order. Correspondingly, ε1, ε2, ε3 decrease in the given sequence.



Let us suppose that:    δ 1  =  δ 2  =  δ 3  = 0.06   mm ,    h 1  = 0.6   mm ,    h 2  = 1.2   mm ,    h 3  = 3   mm  .



According to the calculation, the deformation rate ε1, ε2, and ε3 are 10%, 5%, and 2%, respectively, when the highest load is carried. The tooth “2” carries more than fifty-eight percent of the load. The root stress is highest for the plastic tooth, which contacts the tooth root, and the root stress is smallest for the plastic tooth, which contacts the tooth tip. The distribution of stress is shown in Figure 10.



A new design with the normal worm pitch slightly smaller than the pitch of the helical gear is presented in Figure 11.



At this load model,    h 1 ′   ,    h 2 ′   ,    h 3 ′    is increased and    δ 1 ′   ,    δ 2 ′   ,    δ 3 ′    is different in sequence. Correspondingly    ε 1   ,    ε 2   ,    ε 3    is another story in sequence.



Let us suppose that:    h 1  =  h 1    ′  = 0.6   mm ,    h 2  =  h 2    ′  = 1.2   mm ,    h 3  =  h 3    ′  = 3   mm      δ 1  = 0.06   mm ,  δ 2  = 0.108   mm ,  δ 3  = 0.285   mm  .



According to the calculation, the deformation rate    ε 1   ,    ε 2   , and    ε 3    are 10%, 9%, and 9.5%, respectively, when the highest load is carried. The tooth “1” “2” “3” carry about thirty-five percent load separately. The stress of tooth root is the same around. The distribution of stress is shown in Figure 12. According to the calculation, the load capacity of the new design worm and helical gear is more than 50 percent higher than the initial traditional design at a temperature of 90 °C. When the breakage test is done, the worm gear is deformed according to the stress-strain curve at 23 °C. The load capacity can be calculated according to the curve shown in Figure 1. However, we need to pay attention to that it can work continuously. So the pitch variation, contact ratio, and backlash should have a relationship [20].





Pnx = πmn










Pnw = πmn′










ΔP = π(mn − mn′)











In order to work continuously, for worm and gear, it must meet the below equation,


ΔP ∗ ε ≦ jn








where Pnx is the pitch for an equal worm, Pnw is-the pitch for an unequal worm, ε is contact ration, jn is the backlash for worm and the helical gear.




6. Finite Element Analysis (FEA) for Real Model


Many kinds of models are built to verify the theory, and FEA is used for the same. We built a model by kisssoft and solidworks. The pitch of the worm is changed smaller than that of worm gear. S45C is the material of worm, and the material of helical plastic gear is Delrin100. According to the strength calculation requirement, we defined a face-face contact between the worm and the helical plastic gear [21].



To ensure that the contact stress is right, a good net density is required. In this model, the worm is fixed, and the worm gear rotates along its axis. The loading curve is different in different conditions [22].



The material of the worm gear is Delrin100, and it is considered as a nonlinear material under temperatures of 23 °C in this analysis. The strain-stress table of the Delrin100 under 23 °C as Table 1.



A long tooth worm gear (helical gear) is used to verify the theory.



The support is fixed on the worm hole; the cylinder support is fixed on the hole of the plastic gear, and torque is applied to the plastic gear, it is shown in Figure 13. The materials for worm and plastic gear are defined, which are S45C for worm and POM for plastic gear. The physical characteristics of the materials are given in Table 2 [23].



Different curves and load are applied to the model to test the influence when the pitch is different from its theoretical pitch. The FEA result is shown in the following table, and the details can be obtained from the FEA report (Table 3).



Table 3 indicates that the unequal pitch will give rise to better meshing between the worm and the helical gear. The difference might lie in different meshing stiffness and different structure stiffness.



Table 3 indicates that an unequal pitch will be beneficial to the small module worm gear.



The smaller module tooth tends to deform easily than the large module tooth. Hence, the former has a lower contact stiffness than the latter.




7. Experimental Verification


To verify the unequal pitch theory, two kinds of strength test methods were adopted, including the breakage test on the fixture and the breakage test on the motor. In order to verify the unequal pitch theory proposed in this paper, by comparing the stress conditions of the equal and unequal pitch, worm and helical gear of equal and unequal pitch were processed, and the pressure testing machine, test fixture, and torsion meter were used for verification. The parameters of the worm and helical gear are shown in Table 4.



7.1. Introduction of Test Block and Test Machine


The worm and helical gear fixing device is shown in Figure 14. The right side plastic helical gear is secured by two fixed plates and is attached to the base together. On the left side, the fixing seat 1 is fixed on the base, and then the metal worm and fixing seat 2 are installed, respectively. The worm is perpendicular to the axis of helical gear through two positioning screws on fixing seat 2, and finally fixed by the pin.



As shown in Figure 15 is UTM-4204 electronic universal testing machine(Dongguan, China). It is controlled by the computer system. The computer system controls the rotation of the servo motor through the controller and the speed regulation system, and then the speed reduction system drives the beam to move through the lead screw to complete the rise and fall. Therefore, bending, shearing, stretching, and compression experiments can be completed to output the maximum stress value, tensile strength, yield strength, elastic modulus, fixed force elongation, fixed force elongation value, and elongation rate, etc. The applied load error is within ±0.5, and the output result error is within 1%, with high precision and wide application. The test process is shown in Figure 16.




7.2. Parameter for Worm and Plastic Helical Gear


We make some sample of worm and plastic helical gear, engineering drawing as (Figure 17 and Figure 18), according to parameter and some dimension. Then we fixed on gear box.




7.3. Test Method


The equal pitch metal worm and the plastic helical gear on the universal testing machine are clamped, and the force is applied slowly until the plastic helical gear breaks. After this, the force is gradually stopped, and test data are recorded. Similarly, for an unequal pitch, the metal worms and helical gears operate in the same way.




7.4. Test Result


The standard window lift gear pair was adopted to verify the theory. The pitch of the worm is smaller than that of worm gear. It can be seen from the comparison of data in Table 5, the average maximum destructive pressure with equal and unequal pitch is 447.36 Kgf, and 563.70 Kgf, respectively. The maximum pressure of unequal pitch increased by 26% compared with equal pitch. The results show that the meshing of gears with unequal pitch can improve the root strength of gears, and can improve the service life of gears under the same working conditions, which can provide a reference for the subsequent coordination of worm and plastic helical gears.



Since the contact ratio of m = 0.8 is bigger than m = 1.0, so the force is bigger for m = 0.8. The increased rate of the breakage strength for unequal pitch worm and plastic helical gear is ((554.66 − 447.36)/447.36) × 100% = 24% for m = 0.8, and the increased rate of the breakage strength for m = 1.0 is ((415.98 − 362.53)/362.53) × 100% = 14.74%. It is shown that unequal pitch will be beneficial to the small module worm gear, as the smaller module tooth tends to deform easily than the large module tooth.




7.5. Test on Motor


In order to further verify the force of medium and unequal pitch in practice, the test was verified by a torque test in the gearbox, test model as shown in Figure 19, the torsion test equipment as shown in Figure 20, manual load, twist torsion meter, the test data as shown in Table 6. It can be seen from the table that the average torque borne by the gearbox assembled with equal pitch is 58.25 Nm, and that of the gearbox assembled with unequal pitch is 64.25 Nm. The maximum torque borne by the unequal pitch is 11.16% higher than that by the equal pitch. Through these two experiments, it can be concluded that in the matching of worm and helical gear, gear meshing with unequal pitch is better than that with equal pitch under the same working condition, which can provide an important reference for this kind of transmission design.



In conclusion, since the material was different for the gearbox, it can withstand small torque for the plastic gearbox. The increased rate of the strength for unequal pitch worm and plastic helical gear is about ((64.77 − 57.39)/57.39) × 100% = 12.86% for m = 0.8 and the increased rate of the strength is about ((79.80 − 75.12)/75.12) × 100% = 6.23% for m = 1.





8. Conclusions and Future Prospect


In this paper, the load characteristics of steel worm and plastic helical gear transmission are introduced, and according to Dupont experience, the checking formula of gear strength during helical gear transmission is obtained. The meshing theory of plastic helical gear and steel worm is deduced, and according to their meshing characteristics, the load distribution model of the tooth surface is put forward, the bending deformation rate of helical gear root is defined, and the theory of unequal pitch is put forward. Worm and helical gear are designed and manufactured according to the theory of unequal pitch. Through the finite element analysis, it is concluded that the theory of unequal pitch can improve the loading capacity of small modulus gear, but it is not suitable for large modulus gear. Finally, through the fixture damage experiment and the motor damage experiment, it is concluded that the bearing capacity of helical gear increases by 24%, and 12.86% for m = 0.8, respectively, which verifies the correctness of unequal tooth spacing theory.
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Figure 1. Typical stress-strain curve of POM. 
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Figure 2. Modified plastic gear profile. 
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Figure 3. Coordinates of transmission. 






Figure 3. Coordinates of transmission.



[image: Applsci 11 00333 g003]







[image: Applsci 11 00333 g004 550] 





Figure 4. Schematic representation of a processed worm. 
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Figure 5. Diagram of cutter edge. 
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Figure 6. Worm and plastic gear samples. 
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Figure 7. The schematic diagram of the research flow. 
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Figure 8. Creep rupture in Delrin®100. 
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Figure 9. Traditional meshing between steel worm & helical gear (a = b = c). 
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Figure 10. The distribution of stress for traditional meshing between steel worm and helical gear (a = b = c). 
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Figure 11. New meshing design between steel worm & helical gear(a > b > c). 
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Figure 12. The distribution of stress for new meshing design between steel worm & helical gear (a > b > c). 






Figure 12. The distribution of stress for new meshing design between steel worm & helical gear (a > b > c).



[image: Applsci 11 00333 g012]







[image: Applsci 11 00333 g013 550] 





Figure 13. Boundaries of the FEA. 
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Figure 14. Test block. 
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Figure 15. Test machine. 
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Figure 16. Test process. 
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Figure 17. Engineering drawing for the worm. 
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Figure 18. Engineering drawing for the plastic helical gear. 
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Figure 19. Gearbox samples. 
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Figure 20. Test on motor (ensure that the worm cannot move). 
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Table 1. The short-term stress-strain curve of delrin100 at temperatures under 23 °C.
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	Strain (mm)
	Stress (MPa)





	0.025
	50



	0.05
	60



	0.1
	66



	0.15
	66.5
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Table 2. The physical characteristics of the materials for worm and helical gear.
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Material

	
POM

	
S45C




	
Physical Characteristics

	






	
Elastic modulus (MPA)

	
3100

	
2.06 × 105




	
Poisson ratio

	
0.35

	
0.3











[image: Table] 





Table 3. FEA results for different model long tooth worm & helical gear.
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M = 0.8 (Same Pitch)

	
M = 0.8 (Different Pitch)

	
M = 1.0 (Same Pitch)

	
M = 1.0 (Different Pitch)




	
Torque

(Nm)

	
Stress

(MPa)

	
Torque

(Nm)

	
Stress

(MPa)

	
Torque

(Nm)

	
Stress

(MPa)

	
Torque

(Nm)

	
Stress

(MPa)






	
1.05

	
28.53

	
1.05

	
22.83

	
1.05

	
15.51

	
1.05

	
13.75




	
1.90

	
35.98

	
1.90

	
29.70

	
1.9

	
20.52

	
1.9

	
18.10




	
2.9

	
38.26

	
2.90

	
31.62

	
2.9

	
24.12

	
2.9

	
22.43




	
3.9

	
41.45

	
3.90

	
34.68

	
3.9

	
30.81

	
3.9

	
28.13




	
5

	
45.75

	
5

	
38.92

	
5

	
34.42

	
5

	
32.11
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Table 4. Parameter for worm and plastic helical gear.
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	Normal Pitch
	Pressure Angle
	Helical/Lead Angle
	Number of Teeth
	Outside Meter
	Root Meter





	Equal pitch worm
	2.513
	12°
	5.93°
	1
	9
	4.3



	smaller pitch worm
	2.469
	12°
	5.93°
	1
	9
	4.3



	plastic helical gear
	2.513
	12°
	5.93°
	72
	60.75
	56.25



	Equal pitch worm
	3.142
	12°
	9.16°
	1
	7.9
	4.36



	smaller pitch worm
	3.094
	12°
	9.16°
	1
	7.9
	4.36



	plastic helical gear
	3.142
	12°
	9.16°
	63
	65.35
	61.9
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Table 5. Breakage test on the fixture.
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No. of Helical Gear

	
Equal Pitch Worm & Plastic Helical Gear

	
Unequal Pitch Worm & Helical Gear




	
Max Breakage Force (Kgf)

	
Max Breakage Force (Kgf)




	
M = 0.8

	
M = 1.0

	
M = 0.8

	
M = 1.0






	
No. 1

	
436.36

	
364.21

	
564.99

	
413.85




	
No. 2

	
430.42

	
352.11

	
568.95

	
420.92




	
No. 3

	
488.31

	
361.32

	
559.15

	
415.33




	
No. 4

	
493.26

	
365.65

	
565.19

	
427.62




	
No. 5

	
444.18

	
341.59

	
560.24

	
411.23




	
No. 6

	
456.74

	
355.19

	
542.31

	
413.56




	
No. 7

	
455.95

	
349.53

	
551.23

	
409.23




	
No. 8

	
460.4

	
355.61

	
538.92

	
407.56




	
No. 9

	
465.15

	
354.69

	
546.38

	
418.96




	
No. 10

	
451.89

	
343.58

	
549.21

	
421.55




	
Average

	
447.36

	
362.53

	
554.66

	
415.98
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Table 6. Breakage test on the motor.






Table 6. Breakage test on the motor.





	
No. of Motor

	
Equal Pitch Worm & Plastic Helical Gear for Gearbox

	
Unequal Pitch Worm & Plastic Helical Gear for Gearbox




	
Max Breakage Torque (Nm)

	
Max Breakage Torque (Nm)




	
M = 0.8

	
M = 1

	
M = 0.8

	
M = 1






	
No. 1

	
58.20

	
73.50

	
65.20

	
79.50




	
No. 2

	
58.50

	
77.20

	
64.30

	
82.30




	
No. 3

	
57.30

	
77.50

	
60.70

	
81.40




	
No. 4

	
58.20

	
74.30

	
64.30

	
78.60




	
No. 5

	
56.20

	
72.50

	
66.40

	
78.80




	
No. 6

	
56.50

	
76.80

	
66.20

	
81.30




	
No. 7

	
56.10

	
73.60

	
65.40

	
80.50




	
No. 8

	
58.20

	
76.20

	
65.10

	
82.10




	
No. 9

	
57.60

	
75.10

	
64.80

	
78.20




	
No. 10

	
57.10

	
74.50

	
65.30

	
75.30




	
Average

	
57.39

	
75.12

	
64.77

	
79.8

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
worm

mounting plate 1

plastic helical gear





media/file8.jpg





media/file27.png
set screw
dawel pin

fixed seat 2

fixed seat 1

foundation

wornm

mounting plate 1

plastic helical gear

mounting plate 2





media/file34.jpg
secTion e-c

Yormlmale  [w [ 1 g, -

aber of teeth & /‘q’\
=

R

e Jale

e [t

o ar

[ pith dmer dl | 88

Root diometer de | 619%,

e (L]






media/file13.png
unequal pitch l it is right
meshing theory |

|

{ meshing theory ]
|

| |

[make some samples ] [design 3D model ]

for worm and gear

| |

experimental finite element
verification analysis

‘ it is same result






media/file31.png





media/file39.png





media/file12.jpg
unequal pitch &

meshing theory

meshing theory

H

make some samples
for worm and gear

design 3D model ’

itis same result

finite element
analysis

L





media/file18.jpg
Contacton Contactin Contact on

tooth root mlddl/:ofloolh yhp
&7/

/4 f*{ B

121‘

The slmss is

The stress is The stress is

biggest big small





media/file9.png
—






media/file14.jpg
Stress in MPa

20

15

10

Stress-strain(isochronous)90°C
Delrin® 100 NCO10

T7
B

/

A%
0 2 4 6 8§ 10 12

Strain in %





media/file35.png
X H G A A R
[T To.08]A}—=18.8£0. t=—] [ [0.08]A]
4.220.+—= - 74
] E 0.1|A

s
S

65.3510

L |
odod it

Type of worm 7N
Normal module Iy 1
Number of teeth 71 63
Normal pressure angle| ds 12°
Normal pitch Pn | 3.044
Axial pitch Px 3. 140
gl Y|4 94 S
Outside diameter | dal | 65.35+0.05
Pitch diameter dl | 63.814
Root diameter de | 619%,
Hand for lead angle L
X H G | A I R






media/file20.jpg





media/file23.png
The stress is same around on tooth

\ \\
The pitch decrease /AP  Deformation is Deformation Deformation
for worm big is small is the smallest






media/file5.png
Vs )
) }
| @)
O2 |
/1‘1 N ' xz
| 'p P2
P
[\
/ O
157X /0,
- .
L...-Dl __1 EQI
(f_)l "_p






media/file36.jpg





media/file15.png
Stress in MPa

20

15

10

Stress—strain (isochronous)90°C
Delrin® 100 NC010

/

Aa/' r”#:::::;

0

2

4 6 8

Strain in %

10 12





media/file19.png
Contact on Contact in Contact on

tooth root middle of tooth

/

tooth tip

1\

-

/
NEIINE: E ;

:-he SHressis The stress 1s The stress 1s
t :
S8 big small





media/file28.jpg
upright
moving beam

piston
pressure plate

workbench

switch

controller«

!
base  helical gear knob indicator light

computer





media/file2.jpg
Pitch

Line

Resg=tip relief adius
2 722 = addendumto start of tip relief radis
‘Example of AGMA basic rack modified with tip relief






media/file32.jpg
-
o |7 =
e =1 |
T=s al” " 1Y

<&

A\

st

Tt = %
omiva w03
o of el T
T K
Hemrome o [ o
Tora —[p 1w
Tdwar |7 [TIW
A T
Pk s [ 01| 631
o [ | 4
[ttt e | T

e
wrt—

T T






nav.xhtml


  applsci-11-00333


  
    		
      applsci-11-00333
    


  




  





media/file11.png





media/file6.jpg





media/file24.jpg
‘Appled Torque






media/file29.png
upright =
moving beam <

-

piston <

pressure plate
.

fixture
worm

workbench

switch

controller

base

v i

helical gear knob

, LIJ TEWUHE FL J

indicator light

computer





media/file1.png
Stress in MPa

100

80

60

40

20

Stress—strain

Delrin® 100 NCO10

]
]

5 10 15 20
Strain in %

25

30





media/file37.png





media/file10.jpg





media/file7.png
/
/ [ |
/ 5

O

Fo1

/;&g /






media/file33.png
~t—2-15"%06.6%

sy g = Aotes|a-B 0025]A-B
5 Ed z
: - E = A==

-002] | - |I}

W

= L20,00£0.50 55.00 —1500— ‘ et ”-51
= 81,00 -es0 =2 & 2o
o8] +0.10 33 ¢ 99
s 99802015 19.205 7 g8 8 &
= £ B
4-1
%ﬁi\ s, Hﬂs %/
Type of worm YA K1 A ; |
Normal module i (0. 985 %/ ~
Number of thread G S 7
Nmber of t 71 1 IIIIS S o
Normal pressure angle| as 12° @ ré
Normal pitch Pn 1094 s
Axial pitch Px 3.140
Lead angle Y 9° 9 4"
Outside diameter dal T.‘}ﬂ'ﬁ
Pitch diameter dl 628
Root diameter de 4.36 “4”
Hand for lead angle L

X | H | G | E | A R






media/file16.jpg





media/file38.jpg





media/file3.png
Rrard
?\\. '|||'
/ \ x \
5\ | AN 1\
\ ! J’ « gy K ll'n,
\ arer | o \
\ S \
\ Pitch ! fﬁ ™~ N
\ Line / \f{; .
\ f I". {
| f T
II". II."'I \ll 4[_& |
\" 'fl'l} Ill'nH
\
~ 7
.

- -
Rras= tip relief radius

& ree = addendum to start of tip relief radius

Example of AGMA basic rack modified with tip relief





media/file22.jpg
The stress is same around on tooth

for worm big is small is the smallest





media/file17.png





media/file4.jpg
Vo

- |

@,






media/file30.jpg





media/file25.png
| Fixed Support

Applied Torque

® g
NNV
SO
TATAYAN Y,

)/






media/file0.jpg
Stress in MPa

100

10

20

0

Stress-strain
Delrin® 100 NCO10

—-20C
0T

0

5 10 15 20 25
Strain in %

30

— 2 °C

— 60 °C
— 90 °C
—120 °C





media/file21.png
raY J C
IR TRV
1N 20345





