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Design Method of Multi-Stage Gear Drive

(Volume Minimization and Reliability Improvement)
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B Abstract jl

(P

This paper is focused on the optimum design for decreasing volume and increasing reliability of multi-stage gear
drive. For the optimization on volume and reliability, multi-objective optimization is used. The genetic algorithm is
introduced to multi-objective optimization method and it is used to develop the optimum design program using exterior
penalty function method to solve the complicated subject conditions. A 5 staged gear drive(geared motor) is chosen
to compare the result of developed optimum design method with the existing design. Each of the volume objective,
reliability objective, and volume-reliability multi-objectives are performed and compared with existing design. As a
result, optimum solutions are produced, which decrease volume and increase reliability. It is shown that the developed
design method is good for multi-stage gear drive design.
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Table 1 Setting of design variables for cylindrical gear
systems

Pinion Gear
10 ~ 50 10 ~ 500

Number of teeth

Normal
metric module

0.5,06,08, 1, 125, 15, 2, 3, 4, 5,
6, 8, 10, 12, 16, 20, 25, 32, 40, 50

Aspect ratio 02 ~15
Addendum

modification -0.50 ~ 1.50
coefficient
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Fig. 1 Flow chart of optimum design for multi-stage gear
drive
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Fig. 2 Process of genetic algorithm for optimization
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Table 2 Specifications of the gear drive of the geared

motor
Transmitted power [W] 25
Input speed [rpm] 1550
Total gear ratio 120
Number of stages 5
Efficiency of a stage [%e] 95
Gear type Spur
Pressure angle [deg.] 20
AGMA quality number 11
Gear material Steel
Heat treatment Carburized &
case hardened
Minimum hardness [HRC] 55
Allowable contact stress [MPa] 1250
Allowable bending stress [MPa] 380

Table 3 Dimensional specifications of the existing gear

drive
Stage 1 2 3 4 5
Normal module [mm]| 0.8 | 0.8 1 1.5 | 15
Number | pinion 10 12 12 10 12
of teeth | gear 30 | 36 | 32 | 24 | 25
Gear ratio 3.00 | 3.00 | 2.67 | 2.40 | 2.08
Total gear ratio 120.00
Face pinion | 80 | 8.0 | 80 | 9.0 | 140
width [mm]| gear | 70 | 7.0 | 7.0 | 80 | 13.0
Volume ~ {mm’] 59750
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Table 4 Reliability, strength and durability rating of
the existing gear drive

Stage 1 2 3 4 5

Allowable bending

stress [MPa] 386.7

386.7 | 386.7 | 386.7 | 386.7

Bending pinion | 362 | 744 | 1345 | 181.5 | 190.6

stress  [MPa] | gear | 242 | 53.9 | 993 | 127.0 | 1475

Allowable | pinion | 1239.8 | 1239.8 | 1239.8 | 1239.8 | 1239.8

contact stress

[MPa] gear | 1318.5|1318.5|1309.8 | 1302.1 [ 1291.9

Contact stress [MPa]
Normal tooth load [N]
Dynamic capacity [N]

€10 won [10%cycles]

666.1
385
969.6
159680
6357.0
4096.4 | 491.2
68355.0|24591.0
132140.0|147539.0

838.5
91.5
1163.6
2059.7
762.3

1134.1
208.5
1410.4
309.5
114.5
77.4
11085.0
19967.0
6937.2

1502.7
422.6
1955.6
99.1
39.5
27.8
10182.0
17217.0

1367.8
802.9
3650.1
93.7
34.8
25.9
21539.0
33457.0

€10 pinion [IOGCycles]

€10 gear [10%ycles]

pinion

Reliability [hour]

gear

System reliability [hour]
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Table 5 Dimensional specifications of the optimum
design considering volume objective

Stage 1 2 3 4 5
Normal module 0.6 1 1 1.5 2
Number pinion 1t 11 16 15 12
of teeth gear | 44 | 38 | 34 | 31 | 24

Gear ratio 4.0 345 | 213 | 2.01 2.0
Total gear ratio 121.37
Face width 33 33 48 45 7.5
Aspect ratio 0.5 0.3 0.3 0.2 0.3
Addendum | pinion | 027 | 027 | 020 | 027 | 027
modification
coefficient gear | -0.37 | -0.37 | 033 | 0.01 | -0.24
Volume [mm’] 49206

Table 6 Reliability and rating on strength and durability
of the optimum design considering volume

objective
Stage 1 2 3 4 5
Allowable bending
tress [MPa] 386.7 | 386.7 | 3867 | 386.7 | 386.7
Bending pinion | 82.1 | 1126 | 1721 | 167.1 | 1532
stress [MPa] | gear | 888 | 1263 | 1721 | 167.1 | 1532
Allowable | pinion | 1239.8 | 1239.8 | 1239.8 | 1239.8 | 1239.8
contact stress
[MPa] gear | 1339.9 | 1329.0 | 12933 | 12913 | 1299.9
Contact stress [MPa] | 9209 | 1089.8 | 1106.3 | 1150.5 | 1229.0
Normal tooth load [N] | 468 | 1069 | 2354 | 3407 | 6334
Dynamic capacity [N] | 3894 | 6265 | 1396.7 | 17262 | 2697.0
10 won [10%ycles] | 5743 | 2015 | 2088 | 103.1 | 772
cio pinion [10%cycles] | 2200 | 772 | 689 | 440 | 285
Cio gear [10%cycles] 1264 | 470 | 509 | 329 | 216
Reliability | pinion | 2594.8 | 1532.5 | 5812.3 | 176300 | 296120
[hour] gear |5961.3 (32243 | 9136.1 | 272520 | 448340
System reliability 1300.2
[hour]
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Stage 23 [4]s Table 10014 AH4AT % ANE 22 2 W 7
Normal module 0.6 0.8 1 2 2 TE 3L vk 3 Zre njnsEy 2 34XE ot
Number | pinion | 14 15 15 16 14 2351 gou, 7 tof] FUsA ZEvt e ® AL ¢
of teeth | gear | 48 48 45 36 23 2 ot} HAL 712 AA R} 247% PAsGon Tt
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Table 8 Reliability and rating on strength and durability
of the optimum design considering reliability
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Stage 1 2 3 4 5

Allowable bending
stress [MPa]
Bending pinion | 31.7 370 473 | 29.7 | 665

stress [MPa] | gear | 404 | 336 | 429 | 287 | 784

386.7 | 386.7 | 386.7 | 386.7 | 386.7

Table 9 Dimensional specifications of the optimum design
considering multi-objective

Allowable | pinion | 1239.8 | 1239.8 | 1239.8 | 1239.8| 1239.8 Stage ! 2 3 4 5
contact stress Normal module 0.8 0.8 1 1.5 1.5
[MPa] gear | 13284 | 13233 | 1318.5 |1297.4| 12748 —
Number |pinion| 13 15 16 15 16
Contact stress [MPa] | 5183 | 5184 | 587.7 | 462.8 | 772.6 of teeth gear | 45 e 45 3 0
Normal tooth load [N} | 36.9 82.1 199.6 | 267.1 | 658.1 -
- Gear ratio 346 | 3.0 | 2.81 | 207 | 20
Dynamic capacity [N]| 842.4 | 2294.1 | 4422.3 | 8668.2 | 7306.5
Total ti 120.72
C1o ot [10%ycles] | 119200 | 217850 | 10876.0 [34179.0| 1368.6 o gear rato
10 pmion [10%cycles] | 4147.8 | 7374.5 | 3681.6 | 112750| 4762 Face width 31 | 36 | 48 § 67 | 72
Cio gear [10%ycles] | 2533.8 | 4631.0 | 2372.4 81515 | 390.5 Aspect ratio 03 103 03] 03 03
Reliability | pinion | 46846 | 281220 | 439060 |4089000| 384220 Addendum |pmion| 0.27 | 027 | 0.20 | 033 | 0.27
[hour] 98117 | 565120 | 848780 | 6651700 | 517540 modification
= coefficient | gear | -0.04 | 040 | -030 | -0.37 | 0.20
System reliability
[hour] 438020 Volume 58277
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Table 10 Reliability and rating on strength and durability
of the optimum design considering multi-
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@

objective
Stage 1 2 3 4 5
Allowable bending
stress [MPa] 386.7 | 386.7 | 3867 | 386.7 | 386.7
Bending pinion | 479 | 848 | 1020 | 1095 | 2055
stress  [MPa]| pear | 481 | 756 | 1127 | 1509 | 192
Allowable | pinion | 1239.8 | 1239.8 | 1239.8 | 1239.8 | 1239.8
contact stress
[MPa] gear | 1329.1 | 13185 | 1313.8 | 1291.3 | 12889
Contact stress [MPa] | 637.9 | 7863 | 875.5 | 9753 | 1260
Normal tooth load [N] | 29.3 | 826 | 181.0 | 3433 | 619.3
Dynamic capacity [N} | 509.1 | 9948 { 1481.9 | 21688 | 28456
Cio wotn [10%ycles] | 51967 | 1742.1 | 5486 | 2521 | 970
C1o piion [10%cycles] | 18627 | 589.7 | 1809 | 853 | 319
10 gear [10°%cycles] 11335 | 3800 | 1196 | 638 | 242
Reliability | Pimion | 20029 | 21950 | 20208 | 26802 | 20768
[hour] gear | 42192 | 42433 | 37582 | 41431 | 31478
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