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Source: METI in Japan
Fig. 1-1 Countries and regions that have declared carbon neutrality untill 2021/11/9 *4
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Table. 1-1 Transition of carbon dioxide concentration

Year 2019 (New car sales) Year 2030
Conventional car 60.8% (2.61 mil. cars) 30~50%
Next generation car 39.2% (1.69 mil. cars) 50~70%
Hybrid 34.2% (1.47 mil. cars) 30~40%
Battery-powerd 0.49% (21 thou. cars)
20~30%
Plug-in hybrid 0.41% (18 thou. cars)
Fuel cell 0.02% (0.7 thou. cars) ~3%
Clean diesel 4.1% (175 thou. cars) 5~10%

( New car sales are 4.30mil. cars in 2019 )
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Fig. 1-3 Differential unit
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Fig. 2-1 Proposed spiral bevel gear set

Fig. 2-2 Proposed pinion fabricated by five-axis controlled machining center
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(@) Real machining (b) Hlustration of machining process.
Fig. 2-3 Uni-purpose machine for spiral bevel gears

Ball-nose end-mill tuck

(a) Real machining (b) Nlustration of machining process.

Fig. 2-4 Five-axis controlled machining center
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Fig. 2-5 Concept illustration of the proposed gear
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Load points

(b) Flat plate with rib
Fig. 2-6 Definition of loaded points on basic FEM models for IDCAE
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Table 2-1 Definition of dimensions and variables in detail for FEM model

The number

Designation Unit Symbol of data
Module mm m=4 Single
Whole depth mm 2.25m Single
Tooth thickness mm a = am/2 Single
Width of space mm mm/2 Single
Whole face width mm B =(@75+m)m Single
Rib’s width mm r Parallel
Rib’s ratio -- 2r/B Parallel
Effective face width mm b =B-2r Parallel
Load increasing ratio -- a = Bb Parallel
Basic load N F =098 Single
Load N oF Parallel

Table 2-2 Loading illustration on analysis models and used variables

Loading image in flat plate model Loading image in flat plate model Rib's width Load
B’ BEh Y
X X 0 F=98N
K TE% | (Norib)
'a 4/\3\“4?,\,\% & S S
B y B y aF
r r ri ir _B F
L) X : M) x r =3
> Q?Y!WL I \!\\Y! E -_B F
+ £ J:/m‘)o(‘(\ ¥ ‘r//‘(\{/n, ’(/\\ B —2r
B y B y
: : r’ a'F
r b’ L7 x rli b’ LA 154l (SRR P
I L
\g 3_ If r’=2r 'F B
AR Ao = =
— £ ‘(;c;,\}\«\{/\«\ < (mi//ﬁ,v\;ms @ B —4r

|tttt Load pint and direction

EBT VLR R Z X 2-6, TEAIRDOEUMEE A 2-1 120D 7. FEIE R I g 1 5o
A R EL, ZI DA FEAE R TR 7 M x 8l mSHmzdel7-. FEME7
MW I THRENT 2226 T L, #8 T il BN 2RI A3~ 243 2h B iiE b PNIC 2=0.25m, 1.0m,
1.5m, 2.25m, x=0, b/4, 3b/8, b2 DALE (y 7)) \ZEH i EA N T 7o, b R
2-2 | TR I IO AR B (=— &) A #hdhhE b £ LTI L7ZER (B=b 372455 r=0)

- 17 -



HoE UTEXANLTARULETY DS R ERhER

DOEFHE F(=9.8N)ZHAELL, FIHICIRAR7INTHZH IR 72 (U7 r£0
ZATINLTZ) J3 %At B INER a=Blb LU ANEF W HE aF LLTZ. [X] 2-6 (2) Tl —%
17207 DHE N B CA IR A IO L7 B0 s e T2 b a2 8lE2L, X 2-6 (b)
TRV T EA ML S>OBE R O EL BB LT Ve VTR r i3EEKED
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(a) Form N (no rib) (b) Form A

(c) Form B (d) Form C

(e) Form D

Fig. 2-7 Analysis models

24 WTISHRRNTREES L OB

2:4:1 J 7ELEEOALEIEELOBE
IEUDIC— KA T DN IR N)T, £HiE BNk LA %hdEhE b
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N3 A% DL, i AR (x=0)~ 0D} B Tl KA J1E72% 0.80MPa A 7R L TV
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2 I I

Load point
~B-x=0 x=h/4

——x=3b/8 —@—-x=h/2

=
©
I

0 B/8 B/4 3B/8 B/2
x-coordinate (y=0,z=0) [mm]

(b) Rib’s width r=zm/16

Fig. 2-8 Stress distribution along face width on tooth root (rib’s form = form N) when

changing loaded point along tooth width.

Rib's width (r) [mm]
S

5 0 1 3 4 6 7 8 9 10
I T T T 1T 1
1.8 &.*
— 1.6 \.‘\ %
g 1.4 . /,L
—i1.2 —— 7/_.*/_
e e=
e
® 0.8 =
3 0.6 :
S Load point
0.4 —B-x=0 x=b/4 [
0.2 ——x=3b/8 —@—-x=b/2
0 | |
0 0.1 0.2 0.3 0.4 0.5

Rib's ratio (2r/B) [-]

Fig. 2-9 Influence of the rib’s ratio (2r/B) to max. stress on tooth root (rib’s form = form

N) when changing loaded point along tooth width.
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. | |
' Load point
1.6 —m-x=0 x=b/4 |—|
—1.4 ——x=3b/8 —e-x=b/2 | |
[}

0 b/8 bl4 3b/8 b/2
x-coordinate (y=0,z=0) [mm]

(b) Rib’s width r=zm/16

Fig. 2-10 Stress distribution along face width on tooth root (rib’s form = form A) when
changing loaded point along tooth width.
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Fig. 2-11 Influence of the rib’s ratio (2r/B) to max. stress on tooth bottom (rib’s form =
form A) when changing loaded point along tooth width.
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Fig. 2-12 Stress distribution along face width on tooth root (rib’s form = form B) when
changing loaded point along tooth width.
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Fig. 2-13 Influence of the rib’s ratio (2r/B) to max. stress on tooth bottom (rib’s form =
form B) when changing loaded point along tooth width.
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Fig. 2-14 Stress distribution along face width on tooth root (rib’s form = form C) when
changing loaded point along tooth width.
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Fig. 2-15 Influence of the rib’s ratio (2r/B) to max. stress on tooth bottom (rib’s form =
form C) when changing loaded point along tooth width.,
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Fig. 2-16 Stress distribution along face width on tooth root (rib’s form = form D) when
changing loaded point along tooth width.
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Fig. 2-17 Influence of the rib’s ratio (2r/B) to max. stress on tooth bottom (rib’s form =

form D) when changing loaded point along tooth width.
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(e) Curved plate with half-height ribs (Rib’s form name is form B)
Fig. 3-1 Definition of models for LIDCAE
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Table 3-1 Definition of dimensions and variables in detail for FEM model

The number

Designation Unit Symbol of data
Module mm m = 4 Single
Whole depth mm 2.25m Single
Tooth thickness mm a = mm/2 Single
Width of space mm m/2 Single
Whole face width mm B = (75+m)m Single
Tooth radius mm R Parallel
Tooth curvature - B/R Parallel
Rib’s width mm r Parallel
Rib’s ratio - 2r/B Parallel
Effective face width mm b = B-2r Parallel
Load increasing ratio - a = BI/b Parallel
Basic load N F = 98 Single
Load N aF Parallel
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Fig. 3-2 Stress distributions on tooth bottom along face width in curved and no curved
teeth without ribs in a case of r=zm/16
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Fig. 3-3  Stress distribution on tooth bottom along face width in curved teeth with ribs

and without ribs in a case of r=zm/16
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Fig.3-4 Influence of the rib ratio (2r/B) to max. stress on a tooth bottom
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Fig. 3-5 Influence of the curvature to max. stress at the fillets between tooth and rib in

the case of loading at x=3b/8
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Fig. 3-6  Influence of rib thickness on stress distribution around the fillets between

tooth and rib in the case of loading at x=3b/8
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Face width mm W=w +2r Fixed

Rib height mm a Variable

Rib width mm b Variable
Load N F =98 Fixed
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(@) A whole model (b) Enlarged view in FEM mesh
Fig. 4-4 FEM mesh
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(a) An example of analysis results (The rib edge is R=0.5mm)

(b) An analysis result, the same as (a) except rib edge is R=3mm (The rib edge is
R=0.5mm)

Fig. 4-5 Influence of small changes of rib shapes
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Fig. 4-6 Three weak areas in bending stress distribution
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Fig. 4-7  Astress distribution on a tooth root fillet
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Fig. 4-8 The max. stress at the tooth root in each rib forms in the case loaded at the
center of the tooth width(x=0)
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(@) The analysis in the no rib model
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(b) The analysis in the rib height 25%, width 50%
Fig. 4-9 Stress distributions in the case loaded at the center of the tooth width(x=0)
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Fig. 4-10 The max. stress at the tooth root in each rib forms
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Fig. 4-11 The max. stress at the rib root in each rib forms
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Fig. 4-12 The max. stress at the rib top in each rib forms
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Fig. 4-13 The max. stress at three points (the tooth root, the rib root and the rib top) in

each rib forms
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Fig. 4-14  Stress distributions in the rib width (b/bmax.) 50%
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Fig.5-1 Stress distribution under the load at x=0 on the tooth tip in the tooth face.
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Fig.5-2 Influence of rib forms on the maximum stress at tooth root when the load

point is x=0 on the tooth tip in the tooth face..
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Fig.5-3 Tooth deflection distribution under the load at x=0 on the tooth tip in the tooth
face.
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Fig.5-4 Tooth deflection distribution under the load at x=w/2 on the tooth tip in the

tooth face.
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Fig.5-5 Influence of rib forms on the tooth deflection at tooth tip when the load point

Is at x=0, w/2 on the tooth tip in the tooth face.
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Fig.5-6 The relationship between the tooth root stress and the tooth deflection in each

rib shape model under the load at a tooth width center (x=0) on the tooth tip in
the tooth face
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Fig.5-7 This is an analysis results showing stress distribution under the load at x=w/2

on the tooth tip in the tooth face.
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Fig.5-8 This is the relationship between the max. tooth deflection at a tooth tip and the

max. tooth root stress under the load at x=w/2 on the tooth tip in the tooth
face.
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Fig.5-9 This is the relationship between the max. tooth deflection and the max. stress
around rib root under the load at x=w/2 on the tooth tip in the tooth face.
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Fig.5-10 This is the relationship between the max. tooth deflection and the max. stress

around rib tip under the load at x=w/2 on the tooth tip in the tooth face.
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Fig.5-11 This is the relationship between the max. tooth deflection and the max. stress

in a tooth under the load at x=w/2 on the tooth tip in the tooth face.
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Fig.5-12 Experimental setup and positions of concentrated load and the stress with a

strain gage
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Fig.5-13 This is the comparing results relationship between calculated stresses and
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Fig.6-2 Tooth contacts in the gear under the condition of 19.1N-m and 20rpm in

pinion
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(b) Heel side tooth contact in the tooth width

Fig.6-3 Fluctuation of the measured stresses while driving the gear and pinion with no
ribs (19.1N-m, 20rpm and 5 rotation in pinion( = about 1 rotation in gear))
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Fig.6-4 Image of tooth deformation
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Fig.6-5 Fluctuation of the measured stresses while driving the gear and pinion with no
ribs (19.1N-m, 20rpm,and 1 rotation in pinion)
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(b) Measured stresses under the setup of the tooth contact around heel side (fig.6-2(b))
Fig.6-6 Influence of the ribs on stresses under the condition of 19.1N-m and 20rpm in

pinion

- 05 -



6 ) TIE RS T IRANYLF Y DEREY R 0 & 52

Heel side

Gear Toeside Pinion

(@) With no rib under the setup of fig. 6-2(a)

Heel side

Gear Toe side  Pinion

(b) With ribs under the setup of fig. 6-2(a)

Heel side

Gear Toe side Pinion

(c) With no rib under the setup of fig. 6-2(b)

Heel side

Gear Toe side Pinion

(d) With ribs under the setup of fig. 6-2(b)
Fig. 6-7 Images of teeth contacts under the condition of 19.1N-m and 20rpm in pinion
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Fig.6-8 Influence of torque on stresses under the setup of the tooth contact around the

heel side (fig.6-2(b)) and 20rpm in pinion
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Fig. 6-9 Images of Teeth contacts under the setup of the tooth contact around heel side
(fig.6-2(b))
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