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Abstract

An analytical method for derivation of basic machine-tagttings that allows the conjugated action in face-hobbed
spiral bevel and hypoid gear drives wherein the gear is no¢igded is proposed. This approach is used as starting
point for investigation of further methods of crowning ag thine where crowning is achieved through application
of a tilt angle. A new approach where crowning is achievedugh the application of modified roll between the
rotations of the head-cutter and the pinion is proposed.hdaised on the application of a two-term Fourier series of a
parabolic function to provide a continuous and periodiction that is required in a continuous non-indexing process
as face-hobbing. The existing and proposed approachesdaning have been tested by the application of tooth
contact analysis and geometry comparison. The results #iatwthe proposed approach does not yield unloaded
transmission errors and allows independent crowning dt tomtth sides to get acceptable formations of the bearing
contact for both rotational directions. Two numerical exés of design corresponding to a spiral bevel gear drive
and a hypoid gear drive are presented as well starting frein lasic data.
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1. Introduction

Face-hobbing is widely applied in the manufacturing ofagdevel and hypoid gears due to its high productivity.
Among the face-hobbing processes, the Spirac system casdoeas an exact or conjugated tooth system either in
spiral bevel or hypoid gear drives [1]. In this system, thargs not generated whereas the pinion is generated. The
generation of the pinion is performed by a head-cutter whergyear acts as an imaginary tool. In these conditions,
conjugated action between pinion and gear is feasible amdontact without unloaded transmission errors are
possible.

Many eforts have been directed towards the determination of apjteasic machine-tool settings in spiral
bevel and hypoid gear drives that allow the bearing contabgtlocalized and to be less sensitive to alignment and
manufacturing errors. These processes are usually accoaapay an increment of the level of transmission errors
that the diferent methodologies try to keep under control. In [2, 3] enbigorder modification of the machine-tool
settings is proposed to correct tooth flank form machinimgrerin face-hobbed spiral bevel and hypoid gears. Gear
flank modifications are proposed in [4] based on a desired@&sepography. Another easdfdased compensation
is proposed in [5] to compensate imperfections of the mayiprocess in hypoid gear drives providing corrections
to the machine-tool settings of the pinion. Analytical detmation of basic machine-tool settings of the gear has bee
performed in [6] for spiral bevel and hypoid gears, eithefaice-milling or face-hobbing. Then, application of local
synthesis [7] allows the basic machine-tool settings ofihé@n to be determined for a desired conditions of contact
with the gear, although this process has been applied jutide-milled spiral bevel gear drives. An alternative and
more general methodology to find these basic machine-t¢ihge in face-milled pinions (and extendable to face-
hobbed pinions) is proposed in [8] based on an optimizatioiegss that minimizes the distances between a target
tooth surface and a manufactured tooth surface, where fiir@tiba of the target pinion tooth surface is based on
given contact conditions with the gear tooth surface.

Few dforts have been directed towards the analytical deternoimafithe basic machine-tool settings of the pinion
that provide conjugated action with the gear in a spiral bewa hypoid gear drive. It can be due to the fact that such
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a contact condition is very sensitive to errors of alignmétdwever, analytical determination of the tool settingst th
provide conjugated action is very useful as a starting doininvestigation of methods for crowning and localization
of the bearing contact. That investigation requires a despvledge of the kinematics of the generating process and
how each machine-tool settinffects the contact condition of the gear drive starting froenabindition of conjugated
action between the pinion and the gear. In [9] a computatigeaeration model of face-hobbed spiral bevel gears
was implemented considering the Cyclo-palloid system iicivtwo coupled head cutters were considered, providing
the machine-tool settings of pinion and gear to get congdjattion, and providing methods for localization of the
bearing contact and compensation of errors of alignment.

Few publications have been found regarding the applicatidine Spirac system in computational models of gear
tooth surface generation. A computational model for botirgenerated and generated face-hobbed gears is presented
in [10]. In [11] a general computational model for face-hebihypoid gears is presented including the Spirac system.
Later, in [12] a conversion of machine-tool settings betwaecradle-style hypoid generator and a six-axis control
numerical machine is implemented, considering the Spiyatem as a numerical example. Finally, an interesting
approach to design the tooth surface topography consgirenSpirac system is represented in [13].

Besides these recent publications, there are still sonuessthat require some attention. In the Spirac system,
localization of the bearing contact (basically through ltvegitudinal crowning of the gear tooth surfaces) has been
based traditionally on the application of a tilt angle [18he principal drawback of the Spirac system is that bothsside
of the gear tooth surfaces, the convex and the concave tod#tss, are generated simultaneously, and consequently,
a good contact pattern in one side of the gear tooth surfamteswways involves an acceptable contact pattern in the
other side. An alternative method for crowning of the pintoath surfaces in the Spirac system will be presented
here based on the application of modified roll with the goajéba good contact pattern in both sides of the teeth.
On the other hand, application of modified roll is an issué teguires special attention in a face-hobbing process.
Some modified roll functions are not periodic and consedyemty valid for face-milling, but not for a continuous
non-indexing process as face-hobbing is.

The main goals of the performed research can be summarifeticass:

(1) Analytical determination of the basic machine-tootisgs that are able to get conjugated action in face-hobbed
spiral bevel and hypoid gear drives considering the Spiyatesn. This conjugated action, that involves line
contact and no unloaded transmission errors, acts asiagtaoint for the investigation of methods to crown the
gear tooth surfaces and localize the bearing contact,diraithe traditional approach based on the application
of a tilt angle and a proposed approach based on the apphaattimodified roll.

(2) Compensation of errors of alignment through the redesfghe pinion tooth surfaces. Such a redesign has to
be able to restore the contact conditions through the d@nalytetermination of the basic machine-tool settings
when such errors of alignment are present and known aheaslapjproach may be applied to compensate errors
of alignment due to shaft deflections for a given design l@dithough the analytical determination of the basic
machine-tool settings to compensate errors of alignmantagak just for one direction of rotation (since the
errors of alignment due to shaft deflections arf@edéent for the other direction of rotation), an approach tb ge
an acceptable contact pattern in the other side of the temdim #he rotation is inverted is presented.

(3) Proposal of a new approach for longitudinal crowninghefpinion tooth surfaces. It is based on the application
of a periodic function in the relation between the rotatidrttee pinion and the rotation of the head cutter,
which is named here as a gear-to-blade roll function. Suahmation will be based in the approximation of a
parabolic function with a two-term Fourier’s series, whista periodic one. Profile crowning will be based on
existing approaches, even through application of bladés parabolic profile (providing crowning along the
whole profile) or through blades with a parabolic top-remfifeqproviding bottom relief to pinion and gear
tooth surfaces).

Several numerical examples are presented for verificafitirecsought-for goals in this paper. Gear tooth surface
generation is based on the existence of the envelope tortily faf generating surfaces that the blade profiles describe
in their relative motion respect to the to-be-generated. g@aneration of the gear tooth surfaces by the head-cutter
is based on application of coordinate transformation aedultfillment of the corresponding equations of meshing,
which can be refereed to many previous publications [7, 5]}, Tooth contact analysis is being applied as a tool of
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verification of the to-be-obtained contact patterns andtions of unloaded transmission errors. It considers three
pairs of contacting teeth over two cycles of meshing. Theeefthe results show any possible issue in the process
of load transfer between consecutive pairs of contactiethteThis approach has been applied before in [16] and
considers the tooth surfaces as rigid ones. Gear toothcguciamparison is being applied as an additional tool to
check the amount of crowning that theffdrent investigated approaches provide and to verify it&ligl specially
when both contacting sides of the gear teeth canflieet®d by the settings of the chosen approach for crowning.

2. Analytical determination of basic machine-tool setting to get conjugated action

The conditions for exact generation or conjugated actiandpiral bevel or a hypoid gear drive are well described
in [1]. Basically, it is necessary that the tool of the gead ive tool of the pinion are located in such positions that the
blade profiles of both tools are congruent and the axes dioataf the head-cutters are aligned. In the exact formate
method where the gear is not generated, it is required thabtls of the cradle for generation of the pinion coincides
with the axis of the gear, acting the gear as an imaginary(ealally, the motions of gear and pinion cradle are
exactly the same). The advantage of this exact formate rdés¢ttbat can be easily applied either in spiral bevel gear
drives or in hypoid gear drives.

2.1. Conjugated action in a spiral bevel gear drive

Figure 1 illustrates the location of the pinion head-cutiex spiral bevel gear drive where the pinion and the gear
are shown as well. Here, the blades of the pinion head-carttgpointing towards the pinion root cone. The location
of the gear head-cutter is not illustrated for the purposgraplicity, but it can be imagined in the same location as
the pinion head-cutter is, with its blades pointing towatdsgear root cone and its axis of rotation coinciding with
the pinion head-cutter one.

Several coordinate systems are considered in Figure 1et8gSt; andSy are rigidly connected to the frame of
the machine for pinion and gear generation, respectivaigi®O., coincides with pinion and gear pitch apexgs
andO,. Axis xyp coincides with one of the gear pitch cone generatrices, ifaggrihe gear pitch cone angje with
the gear axis. It can be observed as well that axiss aligned with the gear axis. This condition is requireddract
generation since the rotation of the pinion cradle abowg zxiin pinion generation has to coincide with the rotation
of the gear.

CenterQO. represents the center of rotation of pinion and gear he#tdrsu Its position is given in the plane
defined by coordinate axeg, andyqp, and is determined through the radial distaBgeand cradle anglg, used for
generation of the gear [17]

Sr2

/A2 412~ 2AnrcSiIn(m — v) (1)

arcsin{i cosfym —v) (2
Sr2

(07)

Here, Ay, = OoP is the gear mean cone distance= OP is the cutter radiusy, is the mean spiral angle of the
gear, and is the slope angle used in the assembly of the blades to tlkeduizr (see [17]).

PointF is obtained from the perpendicular to axig, that passes through poi@. Then axisxy; is forced to
pass through poirft and be perpendicular to axig;. The location of the same cen®®g in coordinate systerB,
which is required for pinion generation, is not straightfard. It is determined through the radial distar®;e¢ and
cradle anglay; required in the generation of the pinion.

Si1 = Sk \/3in2 Gz + €O G2 SiM*(y — 71) (3)
_ _tane ]
Q. = arctan{Sin T (4)

Here,y is the shaft angle of the gear drive ands the pinion pitch angle. The sliding bas&g; machine-tool setting
is required to locate the pinion pitch ap®x at pointOpp

AXg1 = Sr2COSGp COSEy — v1) (5)
3
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Figure 1: For illustration of machine-tool settings foripim and gear generation in a spiral bevel gear drive withugatied action.



The axes of rotation of the head-cutters for both the pinmahtae gear have to coincide with each other. Initially,
the axis of the pinion head-cutter is perpendicular to tl@@lk.1, ym) and its direction is given by unit vectogy,
which is parallel to axigm (see Figure 1). The axis of the gear head-cutter is perpeladito the planeXyz, Vo)
and its direction is given by unit vectby,, which is parallel to axig.p. Since the axis of the pinion head-cutter has
to coincide with the axis of the gear head-cutter, a swivglei and a tilt angld are required for the assembly of
the pinion head-cutter in coordinate syst8&m in order to align vectoc,; with vectorb,,. The derivation of those
angles is not straightforward. For that purpose, the fdlowprocedure is considered:

e A unit vector, in the direction of the gear head-cutter aisislefined in syster8,, as

bre=[0 0 1 (6)

e A unit vector, in the direction of the pinion head-cuttersagnd before rotationsandi occur, is defined in
systemSyy as
cm=[0 0 -1] 7)

This direction of the pinion head-cutter axis is pointed iouEigure 1 agnitial position of pinion head-cutter
axis

e \ectorv',y can be obtained by rotating vectay = [-cosg;  sing;  0]™ a swivel anglej about vectoc,
in clockwise direction
Vi =[-cos@n—j) sin@-j) 0] (8)

e A new vectort’ y is obtained by rotating vectay, a tilt anglei about vectow’y in counterclockwise direction

cosi[l — cog(aqy — j)] +cof(ar — j) —(L-cosi)sin(@ — j)cos@: — j)  sinisin@ - j) 0
Cm=| —(1-cosi)sin@ — j)cosen —j)  cosi[l - sir(qy — j)] +sir’(cL — j) sini cosgy — j)] . [ ] 9
—sinisin( — j) —sini cos@y — Jj) COSi -1
—sinisin(@1 — j)
C'm = |—sinicos@ — j) (20)
—cosi

e On the other hand, vectd¥,;, can be expressed in syste8p; (and denoted asy) after coordinate transfor-
mation from systen$,p to systenS

b = Lumebme (11)
siny; 0 -—cosy; 0 — COSy>

bm = 0 -1 0 - (0] = 0 (12)
—cosy, 0 —siny; 1 —siny;

e Since vector'; has to match vectds,y, the following equations are obtained

—sinisin(@1 — j) = -cosy; (13)
—sinicos@i—j) = O (14)
—cosi = -—siny; (15)

Here,y, is the gear pitch angle that can be expresseg asy — ;.

e The solution of the previous equations provides the follmyvielations for the tilt angleand the swivel angl¢

= SO (16)
= oa-3 (7)
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and allows the pinion head-cutter axis to reach what is pdiout in Figure 1 aBinal position of the pinion head-cutter
axis

Regarding the machine root angles andyr; that provide the orientation of gear and pinion axes respesctes
Xmz @andXm1, respectively, are given as

YR = Y2 (18)
yre = y-90 (19)

Regarding the gear-to-blade roll ratiogy, » andmy, 1, of gear and pinion, respectively, and the gear-to-cradle r
ratio myc 1 of the pinion, are given as

No

Mgnz = (20)

Mgp1 = Ny (21)
N

Mge1 = N—i (22)

whereN, is the number of blade pairbl; is the pinion tooth number, ard is the gear tooth number.

2.2. Conjugated action in a hypoid gear drive

Figure 2 shows the assembly of the pinion head-cutter in aikdygear drive where pinion and gear are illustrated
as well. The same conditions as in a spiral bevel gear drevesmuired here for exact generation. A similar procedure
as presented in the previous subsection is followed herettogscoordinate systen®,; andSy, and locate center
Oc. Crossing point®©¢ andO¢, on the shortest center distance between pinion and geaaexdhistrated as well.

Unlike the spiral bevel gear drive, here axjg does not coincide with the gear pitch cone generatrix (stslsle
in Figure 3). This is because the reference height of thelgesat-cutteh, does not coincide with the gear dedendum
b, (this circumstance seeks a longer addendum in the pinianiththe gear as it is suggested in [17]). Therefore,
origin Opp is not located at the gear axis and a sliding baXe, = — (b, — h;) is required to locate poird, on the
gear axis. Here, the reference heighis taken as

(a2 + by)

h =125 595

(23)

wherea; is the gear addendum.

CenterO, (see Figure 2) of pinion and gear head-cutters is given ipldree &, Yre) and is determined through
the same machine-tool settin§s andq, that those expressed in (1) and (2) for the generation ofehe g

By combining illustrations in Figure 2 and Figure 3, the ediistanceS,; and the cradle anglg for the pinion
can be obtained as

S V/(Sr28iNG)2 + (Sr2 COSGp SiNy2 + AXgp COSy2)2 (24)
Sr2singy
arctan - 25
Sr2€c0Sqp Siny, + AXgp COSy» (25)

01

Here,y, is the gear pitch angle.
The location of the pinion pitch ape& (see Figure 2) requires a sliding bas¥g;, a machine fisetAXg; and a
machine center to baekXp; as follows

AXp1 = Sy2€080p COSy2 — AXg2 Sinyz — P2 (26)
AXex = e (27)
AXpr = —p1 (28)
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Figure 2: For illustration of machine-tool settings foripimand gear generation in a hypoid gear drive with conjubatgion.
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Figure 3: Detailed view of planesyp, zyz) and (m , Zn) for illustration of magnitudesy, ap, b, andAXg; in the hypoid gear.



Here, p; is the gear pitch apex beyond crossing podri§ the gear setftset, andp; is the pinion pitch apex beyond
crossing point. We recall that in a hypoid gear drive, magldanters to crossing poinds{c; andAXc; are given
instead of machine centers to batXp; andAXp,, yielding

AXe2 AXpz + P2 = p2 (29)
AXct = AXpi+p1=0 (30)

A similar procedure is required here for determination efskvivel anglg and the tilt anglé of the pinion head-
cutter, providing the following results (here, the use afiafaley, is mandatory since, # y — 1 in a hypoid gear
drive)

T

I = E -2 (31)
= a3 (32)

The same relations of machine root angles and gear-to-bladigear-to-cradle roll ratios are obtained as in the
case of a spiral bevel gear drive.

3. Compensation of errors of alignment through the redesigmf the pinion tooth surfaces

The basic idea for compensation of errors of alignment indgsign of the gear drive is to take into account the
relative position of the gear respect to the pinion in thdtgng of the pinion head-cutter during the manufactgrin
of the pinion. Such errors of alignment can be due to shafedédins when a given design load is transmitted. The
procedure to compensate them is valid for one direction tattiam, since the to-be-derived machine-tool settings are
the same for both sides of the pinion teeth and errors of ml@m change when load varies or rotation is inverted.
However, a procedure will be explained below to get an aat#tcontact pattern for the other direction of rotation
and the same design load. These errors can be defined as ithre gl errorAA;, the gear axial erroAA;, the
shaft angle errofy, and the shortest center distance erx&r(an illustration of these errors can be found in [9] for
a spiral bevel gear drive). The key point consists on comsigeghe errors of alignment in the relative positioning
of coordinate systemS,; and Sy, represented in Figures 1 and 2. Figure 4 shows this newwvelptisitioning of
systemsS; andS, considering the errors of alignment for a spiral bevel gemed

yml
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Figure 4: lllustration of machine-tool settings in a splaliel gear drive to compensate alignment errors.



In the case of a spiral bevel gear drive, the machine-totihgstthat are fiected by errors of alignment are:

AXgi = S;2€08(,COSy2 + AAx (33)
AXgr = -AE (34)
AXpr = AAp (35)

YR = y-90"+Ay (36)

In the case of a hypoid gear drive, the procedure to compettsaalignment errors is similar. The machine-tool
settings that areféected are:

AXg1 = S;2€0S02C0Sy2 — AXg2Sinys — P2 + AAx (37)
AXes = e-AE (38)
AXpr = -p1+AA (39)
AXct = AA (40)

Yy = y—90 +Ay (41)

4. Longitudinal crowning of the pinion tooth surfaces through application of a tilt angle

The usual procedure to crown the pinion tooth surfaces irSgiieac system is through application of a tilt an-
gle [14]. Figure 5 shows how coordinate syste®yg andS,, are disposed when a reference tilt angig: and a
modified mean spiral anglg,, are applied for pinion generation in a spiral bevel gearalfitie procedure would be
similar in the case of a hypoid gear drive and th@alences are outlined at the end of this section).

The gear machine-tool settings are obtained as descritgztiion 2. The use of the temaferenceneans that the
head-cutter of the gear is tilted virtually (but not realby) angleAi.¢. This works as a mean to determine the pinion
machine-tool settings that allows for matching the positig of the pinion head-cutter with the virtual position of
the gear head-cutter.

The modified mean spiral anglg, is given as;, = ¥m + AYymret WhereAym et is an additional reference spiral
angle that is useful to control the crowning apex locatiothefpinion tooth surfaces.

The position of the pinion head-cutter respect to syskmrequires determination of the swivel angland the
tilt anglei as it was done in Section 2. This procedure is summarizedlas/f

e A counterclockwise rotatiofire of vectorbn, about vectosyp = [-cosyl, —siny, 0] isrequired. Here,
vectorbyyp is parallel to axiz,» and perpendicular to the gear root cone whereas veghds perpendicular to
the plane of tilting (see Figure 5). The resulting vediGg is obtained as

COSAiret[1 — cOL Y] + coZyl,  (L— COSAires) SiNy,, COSYL,  —SiNAires Sing,] [0
b= (1 - cosAiret) sinyy, cosyr, COSAire (1 - Sirf /) + sirf ¢/,  SiNAiescosy’, | - |0 (42)
SinAiret SiNY, —SinAiret COSY, COSAires 1

— SiNAiet SiNyy,
b'mz = | SinAiret cosy), (43)
COSAiref

e Coordinate transformation from syste3p, to systemS,y provides vectob’; as

b'm1 = Lmimeb’ me (44)
siny; 0 -—cosy; —SinAiret Siny, —SinAiret Sinyy, Siny2 — COSAiret COSy2
b'm = 0 -1 0 - | SinAiretcosyy, | = —SinAiret COSYr, (45)
—cosy2 0 —siny; COSAiret SiNAiref SiNY;, COSy2 — COSAiret SiNy>

e Vectorcy (see Section 2) becomes vectthy, after rotationg andi are performed (see relation (2.1)).
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Figure 5: lllustration of machine-tool settings in a sphalel gear drive when a reference tilt angig:+ and a modified mean spiral anglé, are
applied.

e Since vectoc’;; has to match vectdy y, the following equations are obtained

—sinisin@ - j) = - SsinAiefsiny/,sinyz — COSAies COSy2 (46)
—sinicos@; — j) = -—SinAiwfCOSyy, (47)
—cosi = SinAires Siny/, coSys — COSAire Sinys (48)

¢ Solution of the previous equations provide the followinkptiens for the tilt anglé and the swivel anglg

i = arccos(Codiret SiNyz — SiNAiret Siny, COSy2) (49)
. SinAiret SiNY}, SiNyz + COSAiret COS
i = q- arctan( ref SNYm SINY2 ref 72) (50)
SiNAiyet COSYf,

Other machine-tool settings can be derived from the observaf Figure 5
AXg1 = Sy2C€0S0p COSy2 — I SiNAiret Sinyz (51)
Si1 = \/sz Sir? 0 + [Sy2 COSQ SiNy2 + I SiNAiret COSy2]? (52)

Sr2sin

h = arctan{ o280 (53)

Sr2 COSQp SiNy2 + r¢ SiNAlef COSy»

The remaining machine-tool settings are nid¢eted by the reference tilt anghé+ and the modified mean spiral
angley;,. However, the blade pressure angles of the pinion headrdwve to be updated when a reference tilt angle
Airet is applied. Figure 6 shows a portion of the pinion head-cuttgere the front plane of the inner blade and its
projected plane on the cut section A-A’ are outlined. Wher& blade pressure anglg is measured on the front
plane, the pressure anglg is measured on the projected plane. A similar representatauld be possible for the
outer blade with its corresponding anglgag andao.

The new blade pressure angtggs andeay,, for the inner and outer blades of the pinion head-cutter aterchined
as follows:

10
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Figure 6: For determination of inner and outer blade pre&sangles when a reference tilt andlget is applied.

e |t would be easy to prove that the blade pressure anglgsao) and the pressure angleg aco) are related
through the slope angleas

tana tanay; COSv (54)

tanap, COSv (55)

tana'co

e Application of a reference tilt anglsi,e s implies that the pressure angles are modified for the pinéaaicutter
as

ag @i + Alref (56)
a’éo = dco — Airef (57)

¢ In order to match the pinion head-cutter profiles with therdesad-cutter profiles and to match the pressure
angles &, a¢,) with those of the gear head-cutter (which is not tilted)sitequired to decrease the inner
pressure angle. by the amounii,e¢ and to increase the outer pressure amgleby the amouniies. The
new blade pressure angles are then determined as follows

tan(@g — Ai

ap = arctan{M} (58)
cosy
tan Ai

a/bo = arctan{M} (59)
cosy

In the case of a hypoid gear drive, the machine-tool setiigmn by relations (24), (25) and (26) are modified as
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follows

Su = /(Sr28iNGR)? + [Sr2€0SG SNy + (AXgs + Ic SiNAirer) COSy2]? (60)
Si2sing

= arctan - — 61

G {Srz COSQ: Sinyz + (AXgz + I¢ SiNAiret) COSy2 (61)

AXgi = Sy2€0802C0Sy, — (AXpp + I'¢ SiNAiret) Sinyz — P2 (62)

The procedure to obtain swivel angland tilt anglei is exactly the same as the one described for a spiral bevel
gear drive. The resulting values are the same as those givetations (49) and (50). The blade pressure angles for
the pinion head-cutter are determined in the same way asaweltheir values are given by relations (58) and (59).

5. Longitudinal crowning of the pinion tooth surfaces through application of modified roll

Application of modified roll in a face-hobbing process regsiespecial attention since both tooth sides are cut
simultaneously and a continuous non-indexing processinesjthe use of a periodic function. In the other hand, a
continuous function in a given interval of its independeatiable can be converted into a periodic one through its
development through the Fourier series [18]. Consider #reerplized parameter of generation of the pinin(see
Figure 7), as a function of the rotation of the cradle and the rotation of the head-cuttgr

N

b Oc (63)

';01 = Nl 'pcr Nl

— cradle 7\ N0\ pinion
e

outer blade

head-cutter

Figure 7: For illustration of anglaeg; of the pinion,y of the cradle, and. of the head-cutter.

Rotations of the head-cutter and the pinion can be roll mediiiased on the application of a parabolic func-
tion. This function is named here as gear-to-blade roll fimmc Actually, a parabolic function in the interval
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Oco — 1,000 + X is required for each tooth side
Nb '
N2
Mgy = A (0~ 6F) (64)
NZ
MG = A (6 - 6) (65)

Here, the superscripty) refers to the convex side whereas the supersaptréfers to the concave side. Subindex
(gb) refers togear-to-bladeoll. A¥gy, is a given value of the functions at the extremes of the abamtioned interval
andd, is a reference angle for the rotation of the head-cutterfggagre 7).

The functions given in (64) and (65) are continuous but noiopé. In order to obtain a periodic function with

perlodN—, approximations to those above mentioned functions withaaterm Fourier series are considered instead
b

& 3A‘P(°")

M) =~ {4coslbe - 65")Ns] - cos[26e — 5IN]} + —5* (66)
(co) 3 (cc)

M) = =g {Acos[be - 657)Ne] - coS[26e — 6E)N]} - (67)

Figure 8 shows the non-periodic parabolic functiméc") andA(//(fg)b, and the periodic two-term Fourier series
Azp(fé’,f ) andA(//(f;bF ). Application of functions

N, Np F

e = N_l‘/’” N —20: + Awgf;b> (68)
N> Np F

lp(CC) N_l'ﬁcr N_lgc + Alﬂ(fgb) (69)

would allow its own crowning to be applied at each tooth silés method would require two processes, one for the
convex side and another one for the concave side, and ibfeasice crowning of the convex side does nte¢et to
the concave side and viceversa. This circumstance will begarbelow.

Actually, a Fourier series with any other number of termse(dhree, four, ...) would be possible to implement.
The reason why a two-term function was chosen here amongmiteem functions is because this function is the one
that keeps a flat portion during a larger interval of the iretefent variable and drops closer to the extremes of the
interval, intensifying the crowning at both tooth ends.

6. Numerical examples

Two cases of design are considered here: a spiral bevel geaatid a hypoid gear drive. Table 1 shows the basic
transmission and cutter data corresponding to each cassigfrd

Blank data for pinion and gear can be obtained at each cassigfrdthrough application of Standard ANSEMA
2005-D03 [17]. The suggested d¢beients for the definition of the tooth height, addendum ardedeum are illus-
trated in Table 2. Here, for the spiral bevel gear drive, teamaddendum factes is chosen in order to have the same
addendum in pinion and gear, not following the suggestiatheftandard that invites to chose a larger addendum in
the pinion to avoid undercutting. Such undercutting is fzgeyved in the geometric models. The suggestiorcfor
has been followed in the case of the hypoid gear drive. Thétheg blank data are illustrated in Table 3.

6.1. Conjugated action

In order to get conjugated action in the two examples of geses it is necessary that the profiles of the inner
blades (respectively, the outer blades) of the pinion hedter match the profiles of the outer blades (respectitiedy,
inner blades) of the gear head-cutter. The blade matllef the head-cutter is obtained as the mean normal module
of the corresponding gear drive. The reference hdigit considered as the mean dedendum in the case of the spiral
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Figure 8: lllustration of non-periodic parabolic functiaw1 gn(fc) and periodic two-term Fourier seriAﬂ/(l'fg)b(ec) for convex tooth side (left) and
concave tooth side (right).

Table 1: Basic transmission and cutter data.

Data spiral gear drive hypoid gear drive
Reference gear ratio 2.25 5.0

Shaft angle{] 90.0 90.0

Pinion dfset [mm] Not Applicable 15.0 (below center line)
Input power [kW] 80.0 100.0

Pinion speed [rpm] 1440.0 1200.0

Gear mean spiral anglé&][ 40.0 Not applicable as input
Gear hand of spiral right-hand right-hand
Cutter radius [mm] 62.0 110.0

Number of blade groups 5 9

bevel gear drive and as the value given by (23) in the caseedfythoid gear drive. The slope angles for the assembly
of the blades at the head-cutters are obtained as (see [9])

. MmN
v = arcsmmo b (70)

e

The blade pressure angles are taken as 20 degrees for thklspiel gear drive and are derived following the
directions of the Standard ANBIGMA 2005-D04 in the case of the hypoid gear drive startingrfa reference
pressure angle of 20 degrees. Table 4 summarizes the maiofdhe head cutters. The nomenclature that is followed
here is the same as the one presented in [9], where a mathahmatidel for a more general face-hobbing process,
the Cyclo-palloid system, is comprehensively explaineziuiding blade equations and matrix transformations that
govern the machining positions.

The basic machine-tool settings of the gear are derivedjtbarelations given in Section 2. Such basic machine-
tool settings are shown in Table 5.

Derivation of basic machine-tool settings of the pinion bardone through the procedure proposed in Section 2.
Application of relations from (3) to (32) provide the basiachine-tool settings that are illustrated in Table 6.

Figure 9 shows the spiral bevel and the hypoid gear drivasésalt from application of the basic machine-tool
settings that are illustrated in Tables 5 and 6. Line consaaibserved. Perfect conjugated action is obtained since no

14



Table 2: ANSJAGMA 2005-D03 factors.

Data spiral gear drive  hypoid gear drive
Depth factork; 2.0 2.0

Mean addendum factaty 0.5 0.2216
Clearance factok; 0.1 0.125
Circular thickness factoks 0.072 0.1568

* Does not follow the suggestion of Standard AREEMA 2005-D03 [17]

Table 3: Blank data.

Blank data spiral pinion spiral gear hypoid pinion hypoidge
Tooth number N; =17 N, = 38 Ny =12 N, = 58
Pitch angle {] v1=24102 vy, =65.898 vy = 14177 v = 75.751
Mean spiral angle’] Ym = 40.0 Ym = 40003 Y = 34163
Hand of spiral left-hand right-hand left-hand right-hand
Outer transverse module [mm] Mot = 4.972 Mot = 5.804

Mean normal module [mm] Mmn = 3.312 Mmn = 4.083

Mean cone distance [mm] An = 89.9883 Am =178329 A = 147654
Face width [mm] Fw =270 Fw = 53572 Fwe =520
Outer addendum [mm] agy =3.312 agp,=3.312 gy = 6.299 agy = 1.868
Outer dedendum [mm] bo1 =3.974 by, =3.974 bg; = 2.889 bo, = 7.320
Face cone anglé] ve1 = 24102 yep; = 65898  ypp = 14177 yep = 75751
Root cone angle’] vr1 = 24102 yrp =65898 yr1 =14177 vre = 75.751
Pitch apex beyond crossing point [mm] Not Applicable p1 = -15.775 p2 = 4.364

unloaded transmission errors occur.

6.2. Crowning through the tilt angle

A reference tilt angle\ie; and an additional reference mean spiral analg, .t (See Section 4) are considered
for application of crowning in the pinion tooth surfaces. gn@udeAi.; controls the amount of crowning whereas
magnitudeAym e+ moves the central position of the crowning along the facelwidbince the same variables are
applied for both tooth sides, centering of the crowning cambtained successfully for just one tooth side. Table 7
shows the values applied for the spiral pinion and the hypithn where centering of the crowning is sought for the
pinion convex tooth side.

Applications of relations given in Section 4 provides thevi@sic machine-tool settings for the spiral pinion and
the hypoid pinion that are illustrated in Table 8. Some pintatter data need modifications as the outer and inner
blade pressure angles that are also shown in Table 8.

Figure 10 shows the comparison of the pinion tooth surfadesrevsurfac&e; corresponds to the one obtained
to get conjugate action with the gear tooth surface and selHacorresponds to the crowned one by tilting the head-
cutter. The crowning is centered at the convex tooth sidd@fspiral pinion for the values shown in Table 7, but
it is not centered at the concave tooth side. Figure 10 shewsedl the dfects of a decrement of the reference
additional mean spiral angle in 0.07 degrees, which helptedag the crowning at the concave tooth side but it loses
the centering position of the crowning at the convex tootle siA similar behavior can be observed in the hypoid
pinion.

As a result of the crowning, the contact pattern will be lagd with a bias close to zero when the convex tooth
side of the pinion is driving. This circumstance can be obsgin Figure 11 for the spiral bevel and the hypoid gear
drives, where some unloaded transmission errors are shewela Although it is not illustrated in Figure 11, the
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Figure 9: lllustration of the spiral bevel and the hypoid gd@ves with line contact.
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Figure 10: Geometry comparison between the spiral bevampiwoth surface for conjugated actidfief, and the crowned on&y, through: (a)
Airet = 1.0 degrees andymrer = 0.045 degrees, and (B)iet = 1.0 degrees andymrer = 0.045— 0.07 degrees.
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Table 4: Main data of the head cutters.

spiral gear drive hypoid gear drive

Main data pinion cutter gear cutter pinion cutter ~ gear cutte
Blade module [mm] m, = 3.312 m, = 4.083
Reference height [mm] h, =3.974 h, =5.104

Point inner radius [mm] re =620 r = 1100

Point outer radius [mm] o =620 reo = 1100

Slope angleq] y=1674 v=11781

Inner blade pressure angfg [ api = 20.0 api = 20097  api = 19.903
Outer blade pressure angfg [ apo = 20.0 apo = 19.903  apo = 20.097

Table 5: Basic machine-tool settings for the spiral bevelgad the hypoid gear.

Basic machine-tool settings spiral gear hypoid gear
Radial distance [mm] S > =116725 S, =142851
Cradle angleq] Oz = -42670 (g = —44.462
Machine center to back [mm] AXpz = 0.0 Not Applicable
Machine center to crossing point [mm] Not ApplicableAXc, = 4.364
Sliding base [mm] AXgo = 0.0 AXgy = —2.216
Machine root angle’| vme = 65898  ypp =75751
Gear-to-cradle roll ratio Not Applicable Not Applicable
Gear-to-blade roll ratio My = 0.1316  np, = 0.1552

contact pattern is shifted towards the heel when the contceik side of the pinion is driving. These results show
that this type of crowning is onlyfiective when just one direction of rotation is operating.

6.3. Crowning through modified gear-to-blade roll

Crowning through modified gear-to-blade roll has been &ppéis it is explained in Section 5 using the values
shown in Table 9. These values are found by trial and errdkamappropriate crowning is found on both tooth sides
of the pinion. The basic machine-tool settings are the sartaase applied to get conjugate action (see Table 6).
Figure 12 shows a geometry comparison between the refetentie surface to get conjugate action and the one
obtained through modified gear-to-blade roll using the &alshown in Table 9 for the spiral bevel pinion. It is shown
that both tooth sides of the pinion are provided with a cextterowning. Similar results are obtained for the hypoid
pinion. Figure 13 shows the contact patterns for both sidestation in the spiral bevel gear drive and the hypoid
gear drive. No unloaded transmission errors appear fotyhisof crowning.

Since this type of crowning requires two operations, onétferconvex tooth side and another one for the concave
tooth side, it is important to check that finishing of the cexvooth side does noffact to the final surface of the
concave tooth side, and viceversa. Figure 14 shows geometnparisons of surfack., with surfacexy, and of
surfaceX¢. with surfacex.. Here, surfacel., andX; are the final tooth surfaces obtained through the parameters
shown in Table 9. Surfacg,, is the tooth surface of the convex side when finishing of threawge tooth side is taking
place. Surfac&; is the tooth surface of the concave side when finishing of drevex tooth side is taking place.
SurfaceXy, is over surfac&,, and this means that finishing of the concave tooth side (whdaceXy, is generated)
does not undercut the final convex tooth surface. In the saayesurface, is over surfac&.: and this means that
finishing of the convex tooth side (when surfaie is generated) does not undercut the final concave toothcgurfa

6.4. Adjusting the bearing contact
A contact pattern with a bias close to zero as the ones olataitber through application of a tilt angle or
application of modified gear-to-blade roll can caused edgdact at the tip. Application of circular or parabolic
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Figure 11: lllustration of the spiral bevel and the hypoidigérives with localized bearing contact due to tilt crowgnin
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Figure 12: Geometry comparison between the spiral bevébmpitooth surface for conjugated actiolye, and the crowned on&gyy, through
application of modified gear-to-blade roll using the valskewn in Table 9.
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Figure 13: lllustration of contact patterns for both direcs of rotation in the spiral bevel and the hypoid gear driwdere the bearing contact is
localized through modified gear-to-blade roll.

CONVEX TOOTH SIDE CONCAVE TOOTH SIDE
Deviations in ,um Deviations in /tm
1200' 140.0|
100.0 1200
80.0| 100.0
60,0= 8°~0=
400! 60.0 |
400"
61.2 um 129 9/4m 7
|
i - H
60.1 pem| i T LT
P oL 1] 1]

ey root

Figure 14: Geometry comparison of the spiral bevel pinimihtsurfaces., with Xf, and tooth surfac&cc with ..

19



Table 6: Basic machine-tool settings for the spiral beveiqu and the hypoid pinion.

Basic machine-tool settings spiral pinion hypoid pinion
Radial distance [mm] Sr1=73732  Spp=140246
Cradle angleq] o1 = 45281 01 = 45516
Machine center to back [mm] AXpy = 0.0 Not Applicable
Machine center to crossing point [mm] Not Applicable AXc; = 0.0
Sliding base [mm] AXgy = 23209 AXg; =22878
Blank ofset [mm] AXg; = 0.0 AXg; = -15.0
Machine root angle’] vm = 0.0 Ym = 0.0
Tilt angle [] i1 =24.102 i1 = 14.249
Swivel angle f] j1=-44719  j1 =-44484
Gear-to-cradle roll ratio M = 2.2353 M = 4.8333
Gear-to-blade roll ratio My =0.2941  my, = 0.7500

Table 7: Reference tilt and additional mean spiral angles.

Data spiral pinion  hypoid pinion
Reference tilt angleirer [°] 1.0 1.0
Reference additional mean spiral andiém et [°] 0.045 0.1

profiles in the blades is a common procedure to modify the dfiise contact pattern. Application of bottom reliefs
with circular or parabolic curves is another usual procedoiavoid edge contact. Application of parabolic or circula
profiles in the whole blade profile or just on the bottom sidé b&s been presented in previous works [9, 10, 15].

Figure 15 shows the contact pattern in a spiral bevel geae dnd a hypoid gear drive where crowning through
application of modified gear-to-blade roll has been appliattom relief has been applied as well either at the blades
of the head-cutter that generates the pinion or the bladibedfead-cutter that generates the gear. A parabolic profile
has been considered at the bottom side of the blade with aglareodficient of 0.001 mm! and a height of bottom
relief of 3.0 mm for generation of pinion and gear in the ddievel gear drive. In the case of the hypoid gear drive,
the same values were considered in the pinion, but a lardiez viaas considered in the gear for the paraboldtzent
(0.01 mnt?). The basic machine-tool settings are the same as those@ppthe previous section. As a consequence
of the bottom relief, some unloaded transmission errorebaserved.

6.5. Compensating errors of alignment

The bearing contact obtained in the previous section mayified when errors of alignment are present. Such
errors can be due to shaft deflections when the design loadrismitted. Imagine that the set of alignment errors
illustrated in Table 10 are present for the spiral bevel gigae and the hypoid gear drive, for both directions of
rotation (pinion in counterclockwise rotation and pinianalockwise rotation) and for a given design load. Such
errors could be obtained from a finite element analysis ofjfee drives where the pinion and gear shafts are included
into the finite element model. This analysis is out of the scopthis paper and can be refered to [19] for further
investigation on derivation of alignment errors from a dadbad.

Figure 16 shows the shift of the bearing contact in both tygfegear drives when the convex tooth side of the
pinion teeth is driving and the errors of alignment that ditestrated in Table 10 for counterclockwise rotation of
the pinion are present. Edge contacts and an increment ¢évhkof transmission errors are observed in Figure 16
respect to those illustrated in Figure 15. The pinion and tpedh geometries are the same in Figure 15 and Figure 16.
Edge contact and an increment of transmission errors ogueg slignment errors are not compensated. fedént
shift (not illustrated here) occurs when the concave toiokh af the pinion teeth is driving and the errors of alignment
that are illustrated in Table 10 for clockwise rotation c# fhinion are present.
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Table 8: Basic machine-tool settings and modified cuttes déiten crowning though a reference tilt angle is applied.

Data spiral pinion hypoid pinion
Radial distance [mm] Sr1=73998  S;p = 140403
Cradle angleq] o1 = 45.044 o1 = 45404
Machine center to back [mm] AXpy = 0.0 Not Applicable

Machine center to crossing point [mm]

Sliding base [mm]

Not Applicable AXc1 =0.0

AXg1 = 22205 AXg = 20974

Blank ofset [mm] AXg; = 0.0 AXg; = -15.0
Machine root angle’] vm = 0.0 Ym = 0.0
Tilt angle [°] i1 = 24.757 i1 =14.912
Swivel angle f] ji=-43127  j; =-41622
Gear-to-cradle roll ratio M = 2.2353 M = 4.8333
Gear-to-blade roll ratio My =0.2941  my, = 0.7500
Inner blade pressure angfg [ ap; = 18993 ay; = 19.086
Outer blade pressure angf§ [ g, =21007  ap,=20914

Table 9: Parameters for application of modified gear-taileoll.

Data spiral pinion  hypoid pinion
APS) [arcsec] 1000.0 100.0
689 [°] 15.0 15.5
AYEY [arcsec] 1000.0 100.0
6C9 ] -20.0 -4.0

Application of machine-tool settings corrections as it waplained in Section 3 allows the bearing contact to be
restored for one direction of rotation. Table 11 shows the machine-tool settings that allow the bearing contact to
be restored on the convex tooth side of the pinion teeth. rEi@id shows the contact patterns and the transmission
errors at both types of gear drives when the pinion rotatastesclockwise and the convex tooth sides of the pinion
teeth are driving. Although these machine-tool settingeuvfor one direction of rotation, they may not work for the
other direction of rotation since the alignment errors afietent (see Table 10).

Figure 18 shows the contact patterns and functions of tressgmn errors when the pinion tooth geometries that
compensate errors of alignment for the counterclockwisation of the pinion are used for the other direction of
rotation. In this case, the considered alignment errortharge due to clockwise rotation of the pinion (see Table 10).
Edge contact and an increment of the level of transmissimrerare observed in the spiral bevel gear drive when
the pinion rotates clockwise. However, a shift of the conpettern towards the heel without causing edge contact is
observed in the hypoid gear drive when the pinion rotateskelise. A light increment of the level of transmission
errors is observed here as well. These contact conditianbeacceptable for the inverted direction of rotation in the
hypoid gear drive, but not for the spiral bevel gear drive.

For the spiral bevel gear drive, application of a more sepeodile crowning on the concave tooth side of the
pinion teeth through a parabolic curve may allow to avoideetisntacts when the pinion rotates clockwise. A parabola
codficient of 0.003 mm! was considered for the outer blades of the pinion head+ciigure 19 shows the contact
patterns and functions of transmission errors in the spaaél gear drive for both directions of rotation. Here, pini
tooth geometries are compensated for the counterclockatggon of the pinion. It can be observed that the contact
pattern is free of edge contact and the level of transmissimrs is up to six arc seconds when the convex toot sides
of the pinion teeth are driving. Here, the TCA algorithm ddess as errors of alignment those illustrated in Table 10
for counterclockwise rotation of the pinion. Edge contachoided as well when the pinion rotates clockwise and the
concave tooth sides of the pinion teeth are driving. Here,TiGA algorithm considers as errors of alignment those
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Figure 17: lllustration of contact patterns and transroisgrrors in the spiral bevel and the hypoid gear drives wiignraent errors for counter-
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Table 10: Alignment errors.

Data spiral gear drive hypoid gear drive
pinion CCW pinion CW pinion CCW pinion CW
Shortest center distance erraE [mm] 0.313 -0.368 0.457 -0.479
Pinion axial errorAA; [mm] -0.079 0.073 -0.090 0.070
Gear axial errorAA; [mm] 0.468 -0.364 0.838 -0.541
Shaft angle error\y [°] -0.209 0.187 -0.228 0.171

Table 11: Basic machine-tool settings for the spiral bewelop and the hypoid pinion to compensate alignment errorscbunterclockwise
rotation of the pinion.

Basic machine-tool settings spiral pinion hypoid pinion
Radial distance [mm] Si1=73732 S;1 = 140247
Cradle angleq] o1 = 45281 01 = 45515
Machine center to back [mm] AXp1 = -0.079  Not Applicable
Machine center to crossing point [mm]  Not ApplicableAX¢c; = —0.090
Sliding base [mm] AXgy = 23678 AXpgy = 23716
Blank offset [mm] AXg1 = -0.313  AXgy = —-15457
Machine root angle’] vm = —0.209 ym = —0.228
Tilt angle [°] i1 = 24102 i1 =14.249
Swivel angle {] j1=-44.719 j1 =-44.484
Gear-to-cradle roll ratio My = 2.2353 myc = 4.8333
Gear-to-blade roll ratio myp = 0.2941 myp = 0.7500

illustrated in Table 10 for clockwise rotation of the piniofihe severe profile crowning of the concave tooth sides
avoids the edge contact. As a drawback, the level of trarssomigrrors is increased up to 45 arc seconds. In this way,
the compensation of errors of alignment as it was explain&kiction 3 can be directed to the predominant direction
of rotation to keep a formation of the bearing contact freedgfe contact and a low level of transmission errors for a
given design load. This compensation may require, as indbe of the spiral bevel gear drive, adjusting the crowning
of the coast sides of the gear tooth surfaces to avoid edgaaterwhen the direction of rotation is inverted.

7. Conclusions
The performed research allows the following conclusiorsgarawn:

e Analytical determination of basic machine-tool settinggét conjugated action in spiral bevel and hypoid gear
drives where the gear is face-hobbed not-generated hasbbived. Tooth contact analyses show line contact
and no unloaded transmission errors.

e Crowning of pinion tooth surfaces through application ofitaaingle shows a dierent surface topography at
both tooth sides and the appearance of linear unloadedtission errors, which make this type of crowning
acceptable just for one direction of rotation.

e A method for crowning the pinion tooth surfaces through eggpion of a modified roll periodic function has
been proposed based on a two-term Fourier series. A perodation is required since it is applied on a
continuous non-indexing process. This crowning approaduires as well two processes for finishing both
tooth sides. The results show that finishing of the convehts@e does not undercut the finished concave
tooth side, and viceversa. Geometry comparison shows ashaekach crowning can provide its own surface
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Figure 19: lllustration of contact patterns and transrisgirrors in the spiral bevel gear drive when compensateshgeigs for counterclockwise
rotation of the pinion with a severe profile crowning on thestosides are applied.

topography at each tooth side to get acceptable formaticthe dearing contact for both directions of rotation.
This approach does not provide unloaded transmissionserror

e Parabolic curves at the whole blade profile or at the bottate ef the blade profile have been applied for a
better adjustment of the formation of the bearing contadttaravoid edge contacts, in spite of some unloaded
transmission errors.

e Alignment errors for one direction of rotation can be sust#y compensated for one direction of rotation.
Adjusting of the surface topography at the coast tooth sfdia® pinion is required to keep an acceptable
formation of the bearing contact when the direction of iotats inverted. Such adjustment may be done either
through the crowning provided by the proposed method of fiextlroll or by the application of parabolic
profiles in the blades without modifying the surface toppénaof the other tooth side.
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