•

Ba

ICS

Involute Splines
RudolfOch
Frenco,Altdorf,

West Germany
Gears and. Splines
Engineering design requires many different types of gears
and splines. Although these components are rather expensive,
subject to direct wear, and difficult to replace, transmissions
with gears and splines are required for two very simple
reasons:
1) Motors have an unfavorable (disadvantageous) relation
of terque to number ·0£ revolutions,
2) Power is usually required to be transmitted along a shaft.
Due to the increasing number of motor driven components, the use of splines does not diminish, but increases.
In general, there are two different kinds of tooth based
systems - gears and splines.

Operation of gears
Gears always transmit torque from one axis to another.
This is obtained by direct contact or indirect contact through
chains or Vee-belts. Usually the number of revolutions is
changed at the same time. Examples are spur gears, bevel
gears, helical gears, and herringbone gears. (See Fig. 1.)
Throughout the world, gears are the subject of standards,
literature, lectures, design classes, seminars, software, and
specialists. However, there is very little infonnation on
splines. Therefore, from this point, we will deal only with
splines.

Operation of spUnes
Unlike gears, splines are only applied for the transmission
of torque on the same axis .. Again, in general, splines are
necessary for only two reasons ...
1) Parts with torque transmission have to be separated due
to production and assembly requirements. (Transmissions,
steering components)
2) The driven part must be movable on the drivin-8 part,
(Speed reducers, clutches)
The main aiteri.on for splines is secure torque transmission.
Additional requirements are little clearance, good centering,
low noise, low wear, and few axial forces, These demands are
very high for a part of such geometric complexity.
The requirements and designs vary depending on the kind
of use. Accordingly, there are many names for these spline
forms:
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Fit splines
Straight-sided splines
Splined shafts and hubs
Sliding profiles
Short splines
Serration shafts and hubs

The designation "spline" serves as a title for all profiles of the
above types which are inserted intoone another. (See Fig. 2.)
with the exception of the racktooth system, This system functions similarly in some respects, however, it has to be regarded separately from splines. Alth.ough it transmits torque
axially, it cannot be simply inserted into the mating component, but rather requires an additional axial pressure fo~ce.
(See Fig. 3,)
Splines and forms of flanks
The flank form of splines is not of consequence in actual
operation, In practice there are only three ·different forms of
tooth flanks between minor and major diameters.

Straight-sided
Straight-sided profiles have keys (teeth) with straight and
parallel tooth flanks. (See .Fig. 4.) The number of teeth varies
from 4 to 12. The Large tooth thickness from minor to major
diameter allewsthe transmission of very high torques.
However, there is a lack of oenteringeHidency in. the straighlsided tooth flanks, therefore, the centering has to be on the
minor and major diameters. The torsional. clearance must
then be increased to take occentridty of the tooth flanks to the
centering diameter, as well as the spacing errors which always
exist, into account. With wear, there will quickly be an additional radial clearance and,a.t the beginning, little line of
contact, (See Fig. S..) There is a further disadvantage for all
straight-sided. splines regarding the line.of contact, A surface
contact will only exist on the flanks after wear or when bending forces occur .
Sen:atiol'l
Serration splines have straight flanks similar to straightsided splines, however, they are angular. This angle causes
a centering effect of the tooth flanks and does not require any
additional diameter centering fit. (See Fig. 6.)
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Fig. 1- Mating spur gears.
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Fig. 5 - Straight-sided
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fig. 6 - Serration.
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Favorable flank angles are between 50 ancl90 However,
the teeth are rather small compared to straight-sidedsplines
and,therefore, the transmission torques are very low. (See
Fig. 7.) A second disadvantage is that line contact cannot be
eliminated by serration due to the straight. flanks ..Therefore,
serration splines are sensitive to wear and are only used for
0
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non-moveableconnections,

Involute
Side fit. At present the best connection is achieved by the
use of involute tooth flanks. (See Fig S.)
The contact of tooth and space is always a surface independent of the fit clearance. This characteristic can only be obtained with the involute form.
The oentering effect is very good, and the distribution of
force from top of the tooth (addendum) to root of the tooth
(dedendum) results from the in.volutecurve. (See fig. 9.)
Splines with involute flanks have a very high line of contact
in the nonworn condition, This reduces increase of clearance
due to wear within the l!ifetime of the spline, compared to
straight-sided splines. For these reasons the spline with involute flanks is the most frequently used connection. (See Fig.

Line touch
with
fig. 7- Serration profile 1tooth.

centering torque

10.)

The tooth flanks can optionally be made steeper or
shallower by varying the pressure angle. Different pressure
angles influence force transmission, notch effect, and producibility. Pressure angles of 30~ 37.5~ and 45° are most
commonly used.
Diameter fits are possible with involute flanks for systems
having great numbers of revolutions at high speeds. That
necessitates more precise centering and reduced runout. In
practice, these fits are rarely used. Side fit splines with involute flanks are in the majority and offer the biggest range
ofuse.
Diameter fit. Both torque transmission and centering are
done on the tooth. flanks at the same time with side .fit profiles. Therefore, the precision of the centering depends on the
quality of production of the tooth flanks. Here certain. difficulties arise, as the tooth flanks are not ground for reasons
of economy. But ifa very precise centering is important for
operation, it is possible to produce a considerably more accurate centering using minor and major diameters. (See Fig.
11.) These are special cases whi.ch resUlt in.'extra cost, yet, are
cheaper to produce than ground tooth flanks. UsuaDya major
diameter fit is chosen in these cases. The major diameter of
the internal spline is broached exactly, (using a concentricity
broach) and t~le major diameter of the external spline is
ground.cylindrically. This provides the most economical production of a diameter fit.
r-crc
~. resst
'11.'
Den
.:I:_n
on th . ~-ressure anzle
LlIDl:n:u.
p ....ure <UQ2'es.
_ .pen~......
'5 _ .... e p _.. _ _<11,&,
the tooth flanks become steeper or shallower. The most commonly used pressure angles are .30 for sliding fits and 45 for
force (interference) fit. The pressure angle of 37.5 is rarely
used. (See Fig. 12.)
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centering torque
fig. 9 - Involute spline 1 tooth.

0

0

28

Fig. 8-lnvolute

fig.l0-Involutespline

with load.

Pressure angle 30° is the most common profile for liding
sIde fit

maJor dIameter fit

fits. Relatively high torques are transmissible. This pressure
angle is not very advantageous for the production PJlOoess
".Jlolling", dlle to the necessary high volum portions of
deformation.
With a 45° pressure angle Ithecentering ,eHiea is very. good.
There is, however, more wear due to' the smaller tooth heights
with. sliding eonnections, The increased notch effect demands
a (full) fillet root. This pressure angle is ideal for the PJloduc"
tionprocess "rolling", therefore, it is the angle of preference

Rg.

n- Possibilities

for force fits.

of fits,

Pressure angle 37.5° is a compromise between 30° and 45~
Such profiles are often used fur 'the advantageofa 30° splin .

I

.---------------------'11-.
, I

Fig. 12- .PrtSSun! angles.
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(Jigidity, staoility, tigh:l:nessof fit), but to avoid
tages. of the 30° to manufacture, Sometimes,

the disadvanthis pressur~
angle is used for reasons of reducing the notch effect on thin
wall mating parts.
Geometry of mJnor and ma.jor diameters. Splines with
pressure angles .of 30° commonly na.ve flat addenda and root
[Cadit Splines, with 37 .5° or 45,0 pressure angles are generally
made with 61.letroots and flat addenda because of the notch
effect. Diameter fits often possess 'tip chLmfers due to root
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as possible ..creating a dose fit clearance between tooth and
space. (See fig. 15.) To attain this effect, dose manulacturing tolerances must be maintained .. In practice, however,
standaM production processes produce an ever increasing fit
clearance over time. Inspecial cases, a negative fit clearance
in the form of an interference fit is requited, Inproduction,
the amount of Interference is very difficult to control and is
subject to the same fIuctuati.ons as a.clearance fit.

radii arising in production of the matching parts ..(See Fig. 1.1.)
In addition to the minor and major diameters, the form
diameter at the root is always required. (See Fig. 14.)
Sid.e Fit Profiles
Ci:earance of fit
Side fit profiles obtain both the centerLng and the torque
transmission with the tooth flank contacts. Under load, the
centering effect is independent .of the torsional clearance of the
internal spline to theexternal spline ..However. in.a no-load
condition, a gap oocws between the iintemal and extemal profiles, and the resultant centering ,effect degenerates with direct
relation to the amount of gap.
For the above reason. it is desirable to have as small a gap

Contact Qr:ea

Of all form fitting connections, splines are amoAg the most
difficult to calculate and predict, For example, a standard
1.00" spline 'With 2;4, 'teeth has 48 IndividuelIines of contact,
When an.internal and external spline each having.24 teeth are
flat root

TH,E
G"EAR DEBU'RRING'

!\at lip

I

tip chamfer

root chamfer
tip chamfer

root chamfer

SYSTE'M

root. radius

tipra.dius

tip radius

root radius

filletrool

fillet tip

fillet lip

fillet root

Fig. '13 - Geometry of minor and major diameters.
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Fig. 14- Diameters.
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inserted together, the design theory is to have any equal symmetrical fit clearance at al124 teeth. However, inspection of
the mating pr~£ile systems shows some spaces to be slightly
smaller or slightly larger than others. The smallest widths of
the internal spline are entirely responsible for the efficiency
of the entire spline system.
The equal distribution of sire and form R'ucruationswithin
both profiles directly infleenoesthe number of contacting
tooth. Danks under load ..For clearance fit designs, this number
is not important. However, on intmercence (force) fits, the
line of contact at the tooth flanks has an enormous effect on
the necessary force required during assembly. A poor line of
contact influences performance of the spline as well as increases fatigue of material ...As a rule itis desirable to have a
good line of contact,and this can only be obtained by designing and manufacturing splines with little sire and form deviations within the profile ..

Internal effective circle

Fig. 16 - Form errol'S ofa bore.

External effective circle

Effective spline
In rare cases, when an internal spline is mated with an external spline, the quality of fit may resemble a cylindrical
(non-profiled) fit In side fit profiles, this fit is achieved
thl!oughper£ect contact of the tooth. flanks with the spaces.
The same applies to the system basic: sleeve- a basic: shaft
where an absolutely round and cylindrical bore or shaft will
never be possible ..Likewise, a spline will not be absolutely
round or equally cylindrical over its entire length. Production
is responsible for nonuniformities of torm where irregularities
will always exist.
Not only the size, but also the existing form errors are important fOil"the clearance of the fit. The amount of influence
of size and fonn to the clearance fit is different on various
contours.
With regards to cylindrical (non-profiled] fits, the actual
sire ofthe components determines the fit much more than the
form. Also a cylindrical form can be produced more easily
and accurately.
The converse is true with splines. Splines only can be produced with .relatively big deviations. The quality of fit of a
round bore is .always determined by the internal effective cirde, and the fit quality of a shaft by theextemal ,effectivecircle ..
Form errors reduce the effective size of bores and increase
the effective size of shafts. (See Figs. 16-17.) Cylindrical fits
always have form deviations, however, they are not as big
as for splines. If accurate round fits are requested, they will
be ground after heat treatment. The grinding of a round
geometry is an acceptable and economic solution.
The cost of grinding: splines is prohibitively high and is a
process that is usually avoided. Even with the need for
hardened structural parts, a rework usually will not follow
heat treatment, At the time of production of soft (green)
splined parts, big form. deviations arise. Additionally, heat
'treatment makes the deviations of contour worse. The ,effec~
tive tooth thickness and space width aregreatJiy influenced by

o
Fig. 1'7- Form errol'S of a shaft.

Internal effective spline

Rg. 18-Intemal

spline.

External enecnve spline

o
i

Ag. ~9-External spline.
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these factors. The efEecHve tooth thickness and space width
are termed the "efEective sp1ine". (See Pig. 18-19'.)
Fit system .actu.al-effective
The actual (real) measurable size of tooththickness and
space width at lhe pitch circle diameter (PCD) is caJ.tecl "actual". The more ·difficuIt to measure size ·ofthe tooth thickrless
and space width whi.ch makes the ,effective spline, is called
"effective".
The compounding effect of many fonn errors cause an lncreased effective tooth thickness on external splines. This
makes the external spline appea:rto have ill larzer actual size
than. the mating part. The compounding form errors on internal splines reswt in a reduced effecHve space width ..As
above, this makes the internal appear to have reduoed actuaJ
size as compari!d to' its mating part.
The most important form errors occuring are
at) Profile error. (See Fig. 20.)
b) Spacing error. (See Fig. 21.)
c) Lead error. (See Fig. 22.)
In addition to these primary deviations, the following
errors may also exist:
Concentricity error
Torsion (twist, distortion)

Damage
Ecoentricity

'.'
•
•
•
•
•
•
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Dirt contamination
Surface finish deviation
The summation of all the single form deviations can onty be
determined by fitting of an "ideal" mating part (go gage).
Unlike cylindrical fits., the manufacturing tolerance and the
form tolerance are distinguisheed separately on splines. The
manufacturing tolerance is the tolerance of the space width
and tooth thickness at the circular pitch diameter. This is a
required measurement for the .adjustment and wear o.ftool~
ing ..The oommon designation for this specification is "actual"
tolerance, and from this the size "max actual" and "min actual"
are derived .. (See Fig. 23.)
Inaddition to the actual manufacturingtolerance discussed
above, splines will also have fonn deviations. These .fonn
errors u1timately decrease the apparent size of the spaces on
internal splines. and mereasetheapparent
size of the tooth
thickness on external splines. This size is called ueffectiv:e~'..(See
Fig. 24.)

Much like the deviation of size having a tolerance due to
unavoidable PllO<JeSS changes in p.roduction, deviations in
fonn also have tolerance band governing the total amount ,of
errors ..The name of this "form deviation" tolerance band is
"effective tolerance",
Internal splines have a decreasing tolerance limit called!
"minimumeffeetive", which is the minimum size of the inter~
nal effective spline. External splines have an increa.sing effective tolerance ..Thee limit of the external e£Eectiivesplineis called

tooth
thickness
effectMl

Rg. 2O'-ffiectiveresu1t of profile errors.

Internal spfme

external spline

CIRCLE A-22 ON :READER' 'RE:ptV CAIRO

actual

Fig. 21- Effective result of spacing errors.

Internal spline

extemaJ

spline

Fig. 22- Effectiv results of lead errors.
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FIg. 25- Tolerance system.

Spllr'16

Internal spline

Internal spine

max. actual
actual
min. actual

max. size

max. actual

effective

bel.ween pins
rnia, size
between PIllS

min. effective
min. actual

I
I

_.-

min. effective

max.
effectlve----t---,-t--max. actual

-

flor referenceonN)
Composilego
plug gage
Composite go
ring gage

max.

size OWl' pIllS
(lor reference only)

/
min. actual

min. size

overprns

max. effective
effective

max.

i

External spline

actual

actual
min. actual

Fig:. 28 - Two-tolerance

Ext.emal spline

"maximum eUectiv:e~'.(See Fig. 25.)
fitdiagr:ams

A •.26-To~l.i:mi:ts.

--

Intemal SpBne
top'man.wa.dJuring.
limit
bottom manWad\Lril'lg

~Splinl!
bottom manufacturing

limit
'Iopmanwadruling

limit

llrlut

'lfor reference only)

(for :refeMnce only)
lop ,effective limit

bottom effective!lmil

Inl.emal spline

max.

zone system.

max. size

actual

between pins
min. sze
between pins

min.actuaJ

(for reference only)
Composite go

place of measurement

Composite go

max. effective

ring gage
max. size owr pins

max. actual

(for reference only)
min. size

min. actual

are as follows:
Internal spline: The .rndI toleran.ce limit {maximum actual), is
converted to the measurable feature "dimension ,between
pins". The minimum actual limit onIJy serves as referentefo.r
manll1factu:re. The mini1num efFediVi clearance ,of the spline
is checked as an. atlribute with a, go ~
plug.
External §P1ine: To measure 1!he.ra::I tolerance fimi1 (miniDlum
actual) convert it to dimension over pins. Indlis case', the lliniI:

"maximum actual" only serves as a manufacturing reference.
The maxinnun ·effective spline' is dtecked. by ago' ring gage.
Spline standards aDow the use of sector n~o gages in

plug gage

min. effective

To show tJ\e tolerance zones (ranges) the block diagram
seems to be most suitable. (See Fig 26.) The ~o~eranre limits

owrpins

Extemal spline
Ag, 27 - Spline toleranc:ing system using no-go gages.

between lover pins. Thismethodl of
measurement, however, may not. be lOO%aa:ura:te. Size
measurement must see as fewfonn ,mors as possi..ble. No-go'
sedor gages will check profile errors as weD.
The simple £it diagmm is very helpful in understanding this
spHne tolerancing system. (SeeFJg. 27.)
The use of the Itw<rtolerance zene system has never been
more important Ithan now • .(f5ee Fig. 28.) The increasing emphasis on quality and maximum material condition measurement he1psus understand the need Eor continued use of this
tolerance system in. Ithe future. 1:1
size

