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Abstract

The aim of this publication is the analysis of the geometric establishment and the manufacturing designing and devel-
opment of spline fitting promoting the engineer’s designing works. There are many connection possibilities according to
the utilization on different constructions. Based on them, different technologies are needed for the manufacturing of the
spline shaft and the spline hole. Generally, milling and grinding technologies are needed. These technologies will be
analysed. We design mathematical models for the analysis of the milling technologies by mathematical way. We define
the technological parameters and the computed machine time for the manufacturing designing process and recommend

technologies for the different shapes.
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1 Introduction

The application of key joints does not give solution in
case of high-loaded parts and moment transmission.
Firstly, the engineers try to use two keys by 180° arrange-
ment to solve the load and moment problem. If it is not
successful, the application of spline fitting is needed. The
spline shaft is connected to the spline hole which has
grooves. They are element pair together [1-3]. There are
many splines around the perimeter of the shaft with which
the high load could be distributed equally (Fig. 1) on the
connecting surfaces. The number of splines around the
shaft perimeter could be z = 3, 4, 6, and 8. Three types
of the spline fitting are standardized [1]:

* Square spline fitting
» Triangular spline fitting
+ Involute spline joint

If we have to provide axial motion for a toothed gear on a
shaft, the solution of spline fitting could be applicable (Fig. 2)
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(https://tudasbazis.sulinet.hu/hu/szakkepzes/gepeszet/
gepeszeti-szakismeretek-1/a-bordastengely-kotes/
bordastengely-kotesek-kulonbozo-tipusai).
In case of the geometric designing, the side surfaces have to
be designed for surface pressure (Fig. 3) [3]:
F
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The position accuracy and quality of spline fitting are de-
termined by [1]:

* The concentricity and size accuracy of the centralized
diameters

» The side sizes of the spline width, division accuracy and
the parallelism of the side surfaces in comparison with the
centre line

* The surface roughness and hardness

» The accuracies of the fits

The geometric sizes and tolerances of the shaft and the hole
are standardized (DIN 5463, DIN 5480).

This work can help for the manufacturing engineers and the
technologist for the manufacturing designing of spline fittings.
These are the main conventional manufacturing methods that
will be analysed. These technologies could be applicable on
conventional machines or CNC machines. The mathematical
analysis could help for the CNC technological designing and
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Fig. 1 The geometric
establishment of the spline shaft
and the spline hole (https:/www.
banki-sos.hu/bordastengely-
bordastengelyek-bordas-tengely/
bordastengelyek-bordastengely-
bordas-tengely-197; https://hu.
depositphotos.com/29381291/
stock-photo-splined-connection-
on-shaft-isolated.html; https:/
regi.tankonyvtar.hu/hu/tartalom/
tamop425/2011_0001_521_
Geptan/ch02s05.html)

the inspection of the quality assurance by 3D measuring
machine.

The flowchart of the design and manufacturing process
could be seen on Fig. 4.

2 The centralization possibilities

According to the centralized surface, the spline fitting could
be (Fig. 5) [1, 2]:

*  Minor diameter fit
*  Major diameter fit

Spline plate

Spline plate

Spline shaft

Spline shaft
Comparison of the centralizations of spline fitting (Fig. 5)
[1, 2]

1. Minor diameter fit (dg): the connection happened on the
root circle diameter of the spline shaft.

Advantageous:

» The manufacturing of the tip circle diameter of the spline
hole (D,) is simple.

» The concentricity of the root circle diameter of spline shaft

could be provided by grinding technology.

* The shaft and the hole could be hardened.

* Side-bearing fit Disadvantageous:

Fig. 2 Movable tooth gear

assembly on the spline shaft Movable tooth gear
(https://tudasbazis.sulinet.hu/hu/

szakkepzes/gepeszet/gepeszeti- Spline shaft Fixed tooth gear

szakismeretek-1/a-bordastengely-

kotes/bordastengely-kotesek-
kulonbozo-tipusai)

>
- P;lll_'éﬁ‘ 3

Bearing

Bearing
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Fig. 3 The distribution of the
surface pressure on the spline
surface

Fig. 4 The flowchart of the
design and manufacturing process

Determination of the pretensions of the spline
fitting necessity

!

Knowing of the load and the assembly specifications
designing of the spline shaft and the hole considering the
centralization possibilities and the prescribed tolerances

!

Creation of the computer aided design (CAD) models of
the elements

!l

Assembly designing by CAD software

!

Finite element analysis (FEM) to determine the stresses and the
deformations L
(if the results are favourable the process could be continue, otherwise the designer has to

return to the geometric designing point)

1]

Design of the manufacturing process
(computer aided manufacturing (CAM), selection of the working machines and the clamping
devices and the tools, determination of the technological parameters, analysis the
manufacturing passes, CNC program writing, etc.)

]

Real production of the elements (shaft and hole)

1

Measuring of the geometric sizes by 3D measuring
machine or other devices

1

Assembly of the manufactured elements into the
construction
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Fig. 5 Different centralized
spline fittings: (a) minor diameter
fit, (b) major diameter fit, (c) side-
bearing fit and (d) the sizes of the
spline shaft and the spline hole

a) minor diameter fit

bs

b) major diameter fit

¢) side bearing fit

d) the sizes of the spline shaft and the spline hole

The grinding process of the root circle diameter of the
spline shaft (dy) is difficult and complex.

Major diameter fit (d,): the connection happened on the
tip circle diameter of the spline shaft.

Advantageous:
The manufacturing of the tip circle diameter of the spline
shaft (d,) is easier than in case of minor diameter fit.
The special working machines are unnecessary for the
grinding of the root circle diameter (d).

Disadvantageous:

The hole could not be hardened.

@ Springer

Calibration heat treatment is indispensable after the nor-
mal heat treatment.

Differences could be received from the concentricity in
case of calibration pull broaching.

Manufacturing of the root circle diameter of the spline
hole (Dy) is difficult.

Side-bearing (a) fit: the connection happened on the side
surfaces of the elements.

Advantageous:

The most accurate centralization.
The shaft and the hole could be hardened.

Disadvantageous:
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*  Manufacturing of the side surface of the hole and the shaft
is labour-intensive.

3 Analysis of the manufacturing
technologies

3.1 Milling technologies for the spline shaft

After the basic body is created, the following step is the
spline milling. There are some possibilities for it. Starting
from a conventional horizontal knee-type milling ma-
chine, the basic body has to be fixed between centres.
The proportional division between the splines is provided
by dividing head (Fig. 6) [4-7] (https://tudasbazis.sulinet.
hu/hu/szakkepzes/gepeszet/gepeszeti-szakismeretek-3/
alakos-feluletek-marasanak-bemutatasa/fogaskerekek-
marasi-technologiaja).

Based on Figs. 6 and 7, the disc-type milling cutter
can manufacture one spline groove. After it is ready, the
tool moves from the manufacturing zone. The division
between the teeth could be done by the dividing head
considering the division ratio in the function of the
number of splines. Finally, the milling process can start
again. This process has to be repeated in the function of
the splines around the perimeter.

—COSp| - COSP,  COSPy - Sinp, —Sinp;  t-cosp|=Vy - Sinp,
—Sing - cosp,  singy - sinp,  cospy - Sinpy + vy cosp,
Mogir =
sing, cosp, 0 0
0 0 0 1

(2)

The two parametric vector-scalar function of the cutting
edge is:

xir(n,9)
—-— _ Yir(n,9)
iR = zir(n, 9) ®)
1

The normal vector on the connecting surfaces is:

- - 7

i Jj k

LT N LT Oxir - Oyig  Our @
WS T | on on On
Oxig  Oyig  OzR
& o

The relative velocity between the connecting surfaces is:

d

ViR = Mirar > (Magr) - 71R (5)

The Connection I statement is:

The transformation matrix between the tool and the spline 711z - Vig = 0 (6)
shaft is:
Fig. 6 Manufacturing of the ACEET:
spline grooves of a spline shaft by DlVldlllg head
plain milling technology (https://

tudasbazis.sulinet.hu/hu/
szakkepzes/gepeszet/gepeszeti-
szakismeretek-3/alakos-feluletek-
marasanak-bemutatasa/
fogaskerekek-marasi-
technologiaja)

’ Disc —type l
milling cutter

' Tailstock ‘
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Fig. 7 Coordinate system for the
technological analysis

The contact points between the tool and the spline shaft
could be calculated by Egs. (2), (3), (4), (5) and (6) [8].
The ¢ depth is:
D dy
t=—+4— 7
>t (7)
The following initial parameters have to be known for the
technological designing: 4, z, I, by, d,, dp, n and .
The wy groove width on the tip circle diameter of the spline
shaft is (Fig. 8):

d, - mbs -z

z = W (8)

The w, groove width on the root circle diameter of the
spline shaft is (Fig. 8):

h

_lwe

Fig. 8 The geometric sizes of one spline groove on the shaft

@ Springer

dp-m=bs-z

E =Wy (9)

The a depth of cut is equal with the 4 spline depth.
Knowing of the D outside diameter of the milling cutter, the
cutting speed is:

Vve=D-m-ny (10)

The feed speed is:

Vi =f. 2 (11)

The arc of contact between the milling cutter and the work-
piece during the chip separation process is (Fig. 9):

i=Vh-D (12)

The switching number is the number of working teeth of
the milling cutter along the i arc of contact:

i vVh-D h
A _Z. ] (13)
t, D-m 7 VD
z
where the £, tooth pitch
D-
=" (14)
z
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Fig. 9 The technological process
of the spline milling by disc-type
milling cutter

The cutting force for one cutting edge is:

Medium chip thickness:

— X h
Based on (13), (15) and (16), the total cutting force is:
'fz'B'kc'Wl (17)
The cutting power is:
P.=F. v, (18)

Considering the efficiency, the motor power of the working
machine is:

In case of the control of the milling cutter, the middle point
of the tool is controlled. Based on Fig. 9, the x additional
distance has to be considered (Fig. 10):

x=/h-(Dh) (20)

Considering the overrunnings (/;, 1), the computed ma-
chine time is:
L _x+11+l+lz+x

T, == 21
T F vy ‘ @D

Another milling possibility is the groove milling by hob [1,
2, 4] (https://www.banki-sos.hu/bordastengely-

bordastengelyek-bordas-tengely/bordastengelyek-
bordastengely-bordas-tengely-197). It is economical in case
of serial production because of the complexity of the cutting
tool and the short computed machine time (Fig. 11).

Based on Fig. 11, the hob is doing rotation and parallel
motion with the axis of rotation of the spline shaft, while
the spline shaft is doing rotation motion. The cutting teeth
are situated around the perimeter of the hob on helical
path. The manufacturing process is shorter than the pre-
vious case that is why it is applicable in case of serial
production. There are many teeth which have to be
grinded along the face surface and the side surfaces on
the tool as well. That is why the manufacturing process is
quite complex and takes much time [9]. Consequently, the
price of this hob is high.

The transformation matrix between the hob and the spline
shaft is:

Sinpy - cosp,  Sinpy - Sinp,  cospy  —t-cospy + vy - sing,

COSPy - COSP,  COSp) - Sinp,  —sing,  t-sing, + vy - cosp,
Mopir =
—sing, cosp, 0 -
0 0 0 1

(22)

The contact points between the hob and the spline shaft
could be calculated by Eqgs. (3), (4), (5), (6), (7) and (22) [8].

The spline fitting could be also manufacturable by end mill
(Fig. 12) [10-12]. The axis of rotation of the end mill cutter is
perpendicular for the centre line of the spline shaft.

The arc of contact between the milling cutter and the work-
piece during the chip separation process is:

. Dm-(py+p,) D-m
_ _ 23
! 360° 2 (23)

@ Springer
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Fig. 10 Determination of the computed machine time

The switching number is:
U=-== (24)

The (10), (11), (14), (18) and (19) are valid for this tech-
nology as well. The total cutting force is:
Soow
Fe=z ke 121 25
z Dom (25)
Considering the overrunnings (/;, /), the computed ma-
chine time is (Fig. 12):
L h+l+h

Tg=—7=—"——= 26
& Ve ¢ Ve < ( )

Fig. 11 The manufacturing
process of spline hobbing
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3.2 Grinding technologies for the spline shaft

According to the type of the centralization, there are many
grinding possibilities. If the centralization is minor diameter
fit or side-bearing fit, the following solutions are recommend-
ed (Fig. 13).

The grinding wheel is doing rotation and linear motion at
the same time. When one tooth is ready, the division could be
solved by dividing head according to the division ratio. After
that the grinding of the second spline could be followed. This
process has to be repeated in the function of the splines around
the perimeter. The side surfaces and the w, groove width are
grinded.
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Fig. 12 The technological

process of the spline milling by \

end mill Nm

f.

Magnified top view

spline
groove

W1

Vi

Ifthe centralization is major diameter fit, the traverse grind-
ing technology is recommended (Fig. 14). The axes of rotation
of the grinding wheel and the spline shaft are parallel. The
grinding wheel is doing rotation motion, while the shaft is
doing linear motion. The division process is the same than in
the previous case. The tip circle diameter of the shaft is
grinded.

Two grinding wheels are applied on Fig. 15 a and b. This
solution is favourable for side-bearing fit in case of serial
production. Only the w, groove width on the root circle diam-
eter is grinded on Fig. 15c. It could be used for minor diameter
fit.

Fig. 13 Grinding of the spline grooves of a spline shaft by formed disc-
type grinding wheel

3.3 Manufacturing of the hole grooves by slotting
technology

The manufacturing of the hole grooves could be happened by
slotting technology. The whole depth of cut is the groove
depth. The cutting tool is doing alternation motion which is
parallel with the axis of rotation of the workpiece. After the
removal of the a; depth of cut, the process could be repeated
until the removal of the whole depth of cut (a). After that the
workpiece has to be divided into the following groove posi-
tion, and the process could be repeated (Fig. 16).

The total computed machine time depends on the number
of the grooves:

L Lh+1+1h
I=——"""""2

= o

T, =—.
Y

(27)

3.4 Grinding technologies for the spline hole

After the slotting process the grooves has to be grinded based
on the centralization versions (Figure 17).

Figure 17a solution is appropriate for grinding of hole
grooves in case of major diameter fit and side-bearing fit.
The grinding wheel is doing rotation motion (v.) around its
own axes, while the spline hole is doing linear feed motion
(vy). After the grinding of one groove, the grinding wheel has
to be removed. The spline hole has to be divided by one pitch
(into the other groove position). After that the grinding

@ Springer



Int J Adv Manuf Technol

Fig. 14 Traverse grinding
technology in case of major
diameter fit
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process could be continued. The computed machine time de-  designing. We calculated the contact points between the tool
pends on the number of teeth. and the workpiece by mathematical way during the milling

Figure 17b solution could be applicable in case of minor  process. Knowing of the geometric equation of the cutting tool
diameter fit. In this case, the D, tip circle diameter of the hole ~ the milled surface could be defined by double-wrapping meth-
has to be grinded. The grinding wheel is doing rotation motion ~ od. Consequently, the surface quality is modelled and the real
(v¢1) around its own axes, while the spline hole is doing linear ~ CAD models could be created. This mathematical algorithm
feed motion (vy) and rotation motion around its own axes (v¢,) could be also used in case of CNC designing [13] and three
at the same time. coordination measurements. Certainly, the wearing effect of

the cutting tool could be also considerable because the sharp-
ening happened on the head surface of the tool. Since new

4 Conclusion cutting edges are developed, the shape of the milling surface
will be changed.
The aim of this study is the analysis and development of the We defined all of the technological parameters, which are

manufacturing technologies for spline fittings (spline shaft ~ needed for the technological designing and machine setting.
and spline hole). They could be manufactured by conventional ~ The cutting tool is a disc-type milling cutter with which the
machines and CNC machines [13] as well. operation could be done on a conventional vertical knee-type

The most widespread milling technology for the spline  milling machine. The disadvantage of this technology is slow
shaft is the plain milling technology. We created a mathemat- ~ because the milling of one spline has to be repeated in the
ical model for the technological analysis, researches and  function of the number of splines.
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Fig. 15 Other grinding possibilities of spline shaft: (a) grinding by double conical disc-type grinding wheel, (b) grinding by double disc-type grinding
wheel and (¢) grinding only on the root circle diameter
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Fig. 16 Manufacturing of the
grooves of the spline hole by

¢

slotting technology

NN

”oc ‘ a1
> ‘/\W . N
< | .
QD. -Q‘
P q ;

It is possible to use hob for the enhancement of the
labour productivity. Because of the complex geometry, it
is high tool cost that is why it is economical in case of
serial production. We also created a mathematical model
for this technology. Based on the determined mathemati-
cal formulas, the contact points between the connecting
surfaces could be calculated. Since the hob has to be
resharpened along the head surface, the side surfaces
and the back surfaces, new cutting edges will be created
in another surface quality. This phenomenon could be
followable by this mathematical model.

Fig. 17 The grinding possibilities for hole grooves

Due to the insurance of the good surface connection, the
connecting surfaces have to be grinded according to the cen-
tralization versions. We recommended technologies for it and
analysed them.

The slotting technology is the appropriate technology for
the creation of the grooves into the spline hole. It could be
done on a conventional slotting machine. This technology was
also analysed by the technological parameters. Whereas this
solution is slow but it gives acceptable accuracy. Certainly,
after that the connecting surfaces have to be grinded based on
the centralization type.
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This publication is theoretical and practical at the
same time since it gives directions for the technological
designers to design manufacturing technologies for these
elements.

Funding Open access funding provided by University of Debrecen.

Nomenclature 71 , normal vector of the surface in KIR coordinate
system; 7'1g , placement vector of the moving points of the profile curve;

V—IR) , relative velocity vector (mm/min’l); h , medium chip thickness
(mm); F,;, cutting force for one edge (N); Mo 1z, Mg, & transformation
matrixes; %M 2R,1R » Mar 1r derivative matrix; k., specific cutting force
(N/mm?); A, loaded surface (mm?); a, common connecting height (mm);
a,, depth of cut (mm); by, spline width of the spline hole (mm); by, spline
width of the spline shaft (mm); D, outside diameter of the milling cutter
(mm); d,, tip circle diameter of the spline shaft (mm); D, tip circle
diameter of the spline hole (mm); dj; root circle diameter of the spline
shaft (mm); D; root circle diameter of the spline hole (mm); F,, total
cutting force (N); F,,, perimeter force on the splines (N); 1., feed for
one edge (mm); 4, groove depth (mm); 7, arc of contact (mm); Kz (X,
Vir Z1R), Totational coordinate system related to the cutting tool; K5 (x;s,
V1s Z15), static coordinate system related to the cutting tool; Kz (X2r, Vo,
Zop), Totational coordinate system related to the spline shaft; K5 (x5 vos,
25s), static coordinate system related to the spline shaft; /, common
connecting length (mm); Z, total manufacturing length (mm); /;, 5, tool
overrunnings (mm); M, load moment (Nm); 7,,, number of revolution of
the cutting tool (1/min); n,, number of revolution of the spline shaft
(I/min); O;g, Oys, Oag, O, origins of the appropriate coordinate sys-
tems; pasiowess Permissible pressure on the splines (MPa); P,, cutting pow-
er (kW); P,, motor power (kW); r;, resultant distance of the surface
pressure form the centre line of the shaft (mm); ¢, s, centre distance
between the axes of rotation of the workpiece and the cutting tool
(mm); 7, computed machine time (min); #,, tooth pitch (mm); v,, cutting
speed (mm/min); v, feed speed (mm/min); w;, groove width on the tip
circle diameter (mm); w,, groove width on the root circle diameter (mm);
x, additional distance of the milling cutter (mm); x, y, z, coordinates (mm);
z, number of splines around the shaft perimeter; z, number of teeth on the
milling cutter; «, tool clearance (°); +, tool rake (°); 7, motor efficiency;
©1, @, angular displacement ((°)); ¥, switching number; ¥, inaccuracy
factor (¥; = 0.75-0.9); 7, 1J, the two parameters of the cutting edge
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