Design of Machines and Structures, Vol. 2, No. 2 (2012), pp. 81-92.
https://doi.org/10.32972/dms.2012.016

HELICAL SPRINGS IN EPICYCLIC TRACTION DRIVES

GEzA NEMETH-JOZSEF PETER-ADAM DOBROCZONI
Department of Machine and Product Design, University of Miskolc
H-3515 Miskolc-Egyetemvaros
machng@uni-miskolc.hu, machpj@uni-miskolc.hu, machda@uni-miskolc.hu

Abstract. The paper tries to introduce an epicyclic traction drive containing one or more
helical springs as basic element. Our goal is to assure the necessary normal forces between
the contacting surfaces, proportionally to the external loads. Some suitable mechanical
models were used to obtain the solution of the elasticity problem with the necessary accu-
racy.
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1. INTRODUCTION

At the Department of Machine and Product Design in the University of Miskolc the epi-
cyclic gear drive took up a great deal of room ever since its foundation. By the leading of
Professor Zéno6 Terplan the researches generated a scientific school in which numerous the-
ses were born. Beside the dimensioning and strength calculations of the epicyclic drives,
the selection of drives on the basis of high efficiency, the analysis of load distribution
among the planet gears and along the face width the research field was widened by new
domains. Practical results were arisen in the scopes of research, design, production and
measurement of harmonic gear drives, and also in the design area of coupled epicyclic
drives and the continuously variable drives. Both the changed needs and possibilities influ-
enced the newly coming into view of the epicyclic traction drives. The new needs are the
high speed, the noiseless operation, the variable transmission ratio, the clamping force pro-
portional to the load, low production costs and the simple design. The new possibilities are
the high surface hardness, the precise machining accuracy, the traction lubricants and the
high power density. This paper tries to join to the research tradition of our department with
an originally developed epicyclic traction drive instead of gear drive.

After collecting some example for the flexible elements on the area of planetary drives
and the antifriction bearings, the common operation states of the rolling bearing and the
planetary drives is detected. The helical springs should be classified to select the proper
type for our purpose. It is installed into an io type (containing one inner and one outer con-
nection) frictional planetary drive. It is investigated how can be assured the necessary
clamping force and a mechanical model for the sun gear should be suggested. The creation
of the model is followed by the dimensioning and strength calculation of a kinematic drive
(low power drive). At last the results are summarized and the direction for further research
is charted.
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2. FLEXIBLE MACHINE PARTS IN EPICYCLIC DRIVES

Flexible basic parts in epicyclic drives are not unprecedented at all. Let us just think about
the harmonic gear drive. The operational interference in inner mesh having small difference
in number of teeth of the pair of gears, can be avoided only with flexible, high elastic
deformation elements [1]. The originally cylindrical, cup-shaped flexspline and the
originally circular rings of flexible wave generator bearing are capable of large elastic
deformation, as shown in Figure I. The principle of harmonic drives is applicable for
frictional drives, too. However the flexibility of the flexspline does not contribute to the
clamping force of the force-locking connection. In the epicyclic traction drive there is an
effort made to assure a clamping force proportional to the external load of the drive. Both
axial and radial force-closing clutches, self tightening wedge roller are applicable. One of
their common disadvantages is the danger of sliding of the rollers when the operating
torque is changing, that needs a special care to prevent them. The well known solutions
were reviewed in one of our previous papers [2]. In one of the planetary drive patents of the
Timken Bearing Company the only planetary wheel is a sufficiently flexible ring [3]. Two
functions in one machine element are united in this solution — one of the elements of the
frictional pair and the initial tensioning element.

Figure 1. Harmonic gear drive, planetary traction drive [3], spring roller bearing and
needle roller bearing with clearance adjustment

The application of flexible elements at the area of the rolling bearings is not unprece-
dented either. The rollers and/or rings of the spring roller bearing, are helical springs made
of steel strip. The radial clearance of some needle roller bearings is reduced to the proper
value by compressing axially the outer ring, similar to the Spieth-type clamping sleeve.
Hydrodynamic radial slide bearing sleeves inserted in Spieth-type ring are also made by the
radial clearance adjustment [4].

The rollers of a roller bearing make planetary motion. When the cage of this bearing is
jointed to an output shaft, an io type epicyclic drive is obtained. The bearing also may be a
spring roller bearing. Figure 2 shows the mentioned roller bearing, spring roller bearing
and epicyclic drive having the same radial dimensions. The main goal of the application of
spring elements in roller bearings is to prevent the bearing against getting stuck, caused by
unequal thermal expansion. That of in epicyclic traction drive is to assure the necessary
clamping force. By the latter sample we would like to introduce an epicyclic traction drive
having high efficiency, using the well known design principle and using basic elements of
helical springs.
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Figure 2. Epicyclic traction drive (io type) as a possible model of roller bearings
3. HELICAL SPRINGS
3.1. Characteristics, loads, production technologies

One type of the mechanically operating springs, made of steel is the cylindrical helical
spring, which characteristic is approximately linear. The main load of each cross-section of
the working threads of helical compression and helical tension springs, acting the external
loads only at their ends, is an approximately constant torque, and that of the helical torsion
spring is an approximately constant bending moment. Due to the loads there is a shear
stress in the compression and tension springs and a normal stress in the torsion spring. The
location of maximum stress is in the sections at the inner diameter. The slightly increment
of the diameter of helical compression springs due to load should be mentioned. It requires
attention when the compression spring is lead in hollow cylinder to avoid buckling. The
helical torsion springs are designed for torque that increases their curvature and decreases
their mean diameter. When the torsion spring is lead by a pin to decrease the danger of
buckling or because of insufficient end clamping, the decrement in diameter and the friction
on the pin should be also considered. The effect of frictional torque to the stiffness, rela-
tively to the frictionless condition is an increase when loading the spring and decrease when
unloading the spring. Their manufacturing technologies are forming (winding), machining
(turning, milling, wire EDM, laser cutting) or both of them. The residual stresses after ma-
chining are much less than after forming, so the ideal characteristics of springs is assured
by machined springs. There is a chance to make multiple coil spring which compensate the
additional radial loads. The end forms are more versatile, and the load can transfer not only
at the ends but anywhere along its length.

3.2. Additional deformations

There are some areas of application where instead of the large deformation caused by
the load, the additional deformation is used for our purpose. This principle is used in certain
force-locking connections, where an axial load produces the necessary radial increment of
the elastic body diameter (ring spring, Belleville spring, or other springs). Helical springs
are also applied in non-conventional areas. In the wrap spring clutch the friction torque is
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produced by a similar manner than in the rope drive. The decrease in diameter of a helical
torsion spring provides the additional deformation.

3.3. The shapes of helical springs

The shape of cross-sections of the springs may be circle, square, rectangle, or other, and
the situation of rectangle may be standing or lying. The cross section of spring wire is con-
stant (prismatic bar) or continuously variable. The spring forms a cylinder, cone or other
solid of revolution. When one of the rolling elements of an epicyclic traction drive should
be substituted by helical torsion spring, the rectangular cross section spring is suggested for
our purpose. Not only is the size of cross section variable but the magnitude and sense of
lead along the length of spring, and also the size of gap between the coils. The type of
spring and production method is chosen to a current task.

4. THE EPICYCLIC TRACTION DRIVE DESIGN
4.1. Locations of helical springs

An io type epicyclic drive contain one inner and one outer connection, the load is dis-
tributed between more planet wheel. Any wheel (sun, planet or ring) can be rigid or highly
elastic spring. All of the rolling elements of the drive may be rigid wheels and all of them
may be helical springs. The number of all the variants is eight considering the two types of
all the three rolling elements. Figure 3 shows the kinematic and velocity diagram of the
mentioned epicyclic drive containing sun- (1), planet- (2) and annular wheel (3) and a
planet carrier (k). The small lead angle, & and the clockwise angular velocity vector, @
are the two important characteristics of the helical torsion spring having right hand helix,
which can substitute the sun wheel. The relative relationship of the sense of rotation and
direction of helix is important, because the spring can transmit torque only in one way. The
last diagram of Figure 3 shows a variant where both the rigid sun wheel and rigid annular
wheel were substituted by right-hand helix helical torsion springs. The annular wheel is
fixed to the frame, the sun wheel joined to the input shaft and the planet carrier to the out-
put shaft.
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Figure 3. An io type epicyclic drive containing two helical torsion springs
as basic elements
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4.2. Operation of pressure device

The usual method, to assure the proper clamping force at the friction pairs, is the instal-
lation of one or more pressure devices. At the analysed drives where some of the basic ele-
ments are substituted by helical torsion spring elements, the detached pressure device is
unnecessary. The springs perform the functions of both one element of the friction pair and
the pressure device. As it visible in Figure 3 the wires of springs have rectangular cross-
sections and are prismatic, with small gap between the coils. The number of planet wheels
is O =3, e.g. The planet wheels are fixed to the carrier with clearance, the outer diameter
of the unloaded sun spring is greater, and that of the annular spring is less, than the current
circle diameter determined by the rigid planet wheels. The condition of operation is the ini-
tial tensioning of the springs. The greater the external load, the greater the twist angle and
the greater the clamping force acting between the mated rolling elements. This is the basis
of the proper service of the pressure device. The clamping force is proportional to the ex-
ternal load (to the torque acting at the output shaft).The drive is unidirectional, but the di-
rection of power flow is changeable.

5. THE MECHANICAL MODEL OF THE SUN WHEEL
5.1. Assumptions and simplifications

The previous train of thought and the study of the suggested traction drive design lead
to a hopefully sufficiently accurate, usable mechanical model of a helical torsion spring
with special loading. The common helical springs are loaded only at their ends, but the load
of spring installed into the epicyclic traction drive as a sun gear, is more complicated. The
input torque is supplied through one end of the spring, which has a relatively small lead
angle, and when this helical spring having the number of coils, n, is in contact with Q piece

of planet wheels, the torque is forwarded to the planet wheels through 7 - Q points. Instead
of the other end, the input torque is forwarded along the spring through 7 -(Q points.

Another assumption is, that all the contact points are equally loaded, i.e. the radial and
tangential reactions are equal to each other. Due to the small lead angle the spring can be
modeled by a circular, prismatic beam with rectangular cross-section. The original shape of
the spring that can produce an equally loaded circular beam at all the contact point, which
are located on the surface of a perfect cylinder, yet is not interesting for us. Due to the small

value of traction coefficient, (£, the tangential components of the contact forces (reactions)
are much less than that of the radials.

5.2. Arc-shaped flat beam model with radial and tangential loads

The arc coordinate, s is started at the free end of the beam. The mean radius of the beam
is O, . The angular coordinate, ¢ at point j of the beam, is

0, =L )



86 Géza Németh—Jozsef Péter—Addam Débréczoni

and (j—l)%-l—Zkﬂ'S(ijj%-i-Zkﬂ', )

where k=0,1,2,...,ent(n) and j=1,2,...,0. 3)

The radial forces and consequently the tangential forces, due to the Coulomb friction
law, are supposed to be equal, so

F=F=.=F =Fad F,=F,=...=F,=F, @)

Figure 4. Arc-shaped flat beam model with radial and tangential loads

The normal load N, shear load S and the bending moment M, along the beam, when

radial loads Fj are acting, is changing as
L } 2
Nj =—F2s1n[(p—(z—l)5] 5)
i=1

S, :Ficos{go—(i—l)%[}, (6

i=1

y 2z
and M, = pOFz sin{(p —(i- I)E} , (7

i=1

respectively. The normal load, N, shear load, S and the bending moment A , along the

beam, when tangential loads, th are acting, is changing as

N, = —thj:cos[(o—(i—l)%[}, ®)
i=1
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S, = —Ezj:sin[(p—(i—l)%}, (€))
i=1

J
and M, =-p,F, kQ+Z{i—cos(¢—(z‘—l)%”ﬂ , (10)
i=1

respectively. Due to the radial loads, along the neutral axes of the beam the loads are
periodically changing, and due to the tangential loads only the normal and shear loads are
periodical, the bending moment is monotonically increasing function, as Figure 5 shows.

The diagrams consider a helical spring with n = 2.75 working coils contacting with Q =
3 piece of planet wheels.

5.3. Slope of the circular beam

The radially acting forces along the circular beam increase the curvature. At the free
end of the beam (@ =0°), when the number of planet wheel is Q = 3, the slope is the
maximum, i.e.

2
_AF

S, = 3n, 11
MllEn (1)

red

that was obtained by Castigliano’s theorem. The area moment of inertia, /,,,, the

Young module, £ and the number of working threads of spring, » is known. The increment
of slope is approximately linear along the beam. At any discrete point it is
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Figure 5. The N(s), S(s) and Mb (8) functions,
due to the radial and tangential loads, respectively (Q =3, n = 2.75)
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2/

, , 1
Sy, (¢>):5M01(1—— j (12)

where ¢ is in radian. In an instant the discrete points are expressed by formula (2). The
tangential forces are the function of the radial ones. When traction lubricant is used in the
drive, a possible value of the traction coefficient, £, =0.06 . The tangential forces along

the circular beam decrease the curvature. The maximum slope is observed at the free

end of the beam, that is
2

S =—p°—En(3n+1)7r. (13)

red

The slope function along the beam is approximately parabolic. Its value at any discrete
point is

" " 1 2
oLl 1) -
The resulting slope, using the superposition principle, is obtained of the sum of the pre-

vious slopes, i.e.
S, (9)= 8y, (0)+ 8y, ().

B oo F 3n+1
I ,E"" 4m

3
5., 0) RO VL) S

This resulting slope function has an extreme value at

1 3n

¢:Z3n+1'

(16)

The slope per each spring threads are the difference of the slopes at the ends of the
stages, SO

Aé‘Mo (k27r) = 5M0 (k27r)— 5M0 ((k — 1)27[) , Where k=1,2,...,n

2
A6, (k2r)= 2oL [M S+l 7z(2k—1)—3}. (17)
n

red

The resulting slope among the threads is changing linearly. This function is negative
everywhere. It means that all of the cross-section of the beam turns outwards. However in

the case of two adjacent threads, between the points, are at As = 27p, distance, may oc-

cur increase in curvature. This takes place just at the free end of the beam. The change in
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the radius of the neutral layer of the circular beam influenced by the loads ( F f ,th) is

negative only until the location of the extreme value (16), i.e.

A = 1—2—7[ (18)
Poie = Fo 27+ A0y, ’
where k=12,...,n and A5M0k =A5MO (k272').

The constraints of /', =const. and F,; = const. loads can be fulfilled if only the

outer diameter of the helical spring is changed. The radius of the unloaded circular beam
should be increased at the free end, and at the other end, where the input torque is supplied,
the diameter should be decreased as shown in the Figure 6. In the case of Q =3 and n = 10,

the extreme value is at @ =16.13 rad =2.5-(27), due to the formula (16).

Ap,,[

‘ 0

Figure 6. The change of radius of the neutral layer along the whole circular beam
6. LOAD CARRYING CAPACITY OF ATINY DRIVE
6.1. The allowable radial and tangential loads

Simple structure low noise traction drives are frequently used at the area of low power elec-
tric motor to modify their speed greatly. Some extremity prosthetics contain io type
epicyclic traction drives which both diameter and length are less than 10 mm. Considering
the increasing need of the mechatronics, the sample problem introduces a small power
drive. Current paper deals with the design questions of sun wheel. The outer diameter of the
wheel, that is now a helical torsion spring, is 5 mm. The cross section of the spring steel

wire is rectangular, axb, as Figure 7 shows. Considering the cross section and the
material, the allowable strength, 0, of the spring is selected. The dimensions and material
properties are summarized in Table 1. The number of working threads, n and each thread is
in contact with Q number of planet wheel. The number of contact points is Q- 7, and at

each contact points there are radial and tangential forces acting. Both the radial and
tangential forces are supposed to be equal to each other. The location of the maximum
stress is at the vicinity of the torque supply (at the end of the n-th thread), at the inner layer
of the beam, at distance 77 of the neutral layer. The beam is considered to be strongly

curved, because the quotient of the mean circle radius, p, and the distance of extreme

layer, e___is equal to 4.

max
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Figure 7. Geometry of the loaded circular beam

The influence of the shear compared to the bending is negligible. Knowing the allowable
normal stress, the maximum allowable bending moment,

- O
bmax 1 1

=...=—76 Nmm , (19)
Pl

pOab Ired p0+77

computed by the well known Grashof formula. Knowing the bending moment, the radial
forces may be estimated as

M _ 91 (20)
,uzponQ

max

Table 1

Geometry and material properties of the sum wheel

0=3n=10 x4, =0,06 o, =1100MPa 77:—%
F,F,...F,) E=2]1-10’MPa
FiFy s Fyon v=03
Py =2 mm a=05mm  b=1mm
st Py
2 emax
2 b
I, = apg[lnL —ij =...=0,0433mm*
2p,—b  p,

Let the values of radial forces, F =20N and that of the tangential forces,
F, = p F =1,2N . The stress distribution in the beam is very unequal.
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6.2. The constraints of the proper operation

According to the theoretical model, when constant values of /' and F, forces are acting

along the beam, the shape (the meridian curve) of the helical spring at the free end is less
than the original, and at the input shaft it is greater than the original, as it derived from the
formula (18). Vice versa, the outside diameter of the spring should be modified to obtain
the constraints of the original problem. The radial deflection of beam is very small, it is
changing between -6.8 £im and +22.4 fim . Let suppose, that in case of so small deflection,

relatively to the mean radius, o, of the beam, the forces generate approximately the same

value of deflections, when the unloaded condition deviates of the perfect cylinder, as Fig-
ure 6 shows, and the loaded shape will be a perfect cylinder. The original cylindrical shape
of the spring should be modified by grinding, e.g., to get an unloaded spring having
0.0068mm greater radius at the free end and 0.0224mm less at the torque input. The proper
operation requires some initial tensioning, that is why the theoretical generatrix of the cone
should be shifted farther of the axis of the cone. To develop the accurate deflection in the
sun spring, the bearings of planet wheels should be installed into the planet carrier with
high accuracy.

6.3. Spring characteristics, assembly of the sun wheel
The maximum input torque can be estimated by

— Kaall z]\4

max bmax
k 0

=T75Nmm (21)

The maximum distorsion of the helical spring, at the maximum torque is

2
M _1.07rad =613°. 22)

max max
[ red E

The decrement of the diameter according to the previous distorsion is

Ad =2Ap, =2(p, - p3)=2p, 1_(L

n + (Dmax j
27

=..=0,067mm, (23)

and this provide the chance of a convenient assembly process.
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6.4. The contact stresses

Knowing the radius and the material properties of the contacting sun wheel (spring) and the
planet wheel, and using the symbols of Figure 3, the Hertzian contact stress can be com-
puter by the following process.

g v =...=1132:10° MPa,
2l-v
1 1
nn=25mm r,=85mm R=—+—=..=193mm,
non

* 5
o :\/FE _ [20N-LI32-10°MPa _ gy o

anRk 0,5mm -7 -1,93mm
The obtained Hertzian stress is allowable in case of usual spring steels.

7. SUMMARY

In the area of epicyclic traction drives an innovative approach was introduced. The clamp-
ing force required for the operation was ensured by the flexible design of the traction
wheels. In this solution detached pressure device is no longer required. The static model of
the sun wheel formed of helical torsion spring was created. The unloaded shape of helical
spring, capable for assuring the uniform load distribution along the spring, was calculated.
The maximum allowable torque and the maximum angle of twist during the assembly
process were calculated. The checking of Hertzian contact stress was also made.
Substitution of the annular wheel by helical spring, too, helps us to assure the clamping
force proportional to the external load. The possibility of the self aligning of planet wheels
hopefully helps the more uniform load distribution. The most sensitive element of the
introduced tracton drive is the sun wheel that can transmit approximately 75 Nmm torque
which is the input torque of the drive.
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