Forschung im Ingenieurwesen (2023) 87:833-844
https://doi.org/10.1007/s10010-023-00676-5

ORIGINALARBEITEN/ORIGINALS

®

Check for
updates

Analytical method for calculating the nominal tooth root stress in
worm gear shafts

Johannes Griinder' - Alexander Monz'

Received: 10 March 2023 / Accepted: 18 May 2023 / Published online: 21 June 2023
© The Author(s) 2023

Abstract

According to the state of the art, worm gears are designed due to the softer bronze-material of the worm wheel primarily
against damage of the wheel because of wear, pitting or breakage of the teeth. The aim of research in the last decades is
to optimize the load capacity on the worm wheel by using higher-strength bronze alloys, cast iron or steel to increase the
transmission capacity of worm gears. This development may lead to an increased number of damage cases on the worm
shaft. In literature, documented cases of tooth segment fractures of the worm shaft can already be found. Since the worm is
only designed against deflection according to the state of the art, there is a need for a method to calculate the material stress
in worm shafts. This paper presents an analytical method based on the nominal stress approach for calculating bending,
compression, and shear stresses in the tooth root of worm shafts to close this gap. The stresses resulting from different
load distributions in the tooth contact due to assembly deviations are calculated with the presented method and compared
with results from the Finite Element Method.

Analytische Methode zur Berechnung der Nennspannungen im Zahnfu3 von Schneckenwellen

Zusammenfassung

Schneckengetriebe werden nach dem Stand der Technik aufgrund des deutlich weicheren Bronze-Werkstoffes primir auf
Seite des Schneckenrades gegen Verschleif3, Griibchenbildung und ZahnfuBbruch des Rades ausgelegt. Ziel der Forschung
ist daher hiufig die Lastoptimierung der Schneckenrdder durch den Einsatz von hoherfesten Bronze-Legierungen, Gusseisen
oder Stahl zur Steigerung der iibertragbaren Leistung der Schneckengetriebe. Dadurch wird potenziell die Leistungsgrenze
der Getriebe in einigen Betriebsbereichen hin zur Schneckenwelle verschoben. In der Literatur finden sich bereits do-
kumentierte Fille von Zahnbriichen an der Schneckenwelle. Da die Schneckenwelle nach Stand der Technik nur gegen
Durchbiegung ausgelegt wird ergibt sich die Notwendigkeit einer Methode zur Berechnung der Materialbeanspruchung in
Schneckenwellen. In dieser Arbeit wird eine analytische Methode auf Basis des Nennspannungsansatzes zur Berechnung
von Biege-, Druck- und Schubspannungen im Zahnfull von Schneckenwellen vorgestellt. Die aus verschiedenen Last-
tragbildern resultierenden Spannungen werden mit der vorgestellten Methode berechnet und mit Ergebnissen der Finiten
Elemente Methode verglichen.

1 Tooth fracture on worm shafts one gear stage, high transmissible torques and smooth-run-
ning properties. Due to the high sliding ratio and the high
temperatures occurring in tooth contact, the worm shaft is
usually made of case-hardened steel and the worm wheel of
a copper-tin alloy to avoid scuffing damage. The design of
worm gears is primarily carried out on the side of the wheel
to prevent excessive wear and pitting of the tooth flanks as

well as tooth fracture due to the softer material. The worm

Worm gears are helical gear units with an axis cross an-
gle of 90° and are characterized by large gear ratios in
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shaft on the other hand is designed according to the state of
the art in DIN 3996 [1] and ISO/TS 14521 [2] only against
deflection to prevent displacements of the contact pattern
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and increase of local loads on the tooth flanks [1, 3]. Fur-
ther investigations in [4, 5] aim to improve this calculation
method. In ANSI/AGMA 6022-C93 [6], an additional de-
sign aspect provides the calculation of the bending stress in
the worm shaft with a highly simplified approach.

Addressing the damage on worm shafts, only the for-
mation of scores and cracks on the tooth flank surfaces is
studied in detail in [7, 8]. However, fractures of the worm
teeth are observed in various research projects [9-13] as
side effect during other investigations. Photographs of the
damages as documented in the literature are shown in Fig. 1.
The fractures are attributed to low material quality in [9],
to contamination with water in [11] and to the influence
of inductive hardening of the worms’ surface layer in [13].
In [10, 12], the damage is observed when operating with
standard bronze and without unusual external influences.

Past and current efforts to enhance the wheel material
by using higher strength bronze alloys [12] or to substi-
tute bronze with cast iron [9, 14] and steel [15, 16] aim to
increase the transmissible torque at the wheel. This devel-
opment may lead to the strength of the worm shaft con-
straining the performance. To close this gap in the state of
the art, the authors devote this paper to the development of
a method for calculating the material stress in the tooth root
of the worm shaft.

2 State of the art

For designing helical gears against fracture at the tooth
root, the maximum local stress o is usually compared with
the tooth root stress limit 6r¢ which is calculated from the
permissible stress orp by considering stress concentration,
higher load capacity for a limited number of load cycles,
notch sensitivity, surface roughness and the influence of the
tooth dimensions on the tooth bending strength. According
to ISO 6336-3 [17], it is assumed that exceeding the per-
missible bending stress results in damage of the gear. The
safety factor Sr is calculated according to Eq. 1.
OFG

SF =—2= SFmin (1)
OF

The gearbox is assumed to be operated safely with S
being equal to or greater than Sgu,. In DIN 3990-1 [18] it
is recommended to select the minimum safety factor Sgin
depending on the accuracy of the used calculation method
and specific for different applications. In ISO 6336-3 [17],
the maximum local tooth root stress or is obtained by mul-
tiplying the nominal tooth root stress o with various stress
correction factors. The nominal tooth root stress o5 is cal-
culated according to Eq. 2 by the ratio of the nominal tan-
gential load F; to the product of the facewidth b and the
normal module m,. Various influences on the bending stress
such as the gears tooth form factor Yr, the stress concentra-
tion factor Y, the factor Y; for the irregular load distribution
along the contact lines in helical gears, the rim thickness
factor Yz and the deep tooth factor Ypr for high precision
gears are additionally considered.

Fy

OF0 =4 -Yp-Ys-Yg-Yp-Ypr ()

mp

When designing worm wheels according to DIN 3996
[1], the maximum shear stress 7r is compared with the shear
stress limit 77 from which a safety factor Sr is calculated.
This method is also based on a nominal stress approach by
obtaining tr from the ratio of the tangential force Fi., to
the product of the facewidth b,y and the axial modulus my
multiplied by similar stress correction factors.

The FKM guideline [19] offers a comprehensive calcula-
tion method for assessing the strength of components with
any geometry under both static and dynamic load by per-
forming in depth analysis with the Finite Element Method
(FEM). Since this procedure is usually very time-consum-
ing, it can only be applied to a small number of components
with reasonable effort. The permissible stress of any com-
ponent at the most stressed location depends on the material
and the respective quality, the manufacturing process, the
technological size, the surface roughness, the hardness of
the component as well as the experienced load over time.
Specific studies on the strength of worm shafts and the
influences are hardly available. Reference values for the

Fig. 1 Broken teeth on worm shafts due to overload. (From a—d [9-12])
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roughness of the worm shaft are given in DIN 3996 [1]
while detailed measurements are provided in [12, 20-22].
Data of measured surface hardness is found in [20, 22, 23].
At the current state of the art, the strength of worm shaft
geometries cannot be determined.

2.1 Stress calculation in worm gears

According to ANSI/AGMA 6022-C93 [6], the design of
worm shafts against deflection and bending stress is based
on the model of a circular bending beam. The maximum
bending stress S, is compared with the permissible stress de-
pending on the material. Stress concentrations in the worm
thread due to the tooth rounding as well as the load dis-
tribution and the geometric influence on the worm shafts
stiffness remains unattended.

The stress concentration in grooved shafts can be calcu-
lated using the method described in DIN 743-2 [24]. Due
to the helical geometry of the worm thread, this method is
not suitable for calculating the local bending stress.

To calculate the stress in the tooth root fillet, an ap-
proach based on the slice theory was formulated in [25].
Bending, compression and shear stresses are calculated in
each loaded slice along the contact line. The method does
not consider the distribution of stress in the tooth root under
point load.

In experimental studies carried out in [26], the bending
of the worm and wheel teeth were measured with an optical
interferometer and an empirical equation for calculating the
material stress in the tooth root based on the measurements
was derived. The influence of deviation-related contact pat-
terns on the tooth deformation and tooth root stress was
investigated.

To calculate the tooth root stress in both worm and wheel,
in [27] an approach based on the finite element method was
developed. The calculations were performed with a constant
line load to investigate the influence of geometry parameters
on the stress and to approximate the distribution in the tooth
root with equations.

Investigations of material stress in worm gears were car-
ried out in [28, 29] for both the worm and the wheel teeth
using FEM. The investigations were application-related and
did not aim to develop a calculation method for the stress
in the worm. Further investigations in [10, 30, 31] using
FEM were focused exclusively on the material stress in the
worm wheels.

2.2 Load distribution in worm gears

The load distribution in the tooth contact of worm gears de-
pends on the contact points between the flanks. In ISO/TR
10828 [32], a method for calculating the contact lines in
unloaded condition is presented. The basis for the Software

SNETRA by the German Research Association for Drive
Trains (FVA) for calculating load patterns under load was
provided in [33]. By simulating the manufacturing process
and considering assembly deviations, the load distribution
can be predetermined during the design process. The ana-
lytical approximation of the stiffness matrix of all contact
points allows the time-efficient calculation of a wide vari-
ety of different geometric parameters. The availability of
the contact load distribution is the basic requirement for
calculating the material stresses in the bodies.

2.3 Stress calculation in helical spur gears

An extended calculation approach for the tooth root stress in
helical spur gears based on DIN 3990-3 [34] was developed
in [35] by considering the load distribution on the tooth
flanks and the supporting effect of the unloaded width of
the tooth. The distribution of the bending stress in the tooth
root is calculated using approximate equations developed in
[36] based on numerical investigations of straight cantilever
plates.

3 General stress in worm shafts

Worm shafts experience various types of stress during op-
eration. On the one hand, stresses occur in the tooth root
due to the load transmission like a helical spur gear. The
stress distribution in the tooth root is different due to the
curvature of the teeth around the worm shaft axis and the
constant supporting effect of the teeth on both sides of the
contact line due to the continuous helical geometry. On the
other hand, bending stresses occur in the tooth gap of the
worm, since it is usually designed with a large distance be-
tween the bearings and relatively small diameters. Because
of the helical geometry of the tooth gap, the stress cannot
be calculated according to DIN 743-2 [24] since there is
no similar groove provided. According to [37], the tooth
root of external gears experience bending, compression and
shear. The stress in the tooth root and in the cross section
of the shaft is shown schematically in Fig. 2.

The ability to accurately calculate stress in worm shafts
offers the potential to derive a simplified yet validated cal-
culation method. First, the stresses in the tooth root of
a worm shaft with standard reference geometry according
to DIN 3996 [1] and DIN 3975-1 [38] are calculated at
a defined operating point for a deviation-free toothing using
FEM. The gearing and load data of the investigated geome-
try as well as the contact pattern including the lines of con-
tact and the load distribution as calculated with SNETRA
[33] are summarized in Table 1. The load distribution on
several tooth flanks due to the overlap ¢ is already consid-
ered in the contact pattern calculation.
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Fig.2 Schematic stress in the T

tooth root and in the transverse O4

section of a worm shaft

M,(2) W

Table 1 Gear geometry, load data, contact lines and load distribution on the tooth flanks as calculated with SNETRA

Variable Unit Value Material data, load data and load distribution

a [mm] 100 Material Worm, Wheel [-] 16MnCr5/CuSn12-C-GZ
2/21 [-] 4172 EVE> [N/mm?] 210,000/98,100

q [-] 9 vi/v2 [-] 0.3/0.35

M [mm] 4 1> [Nm] 1350

ao [°] 20 ni [rpm] 60

T [mm] 1.52 Line load F [N/mm] 150 T 500
Hp* [-] 1.25 OH,max [N/mm?] 694,54

ha* (-] 1.00 gl

b [mm] 65 sk

by [mm] 30 EE

I [mm] 160

Contact lines

Load distribution

3.1 FEM-Model for calculating the stress in the
tooth fillet

To build the FEM model, a toothed segment of the worm
shaft is separated and clamped with a fixed support at the
cut surfaces. The load is applied along an imprinted contact
line on the tooth flank according to the calculated load dis-
tribution as seen in Table 1. For this purpose, the line load F
as calculated with SNETRA is converted to n point loads
for every node along the contact line in the FEM. Assuming
that contact forces are always acting normal to the contact
surface, the line load F is divided into its components F\, F
and F, by calculating the direction of the normal vector in
each point along the contact line. The FEM model is shown
in Fig. 3.

The model is solved for 10 equally distributed contact
lines of the contact pattern as shown in Table 1, starting
with the line in point A of the first contact. The evalua-
tion of the results is further carried out in the point of the
maximum principal stress ;. The components of the stress
tensor s are evaluated along paths intersecting this point in
the circumferential (path ), the tooth root rounding (path
B.1) and the normal direction into the component (path #) as
shown in Fig. 3. The maximum principal stress o, resulting
from passing through the entire contact pattern is shown

@ Springer

in Fig. 4. It can be observed that the maximum stress is
not caused by either the largest lever arms when contact
happens at the tip diameter, or the largest line loads near
the root diameter. Fig. 5, 6 and 7 show the evaluated stress
components along the paths as defined in Fig. 3.
According to Fig. 5, the normal stresses o, and o, and
the shear stress 7, represent the dominant components. The
maximum bending stress oy Occurs in the tooth root ra-
dius at 3,;; = 60° as seen in Fig. 6 which corresponds to the
assumption of the location at the 30° tangent according to
ISO 6336-3 [17]. The maximum of all stress components

Fig.3 FEM-Model for calculating the stress distribution in the tooth
root under line load
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Fig.4 Distribution of the maximum principal stress ¢; in the tooth
root as calculated with FEM for 10 contact lines of the contact pattern
shown in Table 1
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Fig.5 Stress components calculated with FEM along path 3
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Fig.6 Stress components calculated with FEM along path B,z
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Fig.7 Stress components calculated with FEM along path t

is located at the surface of the tooth rounding where =0
as seen in Fig. 7. Therefore, only the stress at the surface
is considered in the following elaboration.

4 Analytical calculation model

To calculate the stress in the tooth root of worm shafts,
an initial approach based on the calculation of the nomi-
nal stresses following the method according to ISO 6336-3
[17], DIN 3990-3 [34] and the extended calculation method
in [35] is presented. Further, equations for the calculation
of the nominal bending, compression and shear stresses in
the tooth root are derived. The calculation model is based
on the discretization of the line load F along each contact
line. The stress distributions resulting from each individual
point load F; are summarized to calculate the total stress
distribution in the worm tooth root. The method is shown
in Fig. 8.

The dismantling of the point load F; into its components
F.;, F,; and F; at any point Pg; = (x; | y; | z;) along the contact
line is performed by obtaining the direction of the normal
vector np; at Pr; on the surface of the flank. The force vector
components F,; and F); need to be rotated in every point Pg;
by the position angle Sz so that F,/ points in tangential and
F,/ in radial direction. The force components are rotated
according to Eqgs. 3 and 4.

Fyi/ = Fx;-cos(Br,i)— Fy,;-sin(Br,) ©)
Fyir=Fy;-cos(BF,;)+ Fx,-sin(Br.) 4)

The force component F; always points in axial direction
and does not need to be converted. Figure 9 shows the
rotation of the force components of a single point load F;
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Fig.8 Calculation model for discrete load application and stress dis-
tribution

in point Pg;. The radius r; of the force application point
corresponds to the distance of the point Pg; to the worm
axis.

Equations are formulated for the types of loads in the
tooth root of the meshing flank of an external gear according
to [37]. The calculation of the nominal stress is based on
a worm shaft with ZA flank profile and geometry according
to DIN 3975-1 ([38], see Fig. 10).

Following DIN 3990-3 [34], the nominal bending stress
Obnom 18 related to the tooth thickness sy at the root circle
diameter dy in the effective direction of the forces F.' and
F,/ at the angle yr.

The tooth thickness s in the axial section is determined
approximately according to Eq. 5.

Sfx = Smx tlan (o) - (dml - dfl) ®)

/ \—></ \\\ h h
30° 300 N Fe
/
/
d [/ "\ -
1 / \\
a 4 \\/ I
Qo 7z 1
/ '/ /—\ T
d Stx,30 \
fl
Sfx

Worm shaft

\ T} z. . d,/2
| L d

/2

al

Fig. 9 Load application in the calculation model

The tooth thickness sy, is calculated for every force ap-
plication point by Eq. 6.

Fyr
Sfy =8 fx - cos | arctan (6)
F;

To calculate the bending Moment M,, the effective lever
arm Ay, is adopted from DIN 3990-3 [34] and modified for
the worm geometry. It represents the distance between dj
and the point of intersection of the centre of the tooth with
the force line resulting from F,’ and F. in the axial section.
The effective lever arm is calculated according to Eq. 7.

d F,’
hpe=ri— % — tan (arctan (Ty)) S fx
z

(N

Fig. 10 Geometric parameters of the worm shaft tooth with ZA flank profile

@ Springer
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The nominal bending stress oy, resulting from the tan- 1
gential and axial force components F,” and F; is calculated 0975
according to Eq. 8. &
5 0,95
(9]
o _ Mb _\/ Fx,2+F22'hFe (8) % 0,925
= — = (2]
b.nom Wy 5ry° £
6 s 09
Q
Q
? 0,875
The nominal compressive stress 6,,.0n 1S calculated using
. , . . 0,85 ek
the radial force F,’ according to Eq. 9 and is related to the 10 100 1000 10000

tooth thickness sy at the root diameter in the axial section.

F; Fy
Odpom = — = ——

A sy ®

The nominal shear stress 7;..,» is calculated from the
forces in tangential and axial directions F,” and F in relation
to the tooth root thickness s, at the root circle diameter dy
in the direction of the force according to Eq. 10.

Fs VF?+ F;?
=t

Sty

(10)

Ts,nom =

4.1 Numerical calculation of the distribution of
force and moment on a curved plate

To calculate the nominal stress, the distribution of the bend-
ing moment as well as the reaction forces at the root of the
tooth need to be considered. For this purpose, numerical
simulations using FEM are carried out on a plate model ac-
cording to [36] but with modified geometry. The presented
plate geometry corresponds to the standard reference ge-
ometry of a worm shaft according to DIN 3996 [1] and
DIN 3975-1 [38]. The plate is located at the centre of the
worm tooth segment and is loaded with a point load F= 1N
at the point Pr= (xr | yr | zr). The lever arm £ is the distance
of the point Pr to the clamping at the root circle diameter.
The model is shown in Fig. 11.

Fig. 11 Modified curved plate with worm shaft geometry

worm shaft root diameter d¢; in mm

Fig. 12 The Supporting effect of curved plates

The response variables M., F, and F. are distributed at
the clamping under load. The integral of the distribution
of the reaction moment is equal to the product of force F
and lever arm A. The curvature of the plate compared to
the model of a straight spur gear tooth reduces the reaction
moment in the tooth root due to the supporting effect of
the non-loaded areas of the worm. The support factor of
the curved geometry is considered via the function K. The
reaction moment is calculated according to Eq. 11.

/Mb=F-h-KS (11

To determine the supporting effect Ky, the root circle diam-
eter dy of the plate is varied up until the curvature is equal
to a uncurved plate for Fz=IN and h=0.9. The values
are calculated from the difference of the nominal moment
and the integral of the reaction moment of the numerical
solution.

The increase of the supporting effect with decreasing
diameter and thus the reduction of the bending moment
is shown in Fig. 12. The function K is approximated by
Eq. 12.

_9. % 0,125
Ks=f(q.hp* ha™) = (Zﬂi}fz:*) (12)

Figure 13 shows the model of a straight tooth with a con-
tact line that does not extend over the entire width of the
flank. According to [35], the length and position of the con-
tact line change the distribution of the bending moment.
When analysing the worm geometry, no case distinction is
necessary since there are always identical supporting widths
to both sides of the contact line for each possible posi-
tion on the worm flank as well as no free-standing tooth
ends.
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Fig. 13 Supporting and non- b B
supporting tooth width on helical contact line -
gear and worm shaft by, \
8 )
¥ 3
N v
’\Q) I
& &,
F 4 e \
Spur gear Worm shaft

\:] Loaded tooth with

D Supporting tooth width

4.2 Approximate function for the distribution of
force and moment

The force and moment distributions on the curved plate are
approximated with the equation of the standard normal dis-
tribution. The distribution function D is defined in Eq. 13.

_(B-BF\?
D=f(ﬂvﬂF,P1,P2)=P1'€(( 2 )) (13)

In function D, the parameter p; resembles the maximum
value, p, the opening width and Sr the angular position of
the force application point according to Fig. 9. The distribu-
tions resulting from the numerical plate model are evaluated
as an example for the bending moment Dy, (see Fig. 14)
and the shear force D, (see Fig. 15) under load with F= 1N
and different lever arms 4. The lever arm /4 is normalized
with dj; corresponding to 0 and d,, to 1.

The change of the parameters p; and p; of the distribution
function D depending on the lever arm h are approximated

0.3
—h=0.1
——h=0.3
h=0.5
——h=0.7
g 02 F —h=0.9] 1
Z
.g
o]
=
A o1t 1
0 1
-m/2 -m/4 0 /4 /2

,81 in rad

Fig. 14 Distribution of the moment reaction My in the tooth root cal-
culated with the plate model

@ Springer

with 2nd degree polynomials with the parameters k;, k> and
ks according to Eq. 14.

pra=ki-h*+ky-h+ks (14)

The variation of the parameters p; and p, depending on
the lever arm % is shown in Fig. 16 for the moment dis-
tribution Dy, and in Fig. 17 for the axial reaction force
distribution Dr..

5 Calculation of the stress distribution

The individual stress distribution 6y,,mp,; in the tooth root
resulting from each individual load F; along a contact line
of the contact pattern is calculated according to Eq. 15.
using Egs. 8, 12 and 13.

My ;
Ob,nom,D,i = Wb — KS : Db,i (15)
Ji
0.3 T . -
—h=0.1
—h=0.3
h=0.5
——h=0.7
02r ———h=0.9|
Z
R=!
N
5%
@)
0.1F 1
0 1
-m/2 -t/4 0 /4 /2
,61 in rad

Fig. 15 Distribution of the force reaction F; in the tooth root calculated
with the plate model
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Fig. 16 Parameters p/ and p2 of the moment distribution function Dy
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Fig. 17 Parameters p/ and p2 of the force distribution function D,

The total stress distribution 6y..mp is calculated by su-
perimposing the single distributions 6s,.0mn,; for one contact
line according to Eq. 16.

Ob,nom,D = Z Ob,nom,D,i (16)

a) deviation-free assembly

b) axial displaced worm

The stress distributions are calculated for the gear ge-
ometry and load as shown in Table 1. The calculation
is performed for a deviation-free assembly, a displaced
worm in axial direction by Aa=-0.2mm and a displace-
ment in width direction by Ab=-0.2 mm as defined in [33].
The load patterns calculated with SNETRA are shown in
Fig. 18.

Applying the presented calculation method, the results
of the nominal stress components G uom, Ganom and Tspom fOr
each contact pattern are shown in Fig. 19. Since the stress
concentration in the tooth root rounding is not considered,
all stress components are normalized for comparison to the
respective maximum value of the deviation-free assembly.
The normalisation is carried out exemplarily for the bend-
ing stress 6. according to Eq. 17. Although the stress
concentration effect in the worm tooth root rounding is not
included in the calculation, the amount of increase of the
stress level caused by assembly deviations is expected to
be accurate. It is observed that the contact patterns of the
deviating assemblies do impact the maximum values of the
stress components with the shear stress being the most af-
fected with an increase of up to 72%.

Op,nom

max (Ob,deviation—free)

Ob,norm = a7

6 Validation and discussion

As shown in Fig. 20, the analytical calculated bending stress
distribution for ;. is corresponding with the FEM-results
for the stress component o, when compared qualitatively,
although the contours of the distributions differ slightly.
Since the stress concentration is not considered, all stress
values are normalized to the respective maximum value.
The reason for the divergence is due to the stress component
o, from the FEM calculation being similar to the bending
stress due to its direction on the worm tooth root but does
not correspond exactly to the same value. It is not possible
to determine the amount of bending stress in the 3D FEM
analysis because of the complex triaxial stress state.

Fin [N]
>200
150
100
50
0

¢) width displaced worm

Fig. 18 Calculated load distributions F using SNETRA of the standard reference geometry under load with T2 = /350 Nm and n; = 60rpm. The
point loads in the contact patterns are shown for a) deviation-free assembly, b) axial displaced worm (Aa = —0.2 mm) and c) width displaced worm

(Ab=-0.2mm)
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a) deviation-free assembly b) axial displacement ¢) width displacement
Ob,norm,max = 1;00 Ob,norm,max — ],27 Ob,norm,max — 1,35
Op,norm & = :
A A A
72 =l2
Odnormmax = 1,00 Odnormmax = 1,51 Odnormmax = 1,71
Od norm kB &
A A
=12 x2 xl2
Ts,norm,max — 1, 00 Ts,norm, max — 1,52 Ts,norm,max = I, 72
Ts,norm & . | B
A A A
2

Fig. 19 Calculated nominal bending stress p,nom, Nominal compressive stress 0d,nom and nominal shear stress Tsnom for the contact patterns calcu-
lated with SNETRA: a) deviation-free assembly, b) axial displaced worm and c) width displaced worm. All values of the stress components are
normalized to the corresponding max. value of the deviation-free assembly

Fig.20 Comparison between a) Normal stress 6, FEM-result . b) Nominal bending stress oy, analytical
the distribution of a) the normal- E nomalized result
ized normal stress component oy t - | ' 1
calculated with FEM and b)the ‘
normalized bending stress com-
ponent 6p,nom calculated with the
analytical method -
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7 Summary and conclusion

The presented calculation method allows design engineers
do determine the expected nominal stress in the tooth root
of worm shafts based on the load distribution in the tooth
contact. The results show qualitatively good accuracy com-
pared to the results calculated with FEM while the calcu-
lation time becomes faster and thus more efficient. This
enables a fast and easy comparison of the stress overload
between different worm geometries for different operating
points. However, at the current stage of development, no
statement about the actual stress values is possible since
the stress concentration effect of the tooth root rounding is
not considered. In addition, the lack of experimental data
of permissible stresses of the worm shaft geometries does
not allow to calculate the proof of strength.

The subject of future investigations can therefore be the
stress concentration effect occurring in worm tooth root
rounding by either specific calculation using FEM or adap-
tation of existing values in accordance with ISO 6336 [17]
and DIN 3990-3 [34]. To provide a strength verification, the
location experiencing the highest stress value is required.
Since the worm is rotating and the locations along the shaft
are stationary with respect to the axis position, it is not
possible to directly identify a main stressed location from
the presented calculation results. It is conceivable to derive
periodic stress curves of the individual locations along the
worm shaft. Like the stress concentration effect in the root
of the worm shaft, the stress concentration of the helicoidal
tooth space experiencing bending stress remains unknown.
The adaptation of the method according to DIN 743-2 [24]
in combination with the determination of new stress concen-
tration factors for helical grooves offers potential. Finally,
experimental investigations of the permissible stresses of
different worm shaft geometries, both under load in the
tooth contact area as well under bending stress, are neces-
sary to calculate the strength of worm shafts.

8 Nomenclature

The nomenclature is shown in Table 2.

Table2 Symbols

a Centre distance [mm]

by, b2 Worm thread width, wheel width [mm]

dai, df1, dmi Diameters of the worm shaft [mm]

h, hre Lever arm and effective lever arm [mm]

har®, hgr* ‘Worms tooth height factors [—]

ki, k2, k3 Coefficients of parameter functions [—]

I Bearing distance of the worm [mm]

My, my Axial modulus, normal modulus [mm]

nj Rotational speed of the worm [rpm]

pi1.p2 Parameters of distribution functions /-]

q Form factor /-]

r Radius of the force application point/mm]

11 Tooth root radius

N Tooth widths of the worm [mm]

t Depth coordinate [mm]

X )z Cartesian coordinate directions [mm]

21, 22 Number of threads of the worm and teeth of the
worm wheel [—]

A Surface area [mm?]
Start point of the contact path [—]

D Distribution functions [—]

E End point of the contact path [-]

E;, E> Youngs modulus of worm and wheel [N/mm?]

F Point force [N] or line load [N/mm]

Ks Support effect function [—]

My Bending moment [Nm]

Pr Force application point /-]

T> Moment on the worm wheel [Nm]

SF Safety factor against tooth fracture /-]

SFmin Minimum safety factor [—]

Wp Section modulus [mm?]

Yr, Ys, Y3, Y3, Tooth bending stress correction factors [—]

Ypr

ao Normal engagement angle [°]

a Force angle in yz-plane [°]

g Position on the tooth root [°]

B Position on the tooth root rounding /°/

YF Force angle in xz-plane [°]

o Normal stress [N/mm?]

OFG, OFP Stress limit and permissible stress [N/mm?]

OF, OF0 Maximum local and nominal stress [N/mm?]

a1 Maximum principal stress [N/mm?]

OHmax Maximum Hertzian contact pressure [N/mm?]

T Shear stress [N/mm?]

TFG Shear stress limit [N/mm?]

TF Maximum local shear stress [N/mm?]

v, V2 Poisson ratio of worm and wheel /-]
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