
Introduction
Worm gears belong to the cross axis drives; with them a very 
high gear ratio can be realized in one stage. But this advan-
tage is coupled with a high sliding velocity between the mesh-
ing gear teeth. Therefore the tooth friction and also the tooth 
friction power losses are higher than with other gear variants. 
By the construction of gear solutions it is important to know 
their future efficiency. Previous calculations can help engi-
neers to compare the different solution principles with each 
other and to choose the best variant. In this case, a single-
worm gearbox competes with a complex multi-stage, heli-
cal gear/bevel gear transmission. By the last variant, more 
responsible empirical equations exist to predict the power 
losses in all stages (Refs. 2–4). Unfortunately the standardized 
empirical calculation method (Ref. 5) for determining the ef-
ficiency of worm gear drives is not useful if the gear ratio dif-
fers from 20.5. Another disadvantage of this calculation is that 
it ignores the variation of lubricant oil and surface roughness. 
These omissions complicate the prediction of the efficiency 
of worm gear drives. At the University of Kaiserslautern, a 
calculation method to determine the tribological behavior of 
worm gear drives has been developed. This method is able 
to calculate the local tooth friction and thereby the efficiency 
of the gear meshing. Taking into consideration the other loss 
components in the gearbox, the efficiency of the complete 
gear unit can also be calculated. This calculation method is 
presented in detail in this paper.

Power Flow in Worm Gear 
Drives

Worm gear units are very compact; 
a single gearbox includes only two 
shafts with the coupled worm and 
worm wheel, bearings, seals, and 
oil sump. These machine elements 
cause power losses in the transmis-
sion. Therefore the losses in worm 
gear drives can basically be traced 
back to four reasons; tooth friction Pltf; 
oil churning Plchur; bearings Plbear; and 
shaft seals Plseal losses. The potential 

loss sources in a worm gearbox and the power flow assigned 
to the Shafts 1 and 2 in a worm gear drive are illustrated in 
Figure 1. To determine these power losses it is necessary 
to know the local loads of every machine element. The loss 
sources can be divided into load-dependent and no-load-de-
pendent components. Load-dependent power losses are the 
tooth friction power losses and the bearing power losses. But 
the latter has also a no-load-dependent part. Other no-load-
dependent power losses are the churning and the shaft seals 
power losses. In the next section the determination of power 
losses is described.

Calculation of Power Losses in Worm Gear 
Drives

Tooth friction power losses. To determine the tooth friction 
in worm gear drives, a tribological calculation method has 
been developed at the Institute of Machine Elements, Gears, 
and Transmissions (MEGT), University of Kaiserslautern 
(Ref. 1).This simplified tribological model of the tooth mesh-
ing by worm gears is shown in Figure 2.

The first step of this calculation is determining the contact. 
Worm gear drives have a line contact. Several points of the 
current contact line are calculated by a solution of the “equa-
tion of meshing.” According to the equation of meshing, the 
normal vector of the common surface is perpendicular to 
the relative velocity vector of the bodies at the contact point 
(Ref. 6). Between two calculated contact points of a single 
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Figure 1 � Power losses and power flow in a worm gear unit.
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contact line — according to Niemann — the tooth flanks are 
substituted by rolls whose radius coincides with their re-
duced radius of the curvature, and the rolls perform rotation-
al motion of the same or opposite direction as the velocity 
valid for the given contact point. If the pressure mound above 
the flattening was approached according to Hertz, then the 
oil film thickness between the pairs of rolls can be calculated 
analytically (compare Figure 2). Because worm gear drives 
are usually working under mixed lubrication, it is necessary 
to determine the local proportions of the dry and fluid fric-
tion mechanisms. It is estimated with pre-computed division 
curve, which represents the rate of boundary lubrication de-
pending on the dimensionless film thickness. The generation 
of this curve is based upon the statistical description of the 
representative roughness profiles of the tooth flanks and the 
contact mechanics (Ref. 1). With knowledge of the film thick-
ness and the rate of boundary lubrication, the load distribu-
tion along the contact lines can be calculated iteratively. This 
technique was developed by Bouché (Ref. 7) and is based on 
the special wear properties of worm gears with full contact 
pattern. In the next step of the simulation a mixed friction 
coefficient between a pair of rolls is recorded. The friction be-
tween the teeth generates heat rise. Therefore both the con-
tacting surfaces and the oil film between them are heated by 
friction. The calculation of the surface temperature is based 
on the numerical solution of Fourier’s law for heat conduc-
tion. Our solution-technique is founded on Plote’s method 
with Fourier integrals (Ref. 8). The oil temperature in the con-
tact is calculated according to the simplified energy equation 
of the oil film. To calculate the surface 
temperatures and the oil middle tem-
perature, the Fourier and the energy 
equations are solved simultaneously. 
Knowing the distribution of the oil 
temperature, an oil viscosity and an 
oil film shearing can be calculated as 
well. This shearing is two-dimension-
al in the gap by worm gear drives. By 
integrating the shear stress along the 
penetration surface, the frictional force 
arising from hydrodynamic lubrication 
can be elaborated. In mixed lubrica-
tion, the friction coefficient consists 

of a component arising from bound-
ary lubrication and one arising from 
hydrodynamic lubrication. These com-
ponents are weight by the abovemen-
tioned division curve and so the coef-
ficient of the mixed friction is already 
known. As this value was freely chosen 
at the beginning of the thermal calcula-
tion, the last computation steps must be 
repeated in an iteration loop until the 
error is acceptable. After this calcula-
tion the local parameter — for example, 
oil film thickness, contact pressure, sur-
face temperatures and the coefficient of 
the tooth friction — are known.

To analyze the efficiency of the worm gear drives the aver-
age coefficient of the tooth friction was determined in every 
meshing position. In this paper a ZK profile worm gear drive 
with a = 100 mm center distance and i = 20.5 gear ratio was 
analyzed. Figure 3 shows the calculated local tooth friction 
coefficients above the meshing field and their average value 
above the meshing position. In this case the input driving 
speed was n1=1,500 1/min and the output torque T2 = 500 Nm. 
Mineral oil lubrication was used with viscosity class ISO VG 
150 by sump temperature ϑs = 60°C.

Figure 3 represents that the local coefficient of the tooth 
friction is changing strong along a single contact line (the 
same color belongs to the same meshing position of the 
worm). It assumes its maximum value at the middle of the 
tooth where the sum velocity is nearly zero and therefore the 
boundary lubrication dominates. The average coefficient of 
the tooth friction µtf is also changing strongly depending on 
the meshing position of the worm φ1. The curve of the gear 
meshing efficiency ηmesh follows the change in the average co-
efficient of the tooth friction with the reverse trend. It can be 
calculated by using Reference 9:

(1)

ηmesh = tan (γm)

tan (γm + arctan( µtf ))cos (α0)

γm is the lead angle of the worm and α0 stands for the pres-
sure angle. In the knowledge of the gear meshing efficiency 
the input torque T1 of the gear pair can be calculated. In the 
next step, based on the technical mechanic, the bearing reac-

Figure 2 � Simplified tribological modeling of tooth meshing by worm gear drives.

Figure 3 � The calculated local tooth friction coefficient above the zone of contact (left); the average tooth 
friction coefficient computed from this; further the gear meshing efficiency above the meshing 
position (right) derived from latter.
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tion forces can be determined. By worm gear drives by both 
shafts generally adjusted bearing arrangements were used. 
The additional pre-stress load of the bearing is computed ac-
cording to (Ref. 10).

Bearing losses. Knowing the radial and the axial bearing 
forces and the rotational speed of the shaft the power loss 
torque by each bearing can be estimated according to the 
four source friction model of the SKF company (Ref. 10). This 
determines the total friction moment in a bearing Ml,bear as a 
sum of the rolling frictional moment Mrr, the sliding frictional 
moment Msl, the frictional moment of seals Mseal and the fric-
tional moment of drag losses Mdrag:

(2)
Ml,bear = Mrr + Msl + Mseal + Mdrag

The details of their calculation are described (Ref. 10); this 
method was used by all four bearings of the gears to deter-
mine the bearing power loss.

Oil churning power losses. At the mechanical engineering 
department of ECAM, a physically grounded calculation pro-
cedure was developed to determine the churning power loss 
of a pinion, which immerged in an oil sump (Ref. 11). A simi-
lar method by worm gear drives is unknown; therefore the 
mentioned calculation is also used in this paper to estimate 
the drag torques Ml,chur:

(3)

Ml,chur =
1 ∙ ρoil ∙( π ∙n )∙ A ∙( dm) ∙ Cm
2 30 2

Where ρoil is the oil density, n the rotational speed of the 
pinion, A the wetted surface area of the pinion, dm the pitch 
diameter of the pinion and Cm the dimensionless drag torque 
coefficient, which can be calculated as follows:

(4)

Cm =( 2 ∙h )0.45

 ∙( V0 )0.1

 ∙ Fr−0.6 ∙Re−0.21

dm dm

Here h means the submerged depth of the pinion, V0 the 
oil volume, Fr the Froude and Re the Reynolds number. Both 
equations are given in the convention used with SI units.

Shaft seals power losses. To determine the frictional loss 
torque of the seals Ml, seal, the following simple equation ac-
cording to Ref. 12 was used:

(5)

Ml, seal =
d2

shaft ∙ π2 ∙ bcontact ∙µ ∙ pa
60

Where dshaft is the diameter of the shaft, bcontact is the contact 
width of the sealing, µ is the coefficient of the friction in the 
sealing contact and pa is the average contact pressure in the 
sealing contact. At this point the use of the SI units becomes 
necessary.

Energy balance of the worm gear unit. In the knowledge 
of every loss component calculated with the presented meth-
ods, the efficiency of the worm gear drives can be deter-
mined. This calculation is based on the energy balance of the 
worm gear unit. It expresses that the sum of the input power, 
the output power and the power losses is zero (compare Fig-
ure 1). Based on this principle of energy conservation, the ef-
ficiency of the worm gear unit can be calculated as follows:

(6)

η = − Pin − Ploss = − Pout = − Pwheel − ∑ P2,bear − ∑ P2,chur − ∑ P2,seal

Pin Pin Pworm + ∑ P1,bear + ∑ P1,chur + ∑ P1,seal

Here the power of the worm Pworm is increased with the 
power losses of the input shaft; this sum corresponds with 
the input power of the gearbox. The power of the worm wheel 
Pwheel is reduced with the power losses of the output shaft; this 
sum is the output power of the gearbox. Both the power of the 
worm and the power of the wheel were calculated during the 
tribological simulation of the worm gear drives.

Influence of the power losses on the power losses. The de-
veloped tribological simulation of worm gear drives can only 
determine the tooth friction power losses of the gearbox. The 
other power losses, such as the bearings, oil churnings and 
seals power losses reduce also the output power. Therefore 
a higher input power than used at the beginning of the tri-
bological calculation is needed to cover the necessary output 
power of the gearbox. It means that an iterative calculation 
must be used to determine the real operational condition of 
the worm gear unit. Figure 4 shows the changing of the in-

Figure 4 � Changing of the input and output torques (left); and changing of the efficiency during the iteration (right).

Changing of the input and output torque during the iteration

Iteration step, [-]

In
pu

t t
or

qu
e,

 T
1 [

N
m

]

Av
er

ag
e 

ef
fic

ie
nc

y 
of

 th
e 

ge
ar

 m
es

hi
ng

, η
m

es
h 

[%
]

Av
er

ag
e 

ef
fic

ie
nc

y 
of

 th
e 

ge
ar

bo
x,

 η
 [%

]

O
ut

pu
t t

or
qu

e,
 T

2 
[N

m
]

Changing of the efficiency during the iteration

Iteration step, [-]

28

27

26

25

24

23

84.5

84.4

84.3

84.2

84.1

84.0

430

429

428

427

426

425

75.5

75.4

75.3

75.2

75.1

75.0
1     2          3              41     2          3              4

T1       - Input Torque
T2       -Output Torque

ηmesh       - Average efficiency of the gear meshing

η                - Average efficiency of the gear box

54 Power Transmission Engineering ]————WWW.POWERTRANSMISSION.COMJUNE 2015

TECHNICAL



put and output torque 
and the changing of the 
efficiency during this 
iteration process. It can 
be seen that in the first 
calculation step the out-
put torque of the gear-
box reduced by losses is 
smaller than the neces-
sary value T2 = 430 Nm. 
In the second iteration 
step the input torque 
was increased with the 
loss torque, which was 
calculated in the first 
step, whereupon the de-
termined output torque 
is approximately equal 
with the necessary val-
ue. After four iteration 
steps the calculated out-
put torque of the gear-
box is exactly equal with 
the expected torque. 
Nevertheless, the last 
two iteration steps are 
unnecessary from a 
practical point of view. 
Using the corrected torques in the second iteration step has 
little influence on the efficiency as well. The efficiency of the 
gear meshing is slightly decreasing and the efficiency of the 
gearbox is slightly growing.

Summary of the described calculation procedure. At this 
point a short overview about the developed simulation meth-
od will be given to determine the efficiency of worm gear 
drives. The calculation process is illustrated in Figure 5. In the 
first step of the analyses the local tooth friction coefficients 
of the worm gear drive were calculated according to (section 
Tooth friction power losses). Afterwards, from the local tooth 
friction coefficients the average tooth friction coefficient was 
determined, which belongs to the current meshing position. 
With this knowledge the gear meshing forces and the bearing 
reaction forces are calculated based on the static equilibrium 
equations. With the mentioned method in (sections Bearing 
losses; Oil churning power losses; and 
Shaft seals power losses), the addition-
al power losses such as bearings, oil 
churnings and seals power losses can 
be also estimated. These power losses 
modify the input and output torque 
of the gearboxes; therefore a new tri-
bological calculation is necessary. If 
the accuracy of the iteration process is 
acceptable, the calculation procedure 
can be stopped and the solutions can 
be put out.

Comparison of the Measurement and the 
Simulation

To validate the developed calculation method, a test bench 
was built at the laboratory of MEGT to study the efficiency of 
worm gear drives. During the experiment the input and out-
put torques and speeds were detected by different operation-
al conditions. Figure 6 shows the comparison of the efficiency 
calculated from the measured values and the simulated aver-
age efficiency of the abovementioned ZK-type gearbox by the 
load T2 = 430 Nm, and by the sump temperature ϑs = 60° C. The 
simulated curve of the efficiency concurs very well with the 
measured values, so the developed simulation technique can 

Figure 6 � Comparison of the measured and simulated efficiency of 
the analyzed gearbox.

Figure 8 � Power loss components of the worm gear drives by the input (left) and the output 
shaft (right) above the meshing position

Figure 7 � Power loss components of the worm gear drive above 
the meshing position.

Figure 5 � Flow chart of the calculation of 
the gearbox efficiency.
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be used as a reliable calculation method to determine the 
efficiency of worm gear drives.

Analysis of Power Losses
The presented, physically grounded calculation method to 
determine the efficiency of worm gearboxes has a singular 
advantage compared to conventional empirical equations. 
While the latter differentiate only between the load-depen-
dent and no-load dependent power losses, the presented 
calculation method separates also between the power loss 
sources. This enables engineers to not only estimate total 
power loss but also to better understand every power loss 
source. Thus it is possible to optimize the gearboxes and re-
duction of losses.

Figure 7 shows the course of all four power loss sources 
during one rotation of the worm by the load T2 = 430 Nm, and 
by the input rotational speed n1=1,500 1/min. Depending on 
the meshing position, the tooth friction power loss changes 
strongly similar to the changing of the tooth friction coef-
ficient in Figure 3. Its average value is ca. three times higher 
than the second largest power loss — the sum of the four 
bearings’ power losses. This is also three times higher in the 
investigated operational point than the oil churning loss-
es. The smallest share has the sum of the three shafts’ seal 
power losses. For further analysis of the power sources the 
power losses were divided into two groups, depending upon 
the location of their generation. Figure 8 shows the power 
losses by the input (left) and by the output shaft (right). It 
also shows that the power losses by the output shaft can be 
ignored compared with losses of the input shaft. The no-
load-dependent character of the oil churning and the shaft 
seals power loss should also be easily recognizable (Fig. 8). 
The high value of the bearing power losses can be explained 
with the high axial force component of the bearing reaction 
force and with the high rotational speed of the worm. In the 
investigated case the worm submerged fully in the sump; 
therefore the churning loss was accordingly high, whereas 
the wheel teeth were slightly immersed in the oil sump.

This brief study shows the potential for increasing the effi-
ciency of worm gear drives through reducing the tooth fric-

tion power losses and reducing bearing power losses by the 
worm. The first is possible through the optimization of the 
gear geometry, reducing the surface roughness, and using 
adequate lubrication. As for the second, a good bearing con-
cept can be helpful.

Conclusion
The comparison between the measured and the simulated 
efficiency of the investigated gearbox has shown a very good 
concordance. It means that the described, complex calcula-
tion method can reliably predict the efficiency of worm gear 
drives. This simulation is also suitable to analyze each loss 
component of gears, and therefore can help engineers to op-
timize drive solutions. 
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