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Abstract
Gears made of polymers increasingly gain relevance in current research and industrial practice. Due to their advantages
such as low density and the possibility of cost-efficient production in large quantities, more and more efforts are made
to substitute steel gears with polymer wherever possible. However, the usage of polymer gears in current vehicle systems
is still almost exclusively limited to applications with restricted power transmission, like actuators. To extend the field of
application to power transmissions as well, in this study a transmission was developed for the usage in a small electric
vehicle of the 7Le power class considering the application of polymer gears. Compared to the serial transmission, one of
the gear stages was completely substituted with polymer gears. The load-carrying capacity of the newly designed hybrid
polymer-steel transmission was investigated for functional verification on a specially developed test rig as well as inside
a modified demonstrator vehicle under real-life conditions. Assuming usual operating conditions, the load-carrying capacity
of the polymer gears appears suitable for the aimed application on the test rig as well as inside the demonstrator vehicle.
Moreover, with increased power and under continuous sustained loading, high performance of the polymer stage as well
as a stable temperature behavior can be observed. Under the given circumstances, polymer gears can be used as part of
a powertrain in small electric vehicles.

Experimentelle Untersuchung von Hochleistungskunststoffzahnrädern im Antriebsstrang eines
Elektrofahrzeugs

Zusammenfassung
Zahnräder aus Kunststoff gewinnen in der aktuellen Forschung sowie in der industriellen Praxis zunehmend an Bedeutung.
Aufgrund diverser Vorteile wie z. B. einer geringen Dichte und der Möglichkeit einer kosteneffizienten Produktion großer
Stückzahlen gibt es verstärkt Bemühungen Stahlzahnräder durch Kunststoff zu ersetzen, wo immer dies möglich ist. Ak-
tuell ist der Einsatz von Kunststoffzahnräder in viele technischen Bereichen allerdings noch immer fast ausschließlich auf
Anwendungenmit begrenzter Leistungsübertragung, wie z. B. Aktuatoren, beschränkt. Um das Leistungsspektrum zu erwei-
tern, wurde in dieser Studie ein Getriebe für den Einsatz in einem Elektrokleinstfahrzeug der Leistungsklasse 7Le entwickelt
unter Berücksichtigung des Einsatzes von Kunststoffzahnrädern. Im Vergleich zum Seriengetriebe wurde eine der beiden
Getriebestufen dabei komplett durch Kunststoffzahnräder substituiert. Die Tragfähigkeit des neu entwickelten Kunststoff-
Stahl-Getriebes wurde zum Funktionsnachweis auf einem speziell entwickelten Prüfstand sowie in einem modifizierten
Demonstratorfahrzeug unter realen Bedingungen untersucht. Unter der Annahme üblicher Betriebsbedingungen zeigt sich
sowohl im Prüfstand als auch im Demonstratorfahrzeug eine ausreichende Tragfähigkeit des Kunststoff-Stahl-Getriebes.
Darüber hinaus sind auch bei erhöhter Leistung und unter kontinuierlicher Dauerbelastung eine hohe Leistungsfähigkeit
sowie ein stabiles Temperaturverhalten der Kunststoffzahnräder zu beobachten. Unter den gegebenen Rahmenbedingungen
erscheint daher der Einsatz von Kunststoffzahnrädern als Teil eines Antriebsstrangs in einem Elektrokleinstfahrzeug als
möglich.
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1 State of knowledge

Small electric vehicles designed for urban traffic applica-
tions are becoming increasingly attractive for private trans-
portation but also for logistics services (i.e. last-mile deliv-
ery). The powertrain of such battery electric vehicles (BEV)
generally consists of four elements:

� High-voltage battery pack
� Electric motor/generator
� Power inverter
� Transmission

In vehicles with conventional combustion engines,
a multi-speed manual or automatic transmission is a nec-
essary component in the powertrain. In contrast, electric
vehicles theoretically can drive without torque and speed
conversion due to their torque characteristics. However, to
achieve sufficient driving performance with high maximum
speed and simultaneously high torque from the standstill,
large e-machines would be necessary, that are expensive
and heavy. Therefore electric vehicles are also equipped
with a transmission with a typical ratio in the range of
i= 10. Usually, cylindrical gear transmissions with 1- or
2-stage designs are used for this kind of application. Due
to various advantages such as insensitivity to changes in
center distance and broad basic knowledge almost exclu-
sively cylindrical gears with involute profile are used for
this purpose.

The calculation of the load-carrying capacity for cylin-
drical gears made of steel is extensively researched and
documented in different standards like ISO 6336 [1]. Con-
versely, the knowledge base in the field of cylindrical poly-
mer gears is still very limited, although the number of ap-
plications with polymer gears has been rising sharply in
recent years [2]. While polymer gears were initially only
used to transmit motion, such as in steering systems or
electric actuators for seats or window lifters, high-perfor-
mance polymers are now increasingly found in applications
with higher power transmission, due to advantages like low
weight, quiet running, and the possibility of cost-efficient
manufacturing in large quantities. Even in safety-relevant
applications such as electric parking brakes and electric
steering systems polymer gears are integrated in the mean-
time [2]. Another emerging field of application of polymer
gears are e-bikes with a power range up to 1kW using the
advantages of polymer to optimize the cost and weight of
the powertrain. Following this trend, [3, 4] describe the de-
sign of polymer gears for an application with even higher
power transmission such as in small electric vehicles. The
verification of the load-carrying capacity for the polymer
gears in the selected powertrain of a small electric vehicle
is thereby proven based on theoretical studies. The designed
hybrid polymer-steel transmission provides the basis for the

results presented in this study. However, the experimental
verification of the load-carrying capacity of thermoplastic
gears in applications in this power range is not yet known.
In general, there is a large number of publications on the
wear, damage, and temperature behavior of polymer gears
[5]. However, studies of applications in a power range com-
parable to this one have hardly been published. According
to VDI 2736 [6], polymer gears show some similar damage
types as steel gears which generally can be classified as
follows.

� Melting
� Tooth root breakage
� Tooth flank shear damage
� Pitting
� Wear
� Plastic deformation

Under oil-lubricated conditions melting and wear usually
become negligible. In comparison with dry running, power
density could be significantly increased by the lubricant
[7]. Thus, relevant damage types under these conditions are
tooth root breakage and damages to the tooth flank in form
of breakage or pitting. Furthermore, the lubricated polymer
contact can offer very low coefficients of friction in the
range of superlubricity for certain lubrication conditions [8,
9]. The material-related differences between polymers and
steel necessitate new or adapted calculation methods for the
design of polymer gears. They are defined in VDI 2736 [10]
and specifically cover the calculation of the tooth flank and
tooth root load-carrying capacity. The calculation methods
according to VDI 2736 [VDI14b] follow the guidelines for
steel gears contained in ISO 6336 [ISO06c] and DIN 3990
[DIN 87c]. The decisive calculation parameter for the tooth
flank load capacity is the occurring flank pressure σH, which
can be calculated based on the Hertzian pressure theory at
the pitch point. Equations 1 and 2 describe the calculation
of the tooth root stress σF and the flank pressure σH accord-
ing to VDI 2736 [10].

�H = ZE �ZH � Z" � Zˇ �
s

F t � KH

bw � d1
� u + 1

u
(1)

�F = KF � Y Fa � Y Sa � Y " � Y ˇ � F t

b � mn

(2)

For the evaluation of the load-carrying capacity, the cal-
culated stress is compared to the permissible stress, which
is based on the strength, derived for each material and tem-
perature from experimentally determined S/N curves. How-
ever, the use of this approach is restricted by the fact that in
VDI 2736 [10] corresponding strength values are currently
only available for a very limited number of polymer and
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conditions. Furthermore, not all relevant influences on the
load-carrying capacity of polymer gears are fully covered
so far.

As shown in [11, 12], the tooth root stresses calculated
according to VDI 2736 [10] provide values that are too
high. The reason for this is the inadequate consideration of
tooth deformation under load, which can lead to a signifi-
cant increase in contact ratio and thus can have a positive
effect on the load sharing between several teeth and the load
distribution in the tooth contact. In addition, the high tooth
deformation can also lead to premature and posterior tooth
meshing, which can result in significant pressure peaks on
the tooth flank either not considered in the calculations of
VDI 2736 [10].

2 Aim of this work

Polymer gears increasingly gain importance also in applica-
tions with higher power requirements. In preliminary stud-
ies [4], a polymer-steel transmission demonstrator was de-
signed for the use in the powertrain of a small electric
vehicle, considering the specific material properties of ther-
moplastic gears. The present work is about the investigation
of the load-carrying capacity of thermoplastic gears under
close-to-reality conditions in a specially designed test rig
as well as in a demonstrator vehicle.

Stage 2

Stage 1

Pinion 1

Final Drive

Input shaft

Fig. 1 Schematic illustration of the serial transmission of the Renault
Twizy

3 Serial test vehicle

The designed transmission demonstrator consists of poly-
mer and steel gears and is investigated in a small elec-
tric vehicle, the Renault Twizy classified as a light vehi-
cle L7e. Vehicles in this class are limited to a maximum
empty mass of mempty= 450kg and a maximum drive power
of Pmax= 15kW. The main technical data of the demonstra-
tor vehicle Renault Twizy are summarized below:

� Powertrain: electric
� Constant power Pconstant: 8kW
� Peak power Ppeak: 13kW (for some seconds)
� Maximum torque Tmax: 57Nm
� Maximum speed vmax: 80km/h
� Acceleration 0–50km/h: 7s

The serial transmission used in the Renault Twizy is
a non-shiftable 2-stage spur gear transmission made en-
tirely of steel materials. Figure 1 shows the components
of the serial transmission schematically in the open state.
Torque is transmitted from the electric machine to the steel
pinion via the input shaft before being transferred to the
rear wheels via two spur gear stages. Gear stage 1 and 2
consist of two cylindrical gears each with teeth numbers of
z11= 14 and z12= 61 (i1= 4.36) in stage 1 and z21= 34 and
z22= 72 (i2 = 2.12) in stage 2. In overrun mode or during
braking, the power is reversed from the wheels backwards
to the electric machine, which recuperates the power back
into the battery storage. The total gear ratio of the serial
transmission is iges = 9.23. The transmission is dip lubricated
with a gear oil of type “75W-90 API GL-4+”. The service
life is 60,000km according to the manufacturer.

4 Test rig set up

The used test rig was developed at the research institute
(FZG) for practical tests on BEV transmissions. The test
rig is based on the closed power loop principle accord-
ing to FZG back-to-back test rig [13] consisting of a drive
gearbox, test gearbox, torsion shaft, and a load clutch. The
principle and design of the test rig are shown in Fig. 2.

The drive and test gearbox have the same gear ratio
and correspond to the modified transmission of the Re-
nault Twizy. The drive gearbox is designed as a pure steel
gearbox, whereas the test gearbox contains the polymer
gears and the steel gears. The load torque is generated by
a relative rotation of the torsion shaft and subsequent clos-
ing of the load clutch. Due to the closed power loop, the
electric motor only has to apply the power dissipation and
thus enables efficient testing of BEV transmissions. The
test rig offers different lubrication configurations, whereby
the modified polymer-steel transmission was tested in anal-
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Fig. 2 Principle and design of the test rig for BEV transmissions

Table 1 Main gear geometry parameters

1st stage 2nd stage

Polymer pinion Polymer wheel Steel pinion Steel wheel

Normal module mn mm 2.0 1.5

Normal pressure angle αn ° 25 20

Helix angle β ° –8 8 15 –15

Number of teeth z – 19 50 32 109

Addendum diameter da mm 43.18 104.02 53.60 172.38

Dedendum diameter df mm 34.04 95.64 46.69 165.33

Usable root circle diameter dNf mm 36.46 97.91 48.05 167.17

Profile shift coefficient x – 0.20 –0.04 0.31 0.04

Face width b mm 52 50 19 18

Steel gears
(stage 2)

Polymer gears (stage 1)

Intermediate spacer

Fig. 3 Polymer-steel transmission

ogy to its use in the vehicle under dip lubrication. Different
operating temperatures can be set using a convection pool
for circulating tempered cooling fluid around the gearbox
housing. Thermal sensors are mounted inside and around
the test gearbox to measure different temperatures (bearings
and oil sump temperature) during operation.

5 Polymer-steel transmission demonstrator

The development and design of the investigated polymer-
steel transmission was mainly carried out in preliminary
work (see [4]). It has been shown, that the use of t gears is
only possible at the first stage, due to the required torque
for the requested driving performance. To enable the use of
polymer gears and ensure sufficient load-carrying capacity
for the application, the serial transmission was modified in
different ways. The critical point in the gear design is the
tooth flank pressure at the first stage. The initially planned
polymer/steel pairing as replacement, in which the higher
stressed pinion would have been made of steel, still re-
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Input shaft

Splined shaft profile
Polymer pinion

Aluminium insert

Polymer filled bore

Polymer gear rim

Crowned insert surface

a b

Fig. 4 Design of the polymer pinion (a) and the wheel (b)

Table 2 Properties of polymer material [15] for different temperatures

Property VESTAKEEP®
5000G (ϑ= 23°C)

VESTAKEEP®
5000G (ϑ= 80°C)

Young’s modulus in
N/mm2

3515 3355

Poisson’s ratio 0.41 0.41

Density in g/cm3 1.30 1.30

Fiber reinforcement None

sulted in excessively high flank pressures. Therefore, the
first stage is designed as a pure polymer/polymer pairing
to further reduce the flank pressure to a tolerable level, due
to the soft-soft contact. Moreover, the transmission ratio is
somewhat shifted from the first stage to the steel-steel pair-
ing of the second stage considering the available packaging.
As a result, it is possible to reduce the tooth forces occur-
ring at the first stage, which has a positive effect on both the
tooth root and tooth flank load-carrying capacity. Despite
the above steps, it is also necessary to increase the com-
mon tooth width of both polymer gears up to b= 50mm,
in particular, to reduce the flank pressure. The associated
increase of the face-width of the gearbox is solved by using
a specially designed intermediate spacer, which is placed
between the two housing parts. Figure 3 shows the mod-
ified transmission with the housing parts and the interme-
diate spacer. Despite the mentioned modifications, further
use of the serial gearbox housing is still possible, due to the
unchanged center distances of the two gear stages. The use
of polymer gears in the second stage and on the differen-
tial is not feasible due to the high load. Both components
will therefore continue to be made from a steel material.
The experimental investigations were carried out using test
gears with a normal module of mn= 2.0mm for the poly-
mer gears and mn= 1.5mm for the steel gears. The detailed

specifications of the test gear geometry of both stages are
documented in Table 1. For detailed information on the
design of the powertrain and the individual gears, see [4].

The polymer pinion was machined by milling. Therefore,
the shaft was first molded with a polymer cylinder, from
which the gear teeth were milled afterwards. The input shaft
has a splined profile to ensure a sufficiently strong shaft-
hub connection by form fit. Instead, the polymer wheel
is molded onto an aluminum insert. The aluminum insert
is fixed to the gear shaft using a key connection enabling
a reliable shaft-hub connection. Holes distributed evenly
around the circumference of the aluminum insert are filled
with polymer material during the injection molding process
and ensure a sufficiently strong form fit between the poly-
mer and the inlay. Additionally, the inlay has a crowning

Thermal sensors

Fig. 5 Test gear box equipped with thermal sensors
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across the tooth width to counteract tooth collapse due to
shrinkage. The plastic banding of both inlays with a rim
thickness of at least t� 3 �mn follows the recommendations
of ISO 6336 [ISO19a]. Therefore, an influence of the in-
serts on the load-carrying capacity tests is not suspected.
However, lower rim thicknesses can lead to failure of the
polymer bandage [14].

As a result of the injection molding process, the polymer
gear features a typical tip edge radius acting kind of like
a tip relief. A schematic illustration of both gearings is
shown in Fig. 4.

The gears of the second stage are machined of case-hard-
ened steel 18CrNiMo7-6 and are designed with a linear tip
relief as well as a lengthwise crowning to avoid premature
damage caused by meshing interference (for further details
on micro geometry see [4]). The steel gears achieve a sur-
face roughness of Ra≤ 0.3 and a tolerance class of Q≤ 5. As
expected, the tolerance class of the polymer gears achieves
lower values in the range of Q≤ 10–12 considering the pro-
file, pitch, and concentricity accuracy. The machined pinion
achieves slightly better tolerance classes than the injection-
molded wheel (Q≤ 10).

It is shown that the determined surface roughness de-
pends strongly on the manufacturing process. Thus, the
injection-molded gears achieve an averaged roughness of
Ra= 0.27µm. However, the roughness of polymer pinions
machined in the milling process is higher at Ra= 0.42µm.
The roughness is measured mechanically in profile direc-
tion on three teeth distributed around the circumference.
The given values are mean values from several gears. Both
polymer gears are made of the non-reinforced high-per-
formance thermoplastic polymer VESTAKEEP® 5000G.
The main material properties of VESTAKEEP® 5000G are
shown in Table 2 for an ambient temperature of ϑ= 23°C
as well as for a relevant operating temperature of ϑ= 80°C.
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Fig. 6 Oil sump temperature curve at different operating conditions

6 Experimental investigations of the load-
carrying capacity

To characterize the thermal operating behavior of the
modified polymer-steel transmission, experimental investi-
gations on the described test rig were carried out at four
various load and speed levels. Three of them were selected
on the basis of the load spectrum used in the design process
of the gearbox and under consideration of the available con-
tinuous power of the e-machine of Pconstant = 8kW. To obtain
also information on the thermal behavior under overload,
one additional test was conducted at the maximum possi-
ble peak power of Ppeak = 13kW. Each operating condition,
even peak power, was maintained for approximately 2h
until a stationary temperature was reached. The starting
temperature for all tests was the ambient temperature of
approx. 25°C without external heating or cooling of the
transmission. To evaluate the thermal operating behavior of
the designed polymer-steel transmission, thermal sensors
were mounted (see Fig. 5) at different spots on the trans-
mission to monitor the temperature during operation. For
evaluating the thermal behavior of the transmission, the oil
sump temperature occurring during operation is used, as
this is one of the spots where the highest temperatures oc-
cur. The oil sump temperature curve for various operating
conditions is shown in Fig. 6.

Irrespective of the power transmitted, all temperature
curves show a comparable pattern. The temperature in the
oil sump rises steadily over a period of 90min and obtains
a constant value after under 2h of operation. The modified
polymer-steel transmission exhibits stable thermal behav-
ior and obtains oil temperatures below ϑoil,s≤ 60°C even in
continuous operation at maximum peak power. Tempera-
ture calculations following VDI 2736 [10] for the polymer
gears give tooth temperatures of approx. ϑtooth� 80°C
under these conditions, which is well below the critical
temperature range of the used high-performance polymer
VESTAKEEP® 5000G. For the design of the polymer
gears, strength values for a tooth temperature of 80°C (see
[4]) were also assumed. Thus, it seems to have been a cor-
rect assumption based on the test results. Despite the same
power input, there is an influence of the different operating
conditions. The highest oil temperatures are measured at
the lowest load but highest speed. With increasing load and
correspondingly lower speed (for constant power), the oil
sump temperatures decrease. Compared to the load, this
indicates an elevated influence of the speed on the thermal
behavior of the modified polymer-steel transmission. This
is supported by the oil temperature curve at a peak power
of Ppeak = 13kW, where comparable oil temperatures are
achieved despite the significantly higher torque. Based on
the measured and calculated temperatures, thermal failure
of the polymer gears seems unlikely. Signs of thermally
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Fig. 7 Comparison of the tooth
contours of the new and ac-
tual condition (end of test) of
polymer pinion (a) and polymer
wheel (b)
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Fig. 8 Flank condition of the polymer pinion (a) and polymer wheel (b) at end of the test

induced damages, such as melting, were also not detected
during the regular inspections.

In further test rig experiments, the load-carrying be-
havior of the polymer gears was investigated under op-
erating conditions close to the application. The load con-
ditions were selected based on the load spectrum used
in the design process. In addition to input torques in
the medium load range around T1= 18Nm (σH= 43MPa),
which represents the largest proportion of the load spec-
trum, high load ranges with T2= 47Nm (σH= 69MPa), and
T3= 57Nm (σH= 76MPa), at the maximum possible power

of Ppeak = 13kW in continuous operation were also investi-
gated. All three load levels were investigated in sequence
according to their proportion in the load spectrum. The
theoretical driving distance covered by these tests was over
10,000km. Within the test period, no damage to the poly-
mer gears was detected causing premature or catastrophic
failure of the transmission. As expected, running marks in
the form of grooves appeared predominantly on the higher-
loaded polymer pinion, particularly after high stresses.
However, these signs of wear are not yet considered critical
in this condition. Typical wear on the polymer gears as
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Fig. 9 Comparison of surface roughness of the new and actual condi-
tion of polymer pinion and polymer wheel

a continuous material abrasion cannot be detected. This
is in agreement with earlier research work [7, 16, 17] on
polymer gears, where the influence of wear under oil lubri-
cation was found to be subordinate. Figure 7 compares the
tooth contour measured on a gear measurement machine
of the polymer pinion and the polymer wheel in the new
condition with the condition after the tests. Slight profile
deviations can be seen at the end of the contact line at the
usable root circle diameter dNf on the polymer pinion. These
can also be found at the corresponding area on the tooth tip
of the polymer wheel. The reason for this is presumed to
be posterior meshing caused by tooth deformation of both
polymer gears. As a result of the meshing interference the
area around the addendum diameter of the polymer wheel
can engage with the dedendum flank area of the polymer
pinion with increased pressure peaks in this area leading to
localized wear and plastic deformation. This assumption is
supported by calculations of the flank pressure (shown in
[4]), which show pressure increases in the area of the pos-
terior meshing. Beyond that, no major plastic deformations
of the entire teeth could be detected.

In addition, it has been shown that smallest abrasion par-
ticles of the steel gears are pressed into the soft polymer
tooth flank, which are visible as small black dots and re-
main there. An impression of the tested tooth flanks of the
polymer gears is shown in Fig. 8.

In addition to the previous tests, a mechanically mea-
surement of the surface roughness was carried out on both
polymer gears. The comparison of the surface roughness in
the new condition with the condition at the end of the test is
shown in Fig. 9. There are clear differences in the measured
surface roughness between the polymer pinion and the poly-
mer wheel. Whereas the surface roughness of the polymer
pinion remains almost unchanged, there is a sharp increase
in the surface roughness of the polymer wheel, even though
the polymer pinion has endured significantly more load cy-
cles. Effects of the increasing roughness on the polymer

wheel in the form of an increased wear behavior cannot
be detected. However, a possible reason for the different
roughness behavior may be found in the different manu-
facturing processes. The polymer pinion was manufactured
by machining, whereas the polymer wheel was manufac-
tured by injection molding. As described in [18], there are
different material properties between the two manufactur-
ing processes, particularly at the surface. In the injection
molding process, an injection molding layer with a higher
amorphous microstructure is formed on the tooth surface.
In the machining of gears, there is no amorphous surface
layer on the tooth flank, but rather a uniform microstructure
with a higher crystalline microstructure content. According
to [19], the higher proportion of amorphous areas on the
tooth flank surface of the injection-molded gears can lead
to higher elasticity in the area of the tooth contact and can
possible result in a different surface behavior.

Alongside the tests on the test rig, the modified poly-
mer-steel transmission was also mounted in the demon-
strator vehicle. Therefore, due to the modifications of the
transmission and the associated increase in the package, the
demonstrator vehicle requires small modifications as well.
The measurement of the acceleration as well as the maxi-
mum speed was carried out using the GPS signal of a data
logger. The experimental verification under conditions close
to the real application of the modified transmission inside
the demonstrator vehicle showed no abnormalities. The ac-
celeration behavior as well as the top speed performance
basically correspond to that of the serial transmission (see
Sect. 2). In terms of noise behavior, no significant difference
could be detected compared with the serial steel transmis-
sion, either. Overall, on the basis of the measured driving
performance and the gained driving impression, the mod-
ified polymer-steel transmission achieves comparable per-
formance without restrictions in operation. The condition
of the gears after the road tests showed a comparable state
like in the test rig investigations. Again, no damages for
either the steel or the polymer gears can be detected lead-
ing to the assumption that there is sufficient load-carrying
capacity of the polymer gears. With regard to the required
package space, the new transmission shows a slight increase
due to the increased gear width. This is also reflected in the
total weight. Due to the modified and additionally required
components (e.g. intermediate spacer), the total weight of
the new transmission increases slightly from mserial = 10.9kg
to mnew= 11.4kg. It should be mentioned that in partic-
ular load-carrying capacity was the main priority for the
newly designed transmission components, specific weight
optimization did not take place for these parts. Generally
weight and cost savings were not the focus of this study
and are not subject also due to the required framework con-
ditions (use of the same housings, low quantities, ...).
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7 Conclusion

Polymer gears are increasingly used in applications with
higher power transmission. Following this trend, this study
designed a polymer-steel transmission for use in a small
electric vehicle of the 7Le class. Experimental investiga-
tions with focus on the load-carrying capacity of the poly-
mer gears were carried out both on a specially designed
test rig as well as in a demonstrator vehicle. Tempera-
ture measurements under different operating conditions and
long-term operation showed stable thermal behavior for
the modified polymer-steel transmission, even at maximum
power transmission of Ppeak = 13kW, with stationary tem-
peratures clearly below the maximum operating tempera-
ture of the used high-performance thermoplastic polymer
VESTAKEEP® 5000G. As expected, a clear influence of
load and speed on the temperature behavior was also noted.
Based on the temperatures measured, thermal failure of the
polymer gears seems unlikely. In general, no indications
of thermally induced damage to the polymer gears were
observed. In further load-carrying investigations under op-
erating conditions close to the application, also no dam-
age to the polymer gears was detected leading to prema-
ture failure of the transmission. Only some slight but typ-
ical running marks appeared on the polymer tooth flanks
in the form of grooves, especially after high loads. Mi-
nor wear marks could only be detected at the end of the

Table 3 Nomenclature

Symbol Entity Description

b mm Face width

bw mm Common face width

d mm Reference circle diameter

dNf mm Usable root circle diameter

Ft N Nominal tangential force

i − Gear ratio

KF − Factor for tooth root load

KH − Factor for tooth flank loading

m kg Mass

mn mm Normal module

u – Gear ratio

P kW Power

T Nm Torque

YFa − Form factor

YSa − Stress correction factor (notch effect)

Yˇ − Helix angle factor

Y" − Contact ratio factor

ZE

p
N=mm2 Elasticity factor

ZR − Surface roughness factor

Zˇ − Spiral angle factor

Z" − Contact ratio factor

�F N=mm2 Root stress

�H N=mm2 Flank pressure at the pitch cylinder

meshing path on both the polymer pinion and the polymer
wheel, presumably due to excessive stresses resulting from
posterior meshing. Transferable results are shown by ex-
perimental tests in the demonstrator vehicle. The modified
polymer-steel transmission achieves a comparable driving
performance to the serial transmission made of steel with-
out any premature failure. Therefore, the verification inside
the demonstrator vehicle also verifies a sufficient load-car-
rying capacity of the newly designed polymer gears. Thus,
besides the already established typical applications the use
of polymer gears appears possible also in fields of increased
power transmission, such as for small electric vehicles. In
further studies, the full potential of high-performance poly-
mers in terms of cost and weight savings must be exploited
while maintaining the load-carrying capacity.

8 Nomenclature

The nomenclature is shown in Table 3.
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