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Abstract 

The study focuses on the noise generation due to wear in worm gear systems used in 
Electric Power Steering (EPS) mechanisms. EPS systems, widely adopted for their precision 
and environmental benefits, often employ worm gear transmissions that are susceptible 
to wear under fatigue loads. This wear contributes to undesirable noises which affect 
vehicle comfort and safety. The research investigates noise related to worm gear wear 
through kinematic analysis and bench testing, simulating real vehicle conditions. The 
methods consider acquiring kinematic behavior of EPS at the vehicle level to introduce 
test conditions for the explained scenario into the bench level. While the durability test is 
being performed, at certain steps, noise test bench simulation utilizing is beneficial due to 
its possible correlation with the vehicle level, therefore such testing is significantly more 
efficient (faster, avoids main issue over the design phase period – vehicle availability). The 
study finds that worm gear noise increases non-linearly with wear, with significant noise 
escalation occurring at 80% to 90% of the vehicle's defined life. The findings highlight 
the need for robust NVH (Noise, Vibration, Harshness) performance assessments during 
the EPS design process, emphasizing customer satisfaction and product reliability. This 
work underscores the importance of experimental evaluation which support and lead to 
mitigating noise issues in EPS systems.
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1. Introduction

Modern vehicle market trends show the power steering system is the standard equipment 
of any passenger vehicle. Power steering system makes the control more convenient and 
precise. Also, from safety standpoint it allows to apply some safety or comfort features, 
like e.g. lane departure assist, automatic parking mode, etc. Mentioned features are espe-
cially achievable for Electric Power Steering systems. They are widely used due to direct and 
precise steering, easiness of tuning, manufacturing and are environment friendly (compared 
to hydraulic power steering systems). Most of EPS systems are equipped for the transmis-
sion that multiplies motor torque to carry high load. Most of EPS systems for small and 
middle-size passenger vehicles use worm gear transmission as the assist mechanism. This 
kind of mechanical gear is widely used hence there are many high level papers focusing on 
various aspects. Part of the work make research on meshing and contact pattern [1–3], the 
others present the importance of efficiency improvement in the design process [4, 5] either 
optimization utilizing genetic algorithm method [6]. Besides there is interesting research 
focused on vibration and noise analysis of a new type of worm gear – the spiroid worm gear, 
where researches made a design and physical measurements of the running noise [7]. Like 
any mechanical component under fatigue load [8], the worm gear is also exposed for wear. 
In this paper the worm gear wear is considered in terms of noise related to assumed vehicle 
life. Noise generation due to worm gear wear is described and related conclusions are listed. 
At this point the fundamental question appears: why should care about the noise? According 
to World Health Organization noise has a significant impact on public health and its contribu-
tion is constantly increasing therefore the parent topic of the paper refers to safety in road 
transport and safety issues for electric and hybrid vehicles [9–11].

There are many possible sources of noise coming from assist mechanism (ASM) what is 
a subsystem of EPS. In this paper authors are focused on one, particular place of those unde-
sirable sounds effects, outlined in Figure 1, which is worm – worm gear mesh. In that connec-
tion of worm and gear components, two main types of noise are reversal clunk (RC) and rattle. 
For the clarity, to avoid misunderstanding regarding terminology, it should be mentioned that 
main contributor of EPS manufactures for these two noises names are in another mechanical 
connection, between rack and pinion in the mechanical gear, what has been described and 
published by JTEKT company in their internal, periodic journal [12]. Neither that case, neither 
other noises coming from worm gear called rotational noise, for instance caused by improper 
worm treatment, like washing or burnishing are not considered in this work. Just for reference 
purpose, diagnostic and investigation of noise issues related to the rotational movement are 
easier and widely described [13]. Back to the topic, RC occurs when the driver is changing imme-
diately the direction of spinning move, its amplitude is related to an angle and wheels position. 
Most common occurrence of that is while static conditions or vehicle speed is close to 0 km/h, 
therefore when the driver makes parking maneuvers. The second type of noise covering the 
topic of this work – the rattle, occurs at vehicle speeds above 0 km/h. It is strictly related to 
type of the road and car velocity. The fastest way to excite vibrations which are audible as rattle 
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phenomenon is to drive on the road which surface is irregular, most common name for such 
type is the cobblestone. The example of severe road, not being an artificial one made as part 
of proving ground is that shown on Figure 2. The vehicle speed range which causes the EPS 
rattle noise, disturbing the driver, is most often between 10 to 30 km/h. The phenomenon of 
rattle noise and its subjective evaluation is described by Society of Automotive Engineers [14]. 
The importance of torsional vibrations and method of its analysis in the case of other type of 
vehicles is also pointed out in various publications [15].

Fig. 1. View of worm gearing in the EPS system 
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Fig. 2. Severe, natural cobblestone road

The scope of this paper is to explain the method of noise increases assessment over defined 
vehicle lifetime. NVH performance degradation correlates to EPS system components wear 
which is described in this article. Noise evaluation methods are described (including subjec-
tive in-vehicle and objective FDR stand testing). Components wear was generated using 
specialized test stand to reflect real vehicle usage. 

2. Methods

2.1. Kinematics – wear of EPS at the vehicle level

Each EPS steering system is designed to carry certain load which cannot be exceeded 
under the risk of improper performance, excessive wear or components damage. This load 
is determined by  vehicle mass, road surface roughness (higher require more assist), but 
also tyre pressure too low generates excessive resistance [16]. Mentioned parameters may 
vary depending on vehicle usage conditions, driver habits, environment and many others. 
It is hard to predict how the steering system will be operated, so typically its life is defined 
by some normalized maneuvers sequenced in defined order. Some or most of maneu-
vers assume maximum load capacity, which may not reflect vehicle real usage, however 
it is safe to assume worse case conditions. For example the parking maneuver might be 
considered as the most demanding in terms of wear, especially for the worm – worm gear 
used to transfer assist torque to the steering wheel. Considering constant load coming 
from tyre versus road friction during static parking maneuver, the steering system kine-
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matic chain design makes the load distribution uneven over rack travel. Worm gear loading 
on its circumference is adequately uneven as it transfers proper torque to carry the load. 
Steering system tie rods connected to steering knuckles are working at various angles 
depending on steering wheel position. Steering system rack bar has to carry more load 
when the tie rods work at higher angle. Below int the Figure 3, the exemplary photo shows 
difference between tie rods angle (α11, α21, α12, α22) when steering wheel is set on center 
Figure 3a) and at end of travel Figure 3b):

Fig. 3. Example of different tie rods angle comparing steering wheel in center position (A)  

and end of travel position (B)

Constant friction torque of tyres versus road surface (MTL, MTR) and varying tie rods angles 
( αL1→ αL2; αR1→ αR2 ) which are strictly related to worm gear position, results in non-linear 
loading over the rack bar movement. When turning the steering wheel, one of tie rods is 
compressed (RLd comp), the opposite one is tensiled (RLd tens). The more turned steering wheel, 
the higher tie rod angle is, the higher load has to be carried by EPS system. Like mentioned 
above, the worm gear is loaded adequately – normalized parking maneuver is shown on the 
graph in Figure 4, which shows relation of torque versus worm gear angle. Especially this 
curve is used for testing purposes.
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Fig. 4. Torque relation to worm gear angle at parking maneuver

2.2. Test bench wear simulation level

The exemplary parking maneuver was defined for maximum worm gear torque of 100 Nm 
which performed certain number of times will generate worm gear wear, finally leading to 
its fracture. Worm gear transmission applied to EPS system should be properly designed to 
provide precise and quiet steering ability. In considered application of EPS system to large 
utility vehicle, the 25:1 worm gear transmission meets durability and NVH requirements. 
However, to assess its usefulness to other applications (like e.g. passenger vehicles), the 
NVH performance over life has been considered. Different application may require different 
number of cycles reflecting product life. Typically, utility vehicles are designed to withstand 
harder conditions than passenger cars, but might be less sensitive for noise issues. However, 
in this paper considered is the noise performance related to worm gear wear. The worm gear 
transmission has been separated from entire EPS system and worn to show isolated noise 
increase and its effect to the vehicle driver. The test stand has been used to set wear cycles 
to the worm gear transmission, which simulate its real behavior when used in EPS system. 
The test stand scheme is shown in Figure 5 and picture of the test station in Figure 6.
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Fig. 5. Scheme of the wear test station

Fig. 6. Photo of the testing bench showing tested worm gearing mounted in a housing (A), loading 

drivetrain (B), angle (speed) command drivetrain (C)

Considered test profile shown in Figure 4 was applied with time intervals after each two 
following parking maneuvers. Test profile overlaid on the time scale is presented in Figure 7.
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Fig. 7. Test profile overlaid on the time scale

2.3. Test bench noise simulation level

The vibration testing has a long history and it is possible since electro mechanical shakers 
have been designed and different kinds launched [17]. It has made possible to test compo-
nents or subsystems before the final product (which tested subsystem or component is the 
part of) is available, to get ready robust product suited to required application. The important 
utility of electro mechanical shakers is to use them to reproduce severe road conditions and 
applied them in the anechoic chamber in regards to the noise verification. Such bench with 
configuration to test a NVH behavior of samples under force excitation is common known 
in the Automotive Industry as Field Data Replicator (FDR). The example of bench placed in 
anechoic chamber environment is shown in Figure 8a.

Fig. 8. FDR bench: (a) electro mechanical shaker, (b) tested samples of DPEPS assembled
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The idea and order of testing samples is following: a) data acquisition of particular road profile 
at the vehicle level with the force sensors or accelerometers in certain cases, b) determina-
tion of the forces acting on EPS systems when noise occurs, c) Signal filtering (5 Hz to 50 Hz), 
d) Determination of “Loudness” levels measured by standard ISO 532: 1975, e) verification if 
FDR results are corelated to the vehicle noise level. The assembled sample at the bench level 
with sensors setup is presented in Figure 8b. Such test setup and objective evaluation does 
not consider fibrous, sound absorbing materials assembled at the vehicle level and its varia-
bility over the time, however according to the research, it can be assumed that their properties 
are constant thus may be neglected [18]. The measurement device acquiring pressure signal 
during FDR test is PCB 378B02 ICP microphone with frequency range from 3.75 kHz to 20 kHz 
and sensitivity 50 mV/Pa (+/- 1.5 dB). The excitation unit is vertical shaker MB Dynamics, type 
Energizer Silver controlled by external load cell prepared internally. These devices are cali-
brated daily with control equipment according to IATF 16949 procedures and standards.  

3. Results

Repeatable maneuvers were set as shown in Figure 4. The test was conducted up to 200% 
of defined vehicle life, including intermediate noise checks to explore worm gear behavior 
beyond needed performance. Noise coming from the worm gear transmission is mostly 
related to its wear. Exemplary worm gear tooth section is shown below that compares condi-
tion as new and after some wear. 

 

Fig. 9. Sectioned worm gear tooth condition as new (red) and after some wear (green)
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The wear visible in the Figure 9, results in worm – worm gear engagement backlash growth 
that becomes noisy after some value exceeded. That causes annoying feelings to the driver 
that should not occur within defined vehicle life. Measured worm gear wear show linear rela-
tion to number of cycles. NVH checks show non-linear relation. 

In the Figure 10 there is a clear conclusion that relation of the loudness results at the FDR 
bench level is not linear over the life time defined in percentile. The breaking point for the 
sudden deterioration of NVH performance is between 80% to 90% at the defined vehicle life. 

Fig. 10. Graph with relation Loudness and subjective evaluation to Life Time of the vehicle related 

to worm gear transmission backlash growth

On the other hand, the same graph, however in regards to the subjective evaluation from the 
customer scale shows that human perception is steady to the certain point and then starts 
to get worse with the linear relation to the defined vehicle life. The break point for that in the 
investigated case is 100%. Considering all above the threshold determined experimentally 
can be set for the testing EPS at the bench level – FDR.

Figure 10 shows backlash increase of worm – worm gear pair. It is expressed in arcmin unit that 
is 1°/60 of worm gear rotation under certain load applied (that is assumed to check the noise 
at). Typically, the backlash means real clearance between the teeth in the mesh, however 
considered EPS system is equipped for the compensator that keeps the worm gearing fully 
engaged. Proceeding teeth wear over life makes the compensator less efficient revealing the 
backlash under the applied load. It is good practice to gather more data of backlash growth 
to avoid imprecise interpolation. Direct measurement of worm gear backlash installed on 
FDR bench seems to be imprecise since entire EPS system is exposed to vibration. On the 
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other hand, this is possible to measure worm gear tooth wear (Figure 9) to calculate back-
lash value, but interim measurement requires components disassembly and grease cleaning 
which’s done improperly may affect the wear results and its correlation to NVH. That’s why 
the measurement is limited to three attempts to confirm linearity of backlash growth over 
the product life.

4. Conclusions

•	 Worm gear transmission applied to EPS systems are working under non-standard condi-
tions that most of worm gearings are considered in the literature, where the transmis-
sion life is defined by working hours at constant torque value [19–21], also in regards 
to simulations [22]. That’s why the wear and its impact on noise performance must be 
evaluated separately during the system designing process.  

•	 Depending on several factors (for example selected material), the worm gear teeth wear 
might be linear or non-linear over its life [19]. Also, assuming linear growth of vibrations 
amplitude (due to linear wear), the created noise may become audible at certain worm 
gear wear threshold.   It makes difficult the noise behavior prediction process related 
to wear. NVH performance must be evaluated experimentally for such application like 
power steering system.   

•	 The most important rating of NVH for EPS system is the subjective customer evaluation 
therefore this is the outcome for EPS manufacturers. Thus design of the product, mate-
rials selection and process robustness shall consider firstly the customer expectations, 
the rest parameters, features and thresholds are resulting ones. For example, the fric-
tion is a resultant parameter that rises when some potential noisy EPS system nodes are 
expected to work quietly over its life and have to be extra tightened to reduce initial lash. 

•	 Despite the relation between Loudness and customer subjective evaluation is not linear, 
still the threshold based on sones scale following objective measurements can be set, in 
order to forecast with high probability the acceptance level. This is crucial in design and 
validation process.

•	 Estimation of the Life Time cycle and its following assumptions in regards to quality is 
important in terms of product requirements received from Vehicle Manufacturers 
(OEM) [19]. Nowadays, in the times of transforming Automotive into EV, the competition 
at the market is particularly strong. Wrong decisions and failed assumptions exposes 
Tier 1 Automotive suppliers for fall down and bankruptcy.   

•	 Multitude of factors that are determining NVH performance of the EPS system, makes 
the prediction almost impossible. Moreover, depending on the EPS system design, most 
of factors are unpredictable in terms of its sensitivity. Therefore, the subject complexity 
requires research on experimental way. Some of analysis can be performed using 
specialized test equipment, typically belonging to EPS systems manufacturers. 

•	 Each case EPS system application to certain vehicle is individual and requires a lot of 
detailed analysis. Wide literature review is an indication where the analysis should lead to.
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7. Nomenclature

EPS	 Electric Power Steering
NVH	 Noise Vibration Harshness
OEM	 Original Equipment Manufacturer
EV	 Electric Vehicle
FDR	 Field Data Replicator
ASM	 Assist Mechanism
RC	 Reversal Clunk
DPEPS	 Dual Pinion Electric Power Steering
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