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Abstract: The subject of the experimental research was a modified back-to-back test stand. During the test, the driven gear with a number 
of teeth z1=16 was fixed on stationary axis. The tested gearbox worked without load and the closing gearbox was dismantled to avoid any 
additional vibration and noise. A mechanical system was also used which, during the tests, allowed to change the position of the above 
mentioned stationary axis. Gear with number of teeth z1 was fixed on a stationary axis with the arrangement of two self-aligning ball bear-
ings which prevented significant changes in the angular position of axis of gear in regard of stationary axis; or fixed on a stationary axis 
with the arrangement of one self-aligning ball bearing which allowed significant changes in the angular position of axis of gear in regard of 
stationary axis. On the basis of the conducted studies, it can be stated that only in some of the analyzed cases fixing of gear with the ar-
rangement of one self-aligning ball bearing reduces the vibration of the gearbox elements. 
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1. INTRODUCTION 

At present, in the case of mechanical and mechatronic sys-
tems, the reduction of generated vibrations and noise is one of the 
main objectives (Figlus et al., 2010; Kaczynski and Hoscilo, 2017; 
Kaczynski et al., 2012; Li et al., 2009; Shan et al., 2005; Strass-
berger and Waller, 2000; Wojnar and Homik, 2015; Žuľová et al., 
2017).  

 Gearbox is the basic element of many drive systems used in 
a variety of vehicles, industrial machinery and automatic adjust-
ment systems. As pointed out in the works (Feng and Zuo, 2012; 
Liang et al., 2018; Peng et al., 2018; Sawalhi and Randall, 2014; 
Strassberger and Waller, 2000; Wang et al., 2017; Zhou et al., 
2017), vibrations signal generated by working gearboxes can be 
successfully used to diagnose their technical conditions or to 
verify and improve created models. On the other hand, the vibra-
tion and noise resulting from it greatly affect the environment and 
the closest surroundings of the transmission which was mentioned 
in (Grega et al., 2017; Łazarz, 2001; Madej, 2003; Wieczorek and 
Kruk, 2016). Vibroactivity of the transmission is an important topic 
of numerous scientific papers and experimental studies. As shown 
in (Åkerblom and Sellgren, 2008; Dogruer and Pirsoltan, 2017; 
Grega et al., 2016; Łazarz and Peruń, 2012; Razpotnik et al., 
2015; Wieczorek, 2010; Wojnar, 2010), vibration and noise levels 
limits are searched for, among other things, in the appropriate 
selection of construction factors, bearing stiffness and preload, 
couplings, lubricant types and its operating temperatures.  

The vibration level of the gearbox is influenced by the value 
of forces coming from the meshing of cooperating gears as well 
as the resonance characteristics of the individual gearbox ele-
ments such as gears, bearings and housing. In (Madej, 2003; Wilk 
et at., 2009) three main ways of reducing the vibration and noise 

emission generated by the working gearbox are indicated. These 
include: 

 minimizing vibration in the meshing zone; 

 minimizing the efficiency of vibration transmission and 
material sound; 

 minimizing the efficiency of gearbox housing radiation. 
Proper selection of couplings has significant influence on re-

ducing the dynamic forces in the meshing and thereby reducing 
the force which generates vibration of the gearbox housing 
(Wojnar, 2010). An extremely important factor affecting the vi-
broactivity of the gearbox housing is its construction. The aim of 
the study (Figlus et al., 2010; Madej, 2003; Shen and Randall, 
2008; Wilk et al., 2009)  was to evaluate the impact of different 
types of transmission housing structure on vibration and noise 
emission during transmission operation. The examined housing 
types differed mainly in the shape of the stiffening ribs and had 
different stiffness, which in turn translated into various vibroacous-
tic characteristics of the examined solutions. As presented in 
(Figlus et al., 2010; Madej, 2003; Shen and Randall, 2008; Wilk et 
al., 2009), the appropriate choice of housing type makes it possi-
ble to significantly reduce the level of vibroactivity of the gearbox. 

As already mentioned, minimizing vibration in the meshing 
zone is an important area in which vibration and noise reduction 
solutions should be searched. Undoubtedly, an important factor 
affecting the generated vibrations during the operation of the 
gearbox is the load distribution along the teeth contact line. Under 
real conditions, due to numerous factors, achieving an even load 
distribution is relatively difficult. Consequently, the cooperating 
teeth are most often uneven loaded across their entire width. Any 
uneven distribution of load along the tooth contact line contributes 
not only to the deterioration of durability of gearbox, but also to the 
increase of vibration level of operating transmission. 
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2. DESCRIPTION OF THE BACK-TO-BACK TEST STAND 

The subject of the experimental research was a modified 
back-to-back stand designed to test single-stage gear transmis-
sion. 

 

 
Fig. 1. Back-to-back test stand: 1 – tested geabox, 2 – closing gearbox,  

3 – driving shaft, 4 – axis of gear with a number of teeth z1=16,   
5 – vibration acceleration sensors enabling the recording  
of vibration acceleration of axis in the direction parallel to the 
peripheral force Fo and radial force Fr, 6 – vibration acceleration 
sensor enabling the recording of vibration acceleration of geabox 
housing in the direction parallel to the peripheral force Fo in point 
K1, 7 – vibration acceleration sensor enabling the recording of 
vibration acceleration of geabox housing in the direction parallel  
to the peripheral force Fo in point K2, Z – view of the test gearbox 
from the side lettered „Z”; W – view of the test gearbox from the 
side lettered „W” 

The first modification of the back-to-back stand consisted of 
removing the gears from the closing transmission and leaving only 
the gears in the tested one. The purpose of this  was to eliminate 
the noise generated by the operation of the gears in the closing 
transmission. The second modification of the testing stand 
consisted of placing a gear with straight teeth and a number of 
teeth z1 = 16 on the stationary axis and driving it through a gear 
with teeth number z2 = 24. The gears module mn = 4.5 mm. The 
test gearbox worked without load. The nominal gearbox axle 
distance was 91.5 mm, the meshing width was 20 mm. The gear 
hub width was 35mm, profile shift coefficient x1 = 0.864, profile 
shift coefficient x2 = -0,5. Gear z1 was made of steel 18H2N2 and 
Gear z2 was made of steel 15HN. Gearbox was made due to 6 
accuracy class. The third modification consisted of the use of a 
mechanical system which, during the tests, allowed for a change 
in the position of the above mentioned stationary axis. In this way, 
it was possible to influence on parallelism of the gearbox axes. 
The mechanical system applied on one side of a pair of 
gearwheels marked with the letter "W" (Fig. 1) caused the bearing 
displacement ("W1") of a gear axis with a teeth number of z1. The 
displacement resulting from applied solution was 215 μm relative 
to its nominal position. 

This displacement has resulted in an increase in gearbox axle 
distance relative to the nominal value of 215 μm and this value in 
relation to the distance of the axes is in the relative measure less 
than 0.0025, and in relation to the height of the tooth is less than 
0.022. It should be noted here that, according to (Müller, 1996), 

one of the advantages of the involute gears used in the study is 
that there is no increase in dynamic forces in the meshing of 
change of gearbox axes distance (of course, while maintaining 
their parallelism). On the other side of the pair of gears marked 
with the letter "Z" (Fig.1), the mechanism allowed to move the 
center of the outer ring of the bearing ("Z1") in polar coordinates. 
The center of this polar coordinates was the original bearing axis 
position "Z1". Leader radius value was rwZ1 = 250 μm and a choice 
of one of 24 angular positions spaced at 15° was possible. The 
numbering of the bearing position "Z1" given later in this article is 
shown in Fig. 2. For position no. 1, the angle φrwZ1 was 37.5°. The 
sign used kn.p. (Fig. 2) indicates the direction of the rising bearing 
position numbers "Z1". Changing the position of the "Z1" bearing 
influenced the variation of the position of the stationary axis, and 
by that changing the value of the axle non-parallelism. 

Another modifications depend on that the gear with teeth 
number z1: 

 was fixed on stationary axis using two self-aliging ball 
bearings arranged side by side, which prevented significant 
changes in the angular position of axis of gear in regard to 
stationary axis; this situation is designated by the letters MS; 

 was fixed on stationary axis using one self-aliging ball 
bearings, which allowed significant changes in the angular 
position of axis of gear in regard of stationary axis; this 
situation is designated by the letters MW. 

 
Fig. 2. Method of numbering the bearing "Z1"position; view from the side  

 marked with the letter Z in Fig. 1 

During the measurements of vibration acceleration signals, 
piezoelectric vibration acceleration sensors were used, while for 
measuring the instantaneous angular velocity variations of the 
rotating shaft, a RLV-5500 laser vibrometer was used. 

The following signs of points and directions of measurments 
were used:   

 K1Z_FO – measurement of vibration acceleration of the 
transmission housing at the point K1 in a direction parallel to 
the action of the peripheral force Fo (Fig. 1, position 6); 

 K2Z_FO – measurement of vibration acceleration of the 
transmission housing at the point K2 in a direction parallel to 
the action of the peripheral force Fo (Fig. 1, position 7); 

 O1Z_FO – measurement of vibration acceleration of gear z1 

axis in section O1Z in a direction parallel to the action of the 
peripheral force Fo (Fig. 1, position 5); cross-section of the 
O1Z axis is located on the gearbox side from Z direction  
(Fig. 1); 

 O1Z_FR – measurement of vibration acceleration of gear z1 

axis in section O1Z in a direction parallel to the action of the 
radial force Fr (Fig. 1, position 5); 
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 O1W_FO – measurement of vibration acceleration of gear z1 

axis in section O1W in a direction parallel to the action of the 
peripheral force Fo; cross-section of the O1W axis is located 
on the gearbox side from W direction (Fig. 1); 

 O1W_FR – measurement of vibration acceleration of gear z1 

axis in section O1W in a direction parallel to the action of the 
radial force Fr; 

 Δω_2 – measurement of temporary changes of the angular 
velocity of the shaft with gear z2.  
Recorded vibration signals generated during gearbox 

operation at various rotational speeds of the gears were 
synchronously sampled at frequency fp = 51.2 kHz. Time of 
gearbox operation was 5 hours after setup testing stand. 

3. TEST RESULTS AND THEIR ANALYSIS 

Based on the recorded vibration signals of the various trans-
mission components, their RMS values are calculated and shown 
in Fig. 3 as a function of the bearing position "Z1" and the method 
of fixing the gear z1 on the stationary axis.  

 

   

   
Fig. 3. The RMS values of the vibration signals of the various transmission elements shown in the function of the bearing "Z1" position  
           (according to description in section 2 and Fig. 2) and the method of fixing the gear z1 on the stationary axis, obtained when the tested gearbox 
            operated with a rotational speed of the gear z2 of fo2=20 Hz
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In the case of test gear operation with a rotational speed of 
gear z2 of fo2 = 20 Hz, there was no significant reduction in  RMS 
value of vibration signals due to the change of the gear fixing 
method on the stationary axis (Fig. 3). On the other hand, the 
increase in the RMS value of the instantaneous angular velocity 
changes in shaft number 2 caused by the change in the gear 
fixing method in the case of the bearing position "Z1" was 155% 
(Fig. 4). In the case of the vibration signals of other transmission 
components, also the percentage increase in the vibration 
acceleration signal RMS value was often significant due to the 
self-aligning of the gear (Fig. 4). 

In the case of vibration signals generated by gears with 
straight teeth, the greatest amplitude usually consists of the fre-
quency spectrum components associated with the frequency of 
the meshing and its harmonics. For this reason, the frequency 
analysis of the recorded vibration signals has also been per-
formed to analyze method of gear fixing on the axis and the ac-
companying phenomena.  
 

  

   

  
 

Fig. 4. Changing the RMS value of the vibration signals of the various transmission elements due to the method of fixing the gear z1 on the stationary axis  
           (according to description in section 2 and Fig. 2) when the tested gearbox operated with a rotational speed of the gear z2 of fo2=20 Hz and fo2=40 Hz 
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Fig. 5 shows that in the case of gearbox operation with 
a rotational speed of fo2=20 Hz and a bearing "Z1" position of 
no.9, the use of self-aligning gear fixing resulted in a significant 
reduction of amplitude in the meshing frequency (fz = 480 Hz) at 
point O1Z_FR. This phenomenon was also observed for other 
points and vibration signals. 

 
Fig. 5. Spectrum of the vibration acceleration signal of the axis registered  

 at point O1Z_FR 

a) 

 
b) 

 
Fig. 6. Summary of amplitudes of meshing frequency fz and their 

harmonics in case of vibration acceleration singnal of gear z1 axis 
registered at point O1Z_FR, bearing position "Z1" P1 ÷ 5 and 
rotation frequency fo2= 20 Hz. 

 

For the mentioned above signal and gearbox operation with 
different bearing "Z1" positions  it can be seen that the successive 
harmonics of the meshing frequencies have a significantly lower 
amplitude than the amplitude associated with the meshing fre-
quency (Fig. 6). 

However, in case of vibration acceleration of gearbox housing 
(Fig. 7), dominating amplitude did not have the first harmonics of 
meshing frequencies but sequences harmonics no. 2, 3, 4 or 5. 
Most often, the sixth harmonic frequency was significantly less 
amplitude.  
 

a) 

 
b) 

 
Fig. 7.  Summary of amplitudes of meshing frequency fz and their 

harmonics in case of vibration acceleration singnal of gearbox 
housing registered at point O1Z_FR, bearing position  
"Z1" P1 ÷ 5 and rotation frequency fo2= 20 Hz 

Due to the fact that in the case of gearboxes, the amplitudes 
of the various harmonics of the meshing frequencies have a max-
imum value (e.g. Fig. 7) in order to analyze the effects occurring 
with said frequency and its harmonics, an indicator was assumed 
as sum of amplitudes of all 6 harmonic meshing frequencies. 

On the basis of the observation of obtained results shown in 
Figs. 8 and 9 with different rotational frequencies, it can be con-
cluded that in most positions of the  bearings "Z1", the sum of the 
amplitudes of the first six harmonic of meshing frequencies of the 
signal of temporary variations in angular velocity of the gearbox 
shaft 2 is smaller when using the self-aligning fixing of gear z1. 
This means that the increase in the RMS value of this signal seen 
in Fig. 4 is caused by the increase in amplitudes of other factors of 
the frequency spectrum than those associated with the meshing 
frequency and its harmonics. 

The above-mentioned effects were also observed for other 
signals for which the comparison of the harmonic amplitude val-
ues of the meshing frequency is shown in Fig. 8. 

a) 

b) 
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Fig. 8. Sums of amplitudes of the first 6 harmonic meshing frequencies 
obtained from the vibration signals of the various transmission 
elements shown in the function of the bearing "Z1" position  and 
the method of fixing the gear z1 on the stationary axis, when the 
tested gearbox operated with a rotational speed of the gear z2 of 
fo2=20 Hz 

 

 
Fig. 9. Sums of amplitudes of the first 6 harmonic meshing frequencies 

obtained from the signals of temporary changes of the angular 
velocity of the shaft with gear z2 shown in the function of the 

bearing "Z1" position  and the method of fixing the gear z1 on the 
stationary axis, when the tested gearbox operated with a rotational 
speed of the gear z2 of fo2=40 Hz  
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4. CONCLUSION 

Based on the experimental research and analysis of signals, 
it can be stated that: 

 For gearbox characterized by relatively longer periods of 
unloaded operation compared to periods when gearbox works 
with load, it is not recommended to use the self-aligning gear 
fixing because, in the absence of load in a significant number 
of cases, the increase of the RMS value of analyzed vibration 
signals caused by the use of said solution is greater than the 
vibration reduction resulting from the application of this solu-
tion. 

 The sum of the amplitudes of the first six harmonics of the 
temporary changes of the angular velocity of the shaft with 
gear z1, in the case of a many number of bearing "Z1" posi-
tions has lower value with the self-aligning gear z1 fixing than 
in the absence of it. This is important because during the op-
eration of gearbox with spur gears, the dominant amplitude in 
the frequency spectrum has a frequency of meshing and its 
harmonic, so that the self-aligning fixing of gear can in this 
case offer the possibility of reducing the effects caused by 
non-parallelism of gearbox axes. The authors of this publica-
tion plan further research in this field. 
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