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Highlights  Abstract  

▪ The real-life operating conditions of mining 

scraper conveyor drive systems. 

▪ Vibrations in the drive system with the 

innovative flexible damping clutch. 

▪ Test of drive system under cyclically variable 

load torque. 

▪ Drive system featuring an innovative flexible 

damping clutch working to 200 angle degree. 

 During machinery operation, load is often highly variable, which exerts 

an impact on how the machinery service life is reduced; hence the need 

for decreasing the variations in the load torque affecting the driving 

elements of machines. In order to achieve such reduction, the authors 

have developed a flexible clutch of innovative design. This paper 

provides a follow-up to the studies of the dynamic properties of the said 

clutch in terms of the analysis of the effect attributable to the input 

function waveform of the applied load on the dynamic response of the 

system, represented by the value of the accelerations of the drive system 

vibrations. The load variants analysed, with values of 500±250 Nm and 

750±375 Nm (sinusoidal, triangular, and rectangular waveforms). On 

account of the fact that the flexible clutch was integrated with the drive 

system subject to the studies, it was found that the averaged maximum 

root mean square reductions of vibration accelerations in the 

measurement direction with the highest vibration accelerations 

(direction y) came as high as to 56.1%. 
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1. Introduction 

Even though hard coal is being gradually abandoned as an 

energy carrier across Europe, there are countries which still 

increase their extraction of this resource. This is why some 

researchers, including the authors of paper [1], even refer to 

them using the term industrial food. Given the hard coal mining 

experience of several hundred years typical of the territory of 

contemporary Poland, local scientists have gained significant 

competence in the spheres of safety [2] as well as the problems 
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addressed in paper [3], i.e. green technologies and mining 

practice. It is precisely for the aforementioned long-standing 

experience in the machinery design, development, and 

production, based on expertise founded on the real-life 

operation of mining machines, that Polish enterprises can 

successfully ride the wave of global trends related to the 

development of high-quality mining machines. That includes 

devices which make use of digital technologies at different life 

cycle stages [4–7]. Bearing the above rationale in mind, it is 

reasonable to continue scientific research aimed at raising the 

durability and reliability of mining machinery. Some of the 

machines commonly operated in hard coal mines are powered 

mining systems, which include longwall scraper conveyors.  

A conveyor of this type is composed of an electric motor,  

a clutch – typically characterised by a small torsion angle of 

clutch members, a gear transmission, and a main drive wheel 

with a chain wrapping connector.  

The flexible clutch – typically characterised by a small 

torsion angle of clutch members, a gear transmission, and  

a main drive wheel with a chain wrapping connector. Scraper 

conveyors are important because they enable output haulage by 

moving transversely arranged elements, known as scrapers, 

which eliminates the need for belts that are exposed to the risk 

of fire caused by friction [8, 9]. Research is conducted to study 

modelling of conveyors [10], durability of chains used in 

underground mining conditions [11], as well as conveyor chain 

production methods [12]. Prospects for reducing the wear of 

conveyor components and increasing their reliability are sought 

in the monitoring of their rectilinearity [13]. Some other 

elements subject to in-depth analyses are drive systems, and 

particularly their components such as drive shafts [14–16], 

couplings [17–19], bearings [20–22], and gear wheels [15, 23–

27], while diagnostic methods are developed at the same time 

to eliminate their operational failures [28, 29]. Paper [30] 

provides results of a very detailed literature review performed 

in an attempt to determine the number of references to different 

problems related to conveyors (mainly belt conveyors). These 

results have been depicted in a graph showing that the terms 

“stress analysis”, “finite element analysis”, and “dynamics of 

belt during starting and stopping” were, respectively, the second, 

third, and fourth most frequently analysed notions in the top 

twenty. The research results addressed in this paper, i.e. findings 

of analyses of different loads variable in time, prove to be very 

useful in the context of effective analyses of the aforementioned 

subjects.  

This study focuses in the first place on such components of 

the assembly in question as gears, bearings, shaped joints, and 

shafts. They are all exposed to considerable dynamic forces as 

a consequence of their operation under time-varying loads [31, 

32]. It should be emphasised that the components of these 

transmissions must not only meet specific strength requirements, 

but must also be characterised by high operational reliability.  

Overall, the operational durability and reliability of mining 

machinery drive systems are not satisfactory. The service life of 

these transmissions often does not exceed 10,000 hours. 

Extending their service life to a degree comparable to that of the 

drive systems used in other industries (i.e. to 30,000–50,000 h) 

would bring significant savings to mining plants. Therefore, the 

development process for modern mining machinery and 

equipment must be based on an assumption that the 

manufacturing and operating requirements set for drive systems 

should be raised significantly. The foregoing pertains 

particularly to the increase in the power of the electric motors 

installed in the drives of mining machinery, which entails 

changes not only in the material selection, but also in the design 

of drive systems. 

It should be emphasised that a drive train composed of gear 

transmissions coupled via clutches with the driving motor and 

the driven machine altogether form a kinematic system of 

elastic elements with specific masses. They are excited to 

vibrate due to a varying load. Such vibrations can be caused by 

external forcing, where they originate in the motor and/or the 

driven machine, as well as by some internal sources (Fig. 1), the 

effect of which is an increase in the load transferred by driving 

elements. In maintenance-oriented diagnostics, solutions such 

as machine learning are used [29]. The monitoring and 

diagnostic systems used with driven machines (also outside the 

mining industry) are the key components of operational systems, 

which make it possible to reduce the unreliability of such 

machines and to improve the reliability of production processes. 

However, in the case of mining machinery, and scraper 

conveyors in particular, it is relatively rare that predictive 

systems are used to determine the current technical condition. 

This can be attributed to the considerable load variability caused 
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by changing mining conditions, e.g. due to rock interlayers in 

coal seams or lumps of output falling onto the conveyor.  

 

Fig. 1. Causes of gear transmission vibration. 

A forces in gear meshing can be minimised by reduction 

tooth gear deviation [33] and  also made to reduce the torque 

[34–37] caused by the non-constant of the operating conditions 

of driven machines.  

Mechanical couplings are generally used in scraper 

conveyors, and these are usually flexible insert-type clutches or, 

less commonly (due to their higher cost), hydrokinetic clutches. 

The rationale behind using the aforementioned clutches is to 

improve the alignment of drive shafts and to reduce the dynamic 

forces caused by frequent start-ups.  

 

Fig. 2. Summary of the number of start-ups for consecutive 

days of operation determined for a sample longwall at a hard 

coal mine; compiled by authors based on [38]. 

The problem of mining machinery start-up is important in 

the context of the solutions employed to maintain the durability 

of mining machine drives. Paper [38] provides a summary of 

the number of start-ups for consecutive days of mining 

operation at a sample longwall equipped with a scraper 

conveyor (Fig. 2). The graph clearly shows that the number of 

daily start-ups reaches 120, and hence the average number of 

start-ups per hour of conveyor operation being even as high as 5.  

The number of start-ups significantly affects the resultant 

load acting on the drive elements in mining machinery, since the 

starting torques emerging in non-linear states considerably 

exceed the nominal values resulting from the nominal torque 

value of the driving motor. Some good solutions to minimise 

external dynamic forces include using hydrokinetic clutches  as 

well as devices referred to as soft-start systems (including 

subassemblies based on thyristor elements and drive inverters), 

however, on account of their relatively high cost, they are rarely 

used in coal mining. It is more common to find solutions based 

on insert-type clutches and contactor switches in the design of 

drive systems intended for mining machinery (especially 

scraper conveyors), even though they do not ensure adequate 

minimisation of external dynamic forces.  

The aforementioned solutions are also unsuitable for 

reducing the variability of the forces caused by momentary 

changes in the output-related loading of conveyors as well as by 

the drive clutch locking.  

In order to solve the load variability issue, caused by diverse 

reasons such as start-ups and locks, the flexible damping clutch 

was designed, based on a patented solution of a torsionally 

flexible metal clutch (characterised in detail in publications 

[39, 40]). Load and vibration tests in drive systems or their 

components are also important in the case of environmental 

protection activities [41-42] and operationally oriented 

diagnostics [43]. This clutch (Fig. 3) is composed of a part being 

coupled, i.e. an insert-type clutch, and a flexible damping 

subassembly in which the output member is subject to torsion 

against the input member, the energy associated with the friction 

of the screw assembly becomes dissipated, and springs move.  

 

Fig. 3. Design of the flexible damping clutch. 
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Based on the structure of the flexible clutch described above, 

a drive system solution was developed, adapted to the 

requirements of dog heading scraper conveyors (Fig. 4) with 

55 kW of power transmitted at n=1,485 RPM of the driving 

motor speed. The system in question was built and installed on 

an actual scraper conveyor, operated under real-life conditions 

for approx. 18 months.  

A number of positive effects of this solution were observed 

during its operating period. These included the following in 

particular: 

• smooth soft start of the drive system, 

• no apparent clutch wear over a period of one and a half 

years of operation, 

• constant chain tension maintained for a long time 

throughout the period analysed, 

• no chain failure cases, despite its significant wear, 

• limited wear of the main wheel and the chain itself, 

• no significant damage to ejector elements, 

• reduced wear on the conveyor housing compared to 

previous observations. 

Once the heading driving was competed, the clutches were 

dismantled and sent to the manufacturer for further analysis. As 

part of the assessment, they were disassembled into individual 

components whose technical condition was examined. 

Although seals were found to be damaged, no contamination of 

the lubricant inside the clutch was observed, which 

demonstrated the effectiveness of its protective structure. 

The operation under real-life conditions enabled positive 

verification of the solution proposed in terms of durability and 

confirmed the capacity of the device in question to reduce 

dynamic forces (as evidenced by relatively small damage to the 

conveyor and no chain failure), however, this still did not make 

it possible to fully understand the functional – especially 

vibroacoustic – properties of the flexible clutch designed. 

           

a b 

Fig. 4. The innovative drive unit: a – motor with the flexible clutch, b – gear transmission mounted to the conveyor housing along 

with the main drive wheel. 

The vibroacoustic properties of the innovative clutch have 

been partially discussed in paper [34], however, what has not 

been considered in that study is the variation of the load form 

nearing that of real-life operation, while only the load spikes 

typical of the scraper blocking situation have been verified. 

Consequently, the scope of this study and of the load cases 

analysed is multiple times greater. 

In contrast, this paper provides extensive identification of 

the vibroacoustic properties of the drive system coupled with 

the innovative flexible clutch. In fact, during operation, one can 

observe load torque changes of different nature, including short 

phases of operation under virtually constant load. This is why 

load torque changes of diverse nature have been discussed and 

the possibility of reducing the vibration acceleration of drive 

system components during operation with different loads has 

been analysed in this paper. 

2. Research stand 

The research stand was an innovative drive system featuring  

a dedicated flexible clutch (Fig. 5) designed for mining scraper 

conveyor drives. This clutch is the main part of the flexible 

clutch, whose other part, i.e. the insert-type clutch, was not used 

on account of the high-precision alignment of the drive shafts. 

Illustrated in Fig. 6 and 7, this system consists of the following 

elements: an electric driving motor, the innovative torsionally 

flexible clutch, making it possible to achieve high values of 

torsion angles owing to its screw gear mechanism, a shaft with 

cardan joints, an assembly of two multi-stage gear transmissions, 

of which the first worked as a reducing gear and the second one 

as a multiplying gear, as well as an electric braking motor 
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(Fig. 7, item S2). Fig. 7 shows a diagram of the arrangement of 

measuring points, while Fig. 6 shows the location of the 

tachometer probe generating the tacho signal. 

 

Fig. 5. Innovative flexible clutch mounted at a test rig (in-

house resources).  

 

Fig. 6. Drive system subject to tests with the innovative 

flexible clutch. 

 

Fig. 7. Diagram of locations of measuring points and other 

elements: S1 – electric motor, C –flexible clutch, P – toothed 

gear (gear for reduction rotation velocity – r; gear for 

multiplication rotation - m), S2 – electric loading motor.  

The solution used to reduce the acceleration of the vibrations 

observed at selected points of the drive system under study was 

the original torsionally flexible clutch (a part of the flexible 

damping clutch and an all-metal component), described in detail 

in section 2 of this paper, in which rotary motion is converted 

by means of a screw mechanism into progressive motion, thus 

causing compression of a disc spring pack. This type of clutch 

can be characterised by a high value of the torsion angle of its 

members, even as high as above 200°. Fig. 8 shows the non-

linear form of the characteristic of the element studied. What 

this characteristic shows is that the clutch stiffness increases 

significantly for torque values above approx. 1,125 Nm. Fig. 8 

also provides the equations which make it possible to determine 

the two characteristic ranges; they are marked in blue and 

orange. 

 

Fig. 8. Characteristic stiffness curve (non-linear form) of the 

clutch studied (authors’ own elaboration). 

The analysis comprised both lower loads, where the nominal 

load value (mean value over a variable cycle) was 500 Nm ±50% 

of the nominal value, and this range has been marked in green 

in Fig. 8, as well as higher loads, where the nominal load value 

(mean value over a variable cycle) was 750 Nm ±50% of the 

nominal value, and this range has been highlighted in red in 

Fig. 8. The load values were chosen so as to analyse the clutch 

operation within the degressive characteristic curve range for 

lower loads (range marked in green in Fig. 8) as well as within 

the degressive and progressive characteristic curve range for 

higher loads (range marked in red in Fig. 8).  

On account of the non-linear nature of the clutch operation, 

in the case of the lower of the loads analysed, a decrease in the 

load value from the nominal one (500 Nm) by 50% results in  

a decrease in the torsion angle of the clutch members by as much 

as ~60% (~50° - ~20° = ~30° – see Fig. 8), while an increase in 

the load value from the nominal one (500 Nm) by 50% results 

in an increase in the torsion angle of the clutch members by as 

much as 100% (~100° - ~50° = ~50° – see Fig. 8). On the other 

hand, in the case of the higher of the loads analysed, decreasing 

the load value from the nominal one (750 Nm) by 50% results 

in a decrease in the torsion angle of the clutch members by as 

much as ~70% (~100° - ~30° = ~70° – see Fig. 8), while an 

increase in the load value from the nominal one (750 Nm) by 

50% results in an increase in the torsion angle of the clutch 

members by as much as 100% (~200° - ~100° = ~100° – see 
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Fig. 8). 

In order to analyse the variations in the vibration 

accelerations observed in the drive system featuring the 

innovative flexible clutch, the research object was tested under 

a constant load (designation N) as well as in line with different 

load torque variation waveforms in a function of time. The 

waveforms applied were sinusoidal (designation S), rectangular 

(designation P), and triangular ( designation T).  

Two nominal load torque values were adopted: 500 Nm and 

750 Nm, and in the case of the variable loads, the amplitude of 

the said waveforms for the braking torque variation was ±50% 

of the nominal value. The period of the load torque change cycle 

was chosen on the basis of the authors’ previous experiences 

related to the operation of scraper conveyor drive systems, and 

so it was set at 6 s, while the rotational speed of the driving 

motor shaft was typical, fluctuating around approx. 1,480 RPM. 

The tests were conducted with the clutch in the flexible 

operating mode (designation P) as well as with the clutch locked 

(designation L). The foregoing means that 32 different modes 

of the drive system operation were examined. The vibration 

acceleration signals chosen for analysis were recorded in all 

three measurement directions: x, y, z (see Fig. 7) and two 

relevant measurement points: at the support of the clutch 

mounted on the system’s drive shaft – point no. 10244 located 

between the driving motor and the reducing gear (Figs. 5–7), 

and at the multiplying gear housing, at the same time being 

relatively close to the braking motor – point no. 14519 (Figs. 6 

and 7). This means that as many as 192 different time 

waveforms, recorded over the course of the tests which posed 

serious technical difficulties, were subject to amplitude, 

frequency, and time-frequency analyses. 

3. Amplitude analysis of recorded signals  

Having compared the flexible (Fig. 9b) and rigid (Fig. 9a) 

modes of the clutch operation, one can clearly notice  

a significant reduction in the RMS of vibration accelerations 

from a maximum of 33.9 m/s2 to 26.1 m/s2 caused by the rigid 

operation of the clutch. Furthermore, it is evident that, in the 

locked operating mode of the clutch, the dominant RMS of 

vibration accelerations were observed in direction y (see Fig. 7), 

while in the case of the torsional flexible operation – in 

direction x.   

Figures 10a and 10b, on the other hand, show the RMS of 

the  vibration acceleration signal measured at point 14519 (see 

Fig. 7) for the same load values and waveforms. Analysis of the 

results depicted in Figure 10 implies that no significant 

reductions in vibration accelerations were recorded at this point, 

except for the constant load (N) – in all directions: x, y, z, as 

well as for the triangular waveform load (T) – in directions x 

and y. However, it should be noted that the RMS of vibration 

accelerations measured at point 14519 in the locked clutch 

operating mode were up to five times lower than those obtained 

at point 10244. This makes the above-described considerable 

reduction of vibration accelerations at point 10244 relevant, 

since that is where the vibration acceleration were initially 

higher, only to be significantly reduced (Fig. 9). 

a) 

 
b) 

 

Fig. 9. RMS of the vibration acceleration signal measured at 

point 10244 in three directions: x, y, z, with the system subject 

to load torque: constant of 500 Nm (designation N), with 

sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 500 ±250 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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a) 

 
b) 

 

Fig. 10. RMS of the  vibration acceleration signal measured at 

point 14519 in three directions: x, y, z, with the system subject 

to load torque: constant of 500 Nm (designation N), with 

sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 500 ±250 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

In the case of the higher load with the constant value of 

750 Nm and with the variable value of 750 ±375 Nm, having 

compared the RMS of the vibration accelerations observed with 

the clutch in the rigid operating mode (Fig. 11a) and those 

established in the flexible operating mode (Fig. 11b), one can 

observe a significant reduction in the RMS of vibration 

accelerations from a maximum of 38.5 m/s2 to 21.2 m/s2 caused 

by the flexible clutch operation. As in the case of the smaller 

time-varying loads (500 ±250 Nm), so in the locked operating 

mode of the clutch, it can be noticed that the dominant RMS of 

vibration accelerations were observed in direction y (see Fig. 7), 

while in the case of the torsional flexible operation – in 

direction x.   

a) 

 
b) 

 

Fig. 11. RMS of the  vibration acceleration signal measured at 

point 10244 in three directions: x, y, z, with the system subject 

to load torque: constant of 750 Nm (designation N), with 

sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 750 ±375 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

Figures 12a and 12b, on the other hand, show the RMS of 

the  vibration acceleration signal measured at point 14519 for 

the following loads: constant of 750 Nm and variable of 

750±375 Nm. Analysis of the results shown in Figure 10 further 

implies that no significant change in vibration accelerations was 

recorded at this point, and therefore, in this case as well, the 

reduction in the RMS of the vibration accelerations measured at 

the higher load at point 10244, where the values were reduced 

significantly from a much higher level, becomes relevant. 

The differences observed with a given measurement 

parameter (i.e. given a certain load torque and certain loading 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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nature, and at a given measurement point in a given 

measurement direction) between the RMS of the vibration 

accelerations measured with the clutch operating in the flexible 

mode and the RMS of the vibration accelerations measured with 

the clutch operating in the locked mode were analysed against 

the maximum RMS of the vibration accelerations recorded 

when one of the two nominal loads were applied and with the 

clutch operating in the locked mode with regard to the following: 

the given nature of the system load variation taken into 

consideration (N, S, T, P), the given measurement point taken 

into consideration, and the given measurement direction taken 

into consideration, and they have been provided in percentage 

values in Figures 13, 14, and 15. The values described as AVE 

in the respective of the three figures are average values 

calculated from the values designated as N, S, T, P in this figure. 

In the absence of knowledge of the loads of what nature (N, S, 

T, P) may dominate the system during operation, this value can 

represent the average RMS decrease/increase potential at  

a given measurement point, in a given measurement direction, 

and with a given nominal load.  

With reference to the results illustrated in: 

• Figure 13 (direction x), it can be concluded that the 

largest average percentage increase in the RMS of 

vibration accelerations was 7.8% (Fig. 13a), and the 

largest average reduction thereof was multiple times 

greater, being as high as 30.1% (Fig. 13c); 

• Figure 14, it can be concluded that the largest average 

percentage increase in the RMS of vibration 

accelerations for measurement direction y, where the 

largest vibration accelerations occurred, was 0.2% 

(Fig. 14b), while the largest average decrease thereof 

was significantly greater, being as much as 56.1% 

(Fig. 14c); 

• Figure 15 (direction z), it can be concluded that the 

largest average percentage increase in the RMS of 

vibration accelerations was 3.3% (Figure 15d), and the 

largest average reduction thereof was more than twice 

as great and amounted to 7.4% (Figure 15c). 

 

a) 

 
b) 

 

Fig. 12. RMS of the vibration acceleration signal measured at 

point 14519 in three directions: x, y, z, with the system subject 

to load torque: constant of 750 Nm (designation N), with 

sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 750 ±375 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

a)  

 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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b)  

 
c) 

 
  

d) 

 

Fig. 13. Changes in the RMS of the  vibration acceleration 

signal recorded in direction x, expressed in percents: 

a) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 10244, 

b) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519.   

 

a) 

 
b) 

 
c) 

 
d) 

 

Fig. 14. Changes in the RMS of the  vibration acceleration 

signal recorded in direction y, expressed in percents: 

a) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 10244, 

b) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519. 
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a) 

 
b) 

 
c) 

 
d) 

 

Fig. 15. Changes in the RMS of the  vibration acceleration 

signal recorded in direction z, expressed in percents: 

a) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 10244, 

b) constant load torque of 500 Nm (N) or variable load torque 

of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519.   

Another stage in the studies was an analysis of the peak-to-

peak (P-P) shown in Figures 16–19. Having compared the 

flexible (Fig. 16b) and rigid (Fig. 16a) modes of the clutch 

operation, one can clearly notice a significant reduction in the 

peak-to-peak of vibration accelerations from a maximum of 

273.8 m/s2 to 171.9 m/s2 caused by the rigid operation of the 

clutch. Furthermore, it is evident that, in the locked operating 

mode of the clutch, the dominant RMS of vibration 

accelerations were observed in direction y (see Fig. 7), while in 

the case of the torsional flexible operation – in direction x.   

Figures 17a and 17b, on the other hand, show the peak-to-

peak (P-P) of the linear vibration acceleration signal measured 

at point 14519 (Fig. 14519) for the same load values and 

waveforms. Analysis of the results depicted in Figure 17 implies 

that no significant reductions in vibration accelerations were 

recorded at this point, except for the constant load (N) – in 

directions x and z. However, it should also be noted that the 

RMS of vibration accelerations measured at point 14519 in the 

locked clutch operating mode were approximately five times 

lower than those obtained at point 10244, and so in the case of 

the peak-to-peak as well, that makes the above-described 

considerable reduction of vibration accelerations at point 10244 

relevant, since that is where the peak-to-peak vibration 

acceleration were initially higher, only to be significantly 

reduced (Fig. 16). 

a) 

 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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b) 

 

Fig. 16. Peak-to-peak (P-P) of the vibration acceleration signal 

measured at point 10244 in three directions x, y, z, with the 

system subject to load torque: constant of 500 Nm (designation 

N), with sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 500 ±250 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

In the case of the higher load with the constant value of 

750 Nm and with the variable value of 750 ±375 Nm, having 

compared the peak-to-peak of the vibration accelerations 

observed with the clutch in the rigid operating mode (Fig. 18a) 

and in the flexible operating mode (Fig. 18b), and at 

measurement point 10244, one can observe a significant 

reduction in the peak-to-peak of vibration accelerations from  

a maximum of 332.9 m/s2 to 245.6 m/s2 caused by the flexible 

clutch operation. It is further evident that, in the locked 

operating mode of the clutch, the dominant RMS of vibration 

accelerations were observed in direction y (see Fig. 7), while in 

the case of the torsional flexible operation – in direction z.   

 

a) 

 

b) 

 

Fig. 17. Peak-to-peak (P-P) of the vibration acceleration signal 

measured at point 14519 in three directions x, y, z, with the 

system subject to load torque: constant of 500 Nm (designation 

N), with sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 500 ±250 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

Figures 19a and 19b, on the other hand, show the peak-to-

peak of the vibration acceleration signal measured at point 

14519 for the following loads: constant of 750 Nm and variable 

of 750 ±375 Nm. Analysis of the results illustrated in these 

figures implies that no significant change in vibration 

accelerations was recorded at this point (compared to the 

variations measured at point 10244), and therefore, in this case 

as well, the reduction in the RMS of the vibration accelerations 

measured at point 10244, where the values were reduced 

significantly from a much higher level, becomes relevant. 

Figures 20, 21, and 22 show the relevant peak-to-peak (P-P) 

values, calculated similarly to the RMS and expressed in 

percents alike. The values described as AVE in the respective of 

the three figures are average values calculated from the values 

designated as N, S, T, P in this figure. In the absence of 

knowledge of the loads of what nature (N, S, T, P) may dominate 

the system during operation, this value can represent the 

average peak-to-peak (P-P) reduction/increase potential at  

a given measurement point, in a given measurement direction, 

and with a given nominal load.  

 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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a) 

 
b) 

 

Fig. 18. Peak-to-peak (P-P) of the vibration acceleration signal 

measured at point 10244 in three directions x, y, z, with the 

system subject to load torque: constant of 750 Nm (designation 

N), with sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 750 ±375 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

With reference to the results illustrated in: 

• Figure 20 (direction x), it can be concluded that the 

largest average percentage increase in the peak-to-peak 

(P-P) of vibration accelerations was 1% (Fig. 20b), and 

the largest average reduction thereof was more than 

twenty times greater, being as high as 22.2% (Fig. 10c); 

• Figure 21, it can be concluded that the largest average 

percentage increase in the peak-to-peak (P-P) of 

vibration accelerations for measurement direction y, 

where the largest vibration accelerations occurred, was 

1.2% (Fig. 21b), while the largest average decrease 

thereof was several dozen times greater, being as much 

as 40.4% (Fig. 21c); 

• Figure 22 (direction z), it can be concluded that the 

largest average percentage increase in the peak-to-peak 

(P-P) of vibration accelerations was 31.1% (Figure 

22c), and the largest average reduction thereof was 

smaller only in this particular case, as it came to 9.8% 

(Figure 22a). 

a) 

 
b) 

 

Fig. 19. Peak-to-peak (P-P) of the vibration acceleration signal 

measured at point 14519 in three directions x, y, z, with the 

system subject to load torque: constant of 750 Nm (designation 

N), with sinusoidally variable waveform (designation S), with 

triangular waveform (designation T), and with rectangular 

waveform (designation P), 750 ±375 Nm: a) clutch operating 

in the locked mode, b) clutch operating in the flexible mode.  

 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 

--- a RMS X, m/s2 

--- a RMS Y, m/s2 

--- a RMS Z, m/s2 
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a) 

 
b) 

 
c) 

 
d) 

 

Fig. 20. Changes in the peak-to-peak (P-P) of the vibration 

acceleration signal recorded in direction x, expressed in 

percents: a) constant load torque of 500 Nm (N) or variable 

load torque of 500 ±250 Nm (S, T, P) at measurement point 

10244, b) constant load torque of 500 Nm (N) or variable load 

torque of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519.   

a) 

 
b) 

 
c) 

 
d) 

 

Fig. 21. Changes in the peak-to-peak (P-P) of the vibration 

acceleration signal recorded in direction y, expressed in 

percents: a) constant load torque of 500 Nm (N) or variable 

load torque of 500 ±250 Nm (S, T, P) at measurement point 

10244, b) constant load torque of 500 Nm (N) or variable load 

torque of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519.   
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a) 

 
b) 

 
c) 

 
d) 

 

Fig. 22. Changes in the peak-to-peak (P-P) of the vibration 

acceleration signal recorded in direction z, expressed in 

percents: a) constant load torque of 500 Nm (N) or variable 

load torque of 500 ±250 Nm (S, T, P) at measurement point 

10244, b) constant load torque of 500 Nm (N) or variable load 

torque of 500 ±250 Nm (S, T, P) at measurement point 14519, 

c) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 10244, 

d) constant load torque of 750 Nm (N) or variable load torque 

of 750 ±375 Nm (S, T, P) at measurement point 14519. 

Figure 23 provides a compilation of the average percentage 

changes in the RMS and peak-to-peak (P-P) of the vibration 

acceleration signal recorded in different directions and at 

different measurement points. The yellow colour represents the 

average values obtained for both measurement points analysed. 

The highest of the reductions of the RMS vibration acceleration 

values thus calculated is 23.7%, while for the peak-to-peak  

(P-P) vibration acceleration values, it is 16.8%. 

 

Fig. 23. Compilation of the average percentage changes in the 

RMS and peak-to-peak (P-P) of the vibration acceleration 

signal recorded in different directions and at different 

measurement points. 

4. Frequency-amplitude and time-frequency analysis  

The studies addressed in this paper also included a frequency 

analysis of the vibration signals recorded. Figure 24b shows the 

values of the maximum amplitudes observed in the frequency 

spectrum for the vibration acceleration signals measured at 

point 10244, while Figure 24a shows the frequencies 

corresponding to the said maximum values. Additionally, 

Figure 24a also implies that, for measurement direction y, the 

frequency corresponding to the maximum amplitude value was 

in a relatively narrow range from 1,364 Hz to 1,469 Hz. This 

was not the case of the other measurement directions. 

A conclusion which can be drawn from Figure 24b is that, 

for direction y, given the relevant changes in the braking torque 

values and the nature of the load torque changes (N, S, T, P), the 

maximum amplitude found in the frequency spectrum always 

decreased as a result of the clutch operating in the flexible mode 

(designation P at the end of the markings used in Figures 24–

27).  

 



 

Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 27, No. 4, 2025 

 

a) 

 

b) 

 

Fig. 24. Compilation of values, measurement point 10244: 

a) frequencies corresponding to the maximum amplitude 

observed in the frequency spectrum, b) maximum amplitude 

values recorded in the frequency spectrum. 

The same outcome was obtained when analysing the second 

maximum amplitude observed within the frequency spectrum 

(Figure 25b). At this point, it should be reminded that 

measurement direction y was the one in which the RMS of the 

vibration accelerations prevailed in the case of the locked clutch 

operation at both measurement points and with all the 

characteristics of the load torque variations (Figs. 9a, 10a, 11a, 

12a). The frequency values corresponding to these two 

aforementioned maxima have been collated in Figures 24a and 

25a, rounded off to natural numbers. What can be concluded 

with reference to these figures is that, apart from one exception 

out of 32 cases analysed, the frequency values did not change 

significantly as a result of the flexible clutch operation (with the 

exception of the case marked as 750/T/P – Figure 25a). 

 

 

 

 

a) 

 

b) 

 

Fig. 25. Compilation of values recorded at measurement point 

10244: a) frequencies corresponding to the second maximum 

amplitude observed in the frequency spectrum, b) second 

maximum amplitude recorded in the frequency spectrum. 

As already shown in Figure 24a, it can be observed that, in 

the case of measurement direction y, the frequency 

corresponding to the maximum amplitude value was contained 

in a relatively narrow range from 1,364 Hz to 1,469 Hz. This 

was neither the case for measurement point 14519 (Fig. 26a), 

nor for the other measurement directions (Fig. 26a). On the 

other hand, for point 14519 and direction y, the maximum 

amplitude observed in the frequency spectrum was often found 

not to decline as a result of the clutch operating in the flexible 

mode (Fig. 26b).  

a) 
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b) 

 

Fig. 26. Compilation of values, measurement point 14519: 

a) frequencies corresponding to the maximum amplitude 

observed in the frequency spectrum, b) maximum amplitude 

recorded in the frequency spectrum. 

The same outcome was obtained when analysing the second 

maximum amplitude observed within the frequency spectrum 

(Figure 27b). However, it is noteworthy that, at point 10244, 

where the vibration acceleration values in the locked clutch 

operation case were approximately five times greater than at 

point 14519, a reduction in the vibration amplitudes was 

observed (compare Fig. 9a, 10a, 11a, 2a). Nevertheless, due to 

the greater mass concentrated around point 14519 than around 

point 10244, the frequencies measured at point 14519 and 

corresponding to the maximum values were lower than those 

obtained at point 10244 in the decided majority of the cases 

analysed (compare Fig. 24a with 26a). Frequencies 

corresponding to the second maximum amplitude observed in 

the frequency spectrum in the case of measurement point 14519 

change in a fairly wide range, exceeding 400 Hz (Fig. 27a). 

a) 

 

 

 

 

 

b) 

 

Fig. 27. Compilation of values, measurement point 14519: 

a) frequencies corresponding to the second maximum 

amplitude observed in the frequency spectrum, b) second 

maximum amplitude values recorded in the frequency 

spectrum. 

Time-frequency analysis makes it possible to observe effects 

that are unobservable over the course of amplitude or frequency 

analysis. With regard to the foregoing, Figure 28 shows the 

STFT time-frequency distributions obtained on the basis of the 

signals recorded:  

• at measurement point 10244,  

• in the relevant y direction,  

• for a load of 500 ±250 Nm and the triangular waveform 

of its variations, 

as well as for the clutch operating in both the locked (Fig. 

28a) and the flexible mode (Fig. 28b). It is evident that, on 

account of the torsional flexible operation of the clutch, in this 

case, there was a considerable (nearly threefold) reduction in the 

maximum values of the STFT spectrum amplitudes depicted on 

the time-frequency plane (see colour bars in Fig. 28).  

a) 
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b) 

 

Fig. 28. STFT time-frequency analysis of the signals, 

measurement point 10244 in direction y for a load of 500 

±250 Nm and its triangular waveform (T): a) for clutch in 

locked operating mode, b) for clutch in flexible operating 

mode. 

With regard to the load variations of other nature at point 

10244, a comparable effect was also observed, e.g. as shown in 

Figure 29. Moreover, in the case of the locked operating mode, 

this figure (Fig. 29a) clearly shows the effects caused by the 

sinusoidal torque variation, which are not observed when the 

clutch operates in the flexible mode in a time-frequency 

distribution, and there was a significant (nearly fivefold) 

reduction in the maximum values of the amplitudes recorded in 

the time-frequency plane (see colour bars in Fig. 29). 

a) 

 

b) 

 

Fig. 29. STFT time-frequency analysis of the signals, 

measurement point 10244 in direction y for a load of 750 

±375 Nm and its sinusoidal waveform (S): a) for clutch in 

locked operating mode, b) for clutch in flexible operating 

mode. 

The aforementioned effect attributable to the reduction of 

the maximum amplitudes in the time-frequency plane (see 

colour bars in Fig. 30) is also observable in the case of 

measurement point 14519, the relevant y direction, and even the 

constant load of 750 Nm. 

a) 

 

b) 

 

Fig. 30. STFT time-frequency analysis of the signals, 

measurement point 14519 in direction y for a constant load of 

750 Nm (N): a) for clutch in locked operating mode, b) for 

clutch in flexible operating mode. 

5. Conclusions  

As a result of the application of the innovative highly flexible 

metal clutch in the drive system subject to the studies, and for 

the analysed cases of loads (500 ±250 Nm and 750 ±375 Nm), 

specific nature of torque variations (sinusoidal, triangular, 

rectangular, and constant), and different measurement points, 

with reference to the results depicted in: 

• Figure 13 (direction x), it can be concluded that the 

largest average percentage increase in the RMS of 

vibration accelerations was 7.8% (Fig. 13a), and the 

largest average reduction thereof was multiple times 

greater, being as high as 30.1% (Fig. 13c); 

• Figure 14, it can be concluded that the largest average 

percentage increase in the RMS of vibration 

accelerations for measurement axis y, where the largest 

vibration accelerations occurred, was 0.2% (Fig. 14b), 

while the largest average decrease thereof was 

significantly greater, being as much as 56.1% (Fig. 

14c); 

• Figure 15 (direction z), it can be concluded that the 
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largest average percentage increase in the RMS of 

vibration accelerations was 3.3% (Figure 15d), and the 

largest average reduction thereof was more than twice 

as great and amounted to 7.4% (Figure 15c); 

• Figure 20 (axis x), it can be concluded that the largest 

average percentage increase in the peak-to-peak (P-P) 

of vibration accelerations was 1% (Fig. 20b), and the 

largest average reduction thereof was more than twenty 

times greater, being as high as 22.2% (Fig. 20c); 

• Figure 21, it can be concluded that the largest average 

percentage increase in the peak-to-peak (P-P) of 

vibration accelerations for measurement axis y, where 

the largest vibration accelerations occurred, was 1.2% 

(Fig. 21b), while the largest average decrease thereof 

was several dozen times greater, being as much as 40.4% 

(Fig. 21c). 

Following the studies and the frequency analysis addressed 

in this paper, with regard to measurement point 10244, where 

the RMS of vibration accelerations were the highest, for 

direction y, the relevant changes in the braking torque values, 

and the specific nature of the load torque changes (sinusoidal, 

rectangular, triangular, and constant), one can conclude that the 

maximum amplitude observed in the frequency spectrum 

always decreased as a result of the clutch operating in the 

flexible mode. The same outcome was obtained when analysing 

the second maximum amplitude observed within the frequency 

spectrum. Direction y was the one in which the RMS of the 

vibration accelerations prevailed in the case of the locked clutch 

operation at both measurement points and with all the given 

characteristics of the load torque variations. What can also be 

concluded is that, apart from one exception out of the 32 cases 

analysed, at that measurement point, the frequency values did 

not change significantly as a result of the flexible clutch 

operation (save for the case marked as 750/T/P). 

The studies and time-frequency analyses conducted by the 

authors imply that placing the clutch in the flexible operating 

mode leads to changes in the time-frequency structure of the 

signals recorded at the measurement points analysed, and that, 

in many cases, this contributes to reducing the maximum 

instantaneous amplitudes of the STFT distribution. 

To recapitulate on the above elaborations, it can be 

concluded that, during operation, the load torque of a drive 

system is subject to variations of diverse nature, including short 

periods of operation under a constant load, and therefore, with 

reference to the studies addressed in this paper, it has been 

demonstrated that it is possible to reduce the vibration 

accelerations in a drive system equipped with the proposed 

innovative highly flexible metal clutch while the system is 

operating under the conditions of a constant as well as time-

varying load torque of different variation waveforms (sine, 

triangle, and rectangle). Reduction of vibrations benefits the 

durability and reliability of the drive system, and it should be 

highlighted that both during and after the testing, as well as over 

the course of the clutch disassembly, no alarming effects 

attributable to the excessive wear of the clutch components were 

detected, which could otherwise have a negative impact on its 

reliable operation.
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