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Abstract

:

Railways are one of the most efficient and widely used mass transportation systems for mid-range distances, also being pointed out as the best strategy to reach European Union decarbonisation goals. However, to increase railways attractiveness, it is necessary to improve the quality of the ride, namely its comfort, by decreasing the vibration at the passenger level. This article describes the experimental vibration modal identification of train seats based on a dedicated set of dynamic tests performed on Alfa Pendular and Intercity trains. This work uses two output-only modal identification techniques: the transmissibility functions and the Enhanced Frequency Domain Decomposition (EFDD) method. The last method allows us to clearly distinguish the seat structural movements, particularly the ones related to torsion and bending of the seat frame, from the local vertical foam vibrations. The natural frequencies and mode shapes are validated by matching the results derived from the transmissibility functions and EFDD method. The identified modal parameters are particularly relevant to characterise the vibration transmissibility provided by the foams (local transmissibility) and the vibration transmissibility derived from the metallic seat frame (global transmissibility).
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1. Introduction


Railways are one of the most widely used public transportation systems mainly due to their high safety levels and superior transportation capacity. Additionally, trains have been revealed to be the most sustainable transportation system, as a higher proportion of railway services are operated by electrified trains and, therefore, CO2 emissions per passenger-kilometre are considerably reduced compared with air or car transportation [1,2,3].



Due to the low environmental impact, several governments worldwide are promoting rail use as the main mass transportation system, especially for connecting low and mid-range distances. Following this strategy, passengers have continuously increased since 2013 until the 2020 COVID pandemic. After a historic 4000 billion passenger-kilometres recorded worldwide between 2015 and 2019, the number drastically decreased due to the multiple lockdowns. Nowadays, those numbers are even higher than the pre-pandemic ones [4,5]. To maintain this continuous rising trend, one must improve the trains’ attractivity, which is usually achieved based on three main parameters: safety, comfort, and user conditions [6,7,8,9]. Resulting from the rail motion and wheel–track interaction, seat vibration affects users’ comfort and health, limiting the attractiveness performance. As passengers spend most of their time seated, vibration will be transmitted to the user through the interfaces between the human body and the seat structure and vehicle [8]. Thus, evaluating vibration transmission in a rail environment is crucial to assess the vibration frequencies and amplitudes transmitted to the user and evaluate passengers’ comfort [9,10,11,12,13,14].



Several reference standards and guidelines, such as EN 12299 [8], UIC 513 [15], and ISO 2631-1 [16], define methodologies for the assessment of passengers’ comfort based on both simplified and complete measurements. The simplified measurements are exclusively based on the accelerations measured at the floor of the carbody. This approach has the advantage of using a simpler measurement layout. However, the transposition of the acceleration from the floor to the passenger seat level requires the application of dedicated weighting frequency-dependent filters [8,15,16]. Otherwise, the complete measurements are based on the acceleration recorded on the passenger–seat–carbody interfaces, such as headrest–neck, arm rest–upper arms, seat–hip, seatback, and floor–seat, as well as on the carbody floor, close to the seat. This approach requires a set of dedicated accelerometers installed on the several sites, which may be difficult. Inclusively, involuntary movements of the passengers can change the positioning of the accelerometers, compromising the quality of the measurements. Nevertheless, if performed adequately, it constitutes a more adequate approach to evaluate the passenger comfort as it considers more realistically the complexity of the seat structure dynamics [17,18,19,20].



Seat dynamics is quantified regarding transmissibility, which verifies seat efficiency in handling vibration discomfort. Train seats are crucial to decrease vibration transmission from the floor to the user. Together, the seat and human body constitute a coupled complex dynamic system [14,21,22,23]. A significant discrepancy can be observed when comparing the transmissibility of subjects with identical characteristics, including identical mass. Moreover, the human body has its own natural resonance frequencies that may lead to physiological responses when matched. The range between 5 and 10 Hz leads to resonance in the chest and abdominal region, and a higher frequency range, comprehended between 20 and 30 Hz, affects the head and neck muscles. Lastly, in the interval between 30 and 60 Hz, the ocular system perceives resonance [24,25,26,27]. Therefore, seat transmissibility can be significantly influenced by the biodynamics of the human body and its pronounced nonlinearity [28].



The biodynamic response of the human body is cross-axis-coupled, i.e., inducing vibration in one axis may lead to a response in another axis. Significant body movements in the fore-and-aft direction are produced during vertical excitation. This way, seat transmissibility is cross-axis-coupled. Additionally, the influence of subjects’ physical characteristics, such as weight, on the resonance frequency and seat transmissibility has been evaluated by several authors. Multiple studies developed using subjects with varying mass ranges reported unaffected results. Increasing the loading on the seat surface (by the subject’s weight) tends to increase the foam’s dynamic stiffness. This foam behaviour explains the absence of the subject’s weight’s effect on seat transmissibility [29,30,31,32].



Transmissibility differs in direction, particularly in the vertical, fore-and-aft, and lateral directions, and location, namely the seat surface and seatback. Several laboratory experiments have demonstrated a vertical transmissibility peak at 4–6 Hz when sitting upright with seatback support [23,32,33,34]. However, these experiments did not implement transmissibility tests in traditional train seats. Instead, a single rigid seat frame with distinct characteristics from the ones of a current train seat, such as frame dimensions and support points, was considered. In addition, the foam was freely placed on top of the seat surface without any restricting cover [23,32,33,34]. The constraint conditions of the foam are crucial to correctly address the influence of the foam thickness variation on the transmissibility of the seat, particularly on the evaluation of its dynamic stiffness [34].



Regarding seat cushion properties, changing foam thickness has generally been found to have the most prominent and predictable effects on seat transmissibility. Doubling the foam thickness roughly halves its stiffness, leading to increased transmissibility and discomfort. Patelli and Griffin [23] conducted a study to observe the effect of foam thickness on seat transmissibility. Increasing the thickness from 40 to 80 mm reduced the transmissibility from the range of 4–7 Hz to 3–5 Hz, respectively. Resonance frequencies were found equal to 3–4 Hz, for 40 mm foam, decreasing to 2–3 Hz for 80 mm foam. The experimented individuals did not have contact with the backrest [25]. A similar tendency was reported by Zhang et al. [35] where a higher transmissibility resonance was observed when the seat surface foam increased from 60 mm to 80 mm, and posteriorly to 100 mm.



In turn, changing the foam hardness (composition and density) does not present any significant effect on seat transmissibility. Due to hysteresis loss, density affects the static comfort instead of the seat transmissibility. Ebe and Griffin [13] examined seat transmissibility by considering four foam cushions with equal dimensions but varying densities (from 45 to 65 kg/m3). Seat transmissibility did not present significative differences, contrary to what was observed with the subjects’ comfort judgments. Therefore, those judgment differences were related to the static seat comfort [13].



Based on the limitations of the previous experiments, this study aims to give clear contributions about some aspects that presently, according to the authors’ knowledge, are not sufficiently addressed in the existing literature, particularly:




	−

	
Development of an experimental test setup on a real train environment. This way, the influence of the flexible seat base, instead of the currently rigid base used in laboratory experiments, as well as the influence of the carbody/bogies resonance movements, are considered on the seat dynamic performance. In addition, this dedicated experimental setup can clearly distinguish the seat frame’s structural movements from the foam’s local vibrations.




	−

	
Accurate characterisation of modal parameters of the seat structural frame and surface foam for different types of seats belonging to Alfa Pendular and Intercity trains, including standard and comfort seats.




	−

	
Train seat modal parameters validation based on the application of two distinct output-only techniques, one based on transmissibility functions, which is used by most of the authors in the bibliography, and the other based on the Enhanced Frequency Domain Decomposition (EFDD) method. The latter allows for visualising the modal configurations, which is a novelty in relation to the previous research works.










2. Modal Identification Methodologies


Vibration measurements have been intensively applied to structural health monitoring applications in civil and transportation engineering [36,37,38]. The output-only modal analysis, also called operational modal analysis, relies on applying modal identification techniques based exclusively on the structural response measurements. Modal identification techniques are divided into two groups, those based on the frequency domain and those based on the time domain. The present research considers only frequency domain techniques [39], mainly the transmissibility function and the EFDD, which are discussed in the present section.



2.1. Transmissibility Function


Seat dynamics is quantified regarding transmissibility, which is an indicator of dynamic comfort [6,7,11,12,21,32]. Transmissibility is defined as the ratio between the response amplitude at a specific seat location under an external forced vibration and the excitation amplitude at the seat base, both expressed in the frequency domain [40]. Therefore, the transmissibility function between the user–seat interface and the floor, H(f), is a non-dimensional parameter calculated by the following equation:


  H  ( f )  =   G o  ( f )    G i  ( f )     



(1)




where Go(f) is the output acceleration spectrum at the seat–user interface, and Gi(f) represents the input acceleration spectrum at the floor level [23].



As the human body is a highly complex nonlinear biomechanical system, the vibration transmissibility varies with the direction and location of the measurements [41]. Therefore, seat transmissibility can be measured according to the axis (vertical, lateral, or longitudinal) and location (e.g., seat surface, seatback, armrest). Most published research involves the study of vertical transmissibility measured at the floor and seat surface, as these are the axes and locations most affecting passenger comfort [40]. Conventional train seats show a typical seat transmissibility curve, as displayed in Figure 1, and resonances comprehended between 4 and 6 Hz [25].



In Figure 1, a resonance peak (red dot) is noticed that characterises, in this case, the highest vibration transmission to the user, but in other situations, it can also be associated with a local maximum. In contrast, the antiresonance valley (blue dot) occurs when the responses of certain system components under forced excitation present a local minimum, in most situations, quite close to zero [39,40,42,43].



Regarding the train seat, the resonance frequencies can be associated with the single or combined movements of the foam and structural seat frame, while the antiresonance frequencies may be associated with the transition between the distinct type of seat vibrations.




2.2. Enhanced Frequency Domain Decomposition (EFDD)


The EFDD method is an upgrade of the Frequency Domain Decomposition (FDD) method, proposed by Brincker et al. [44], and allows an accurate estimation not only of the natural frequencies, but also mode shapes and damping coefficients. This method is based on the Singular Value Decomposition (SVD) of the Power Spectral Density (PSD) matrix,    S  y y    ( ω )   , which can be obtained by the Fourier transform of the time-domain autocorrelation functions. Thus, the main diagonal of the PSD matrix is composed by the auto-spectral density functions, and the out-of-diagonal terms represent the cross-spectral density functions. The SVD decomposition of the PSD matrix can be summarised by the following equation:


   S  y y    ( ω )  =    U Σ V   H   



(2)




where Σ is a diagonal matrix containing the singular values, and U and V are similar matrices containing the singular vectors. Brincker et al. [44] demonstrated that, for structures with low values of damping and subject to white noise excitations, the matrix of singular values corresponds to the power spectral density functions of a set of one degree-of-freedom (DOF) oscillators, whose singular values and vectors coincide with those of the real structure. If the white noise excitation assumption is not fulfilled, the method can still be applied, and the obtained results are approximated. Those results are considered reliable and enhanced compared to those obtained on the classical peak-picking method [44,45]. Then, the SVD allows for isolating the contribution of each of the mode vibrations as a 1-DOF system. The main steps (1 to 4) of the EFDD method are summarised in Figure 2 and involve mathematical operations first in the time domain and then in the frequency domain.



In the case of well-separated modes, only the first singular value will have significant information. However, in the case of closely spaced modes, one will be identified in the first singular value curve, while the others will be identified in the second- or higher-order singular values curves. The natural frequencies and damping coefficients are derived from the time domain autocorrelation function, which is calculated by the Inverse Fourier Transform (IFFT) of the singular values around each resonance peak.



The comparison between vectors can be performed employing a scalar index denominated as the Model Assurance Criterion (MAC), which investigates the correlation between two modal configurations [44,45]. By averaging the singular vectors of the neighbourhood points of the resonance frequencies with MAC higher than 0.8, and weighting by the value of the corresponding singular values, the estimation of modal configurations associated with each natural frequency is calculated. This way, the selection of the SVD points is based on the similarity between their singular vectors calculated through the MAC parameter. Respecting the assumptions of the method, these functions will be proportional to the free vibration decay of the 1-DOF oscillator. Thus, it is possible to estimate the natural frequency based on a dedicated counting of vibration cycles and damping coefficient, by applying the logarithm decrement method, which involves adjusting the exponential term   (  e  − ζ  ω n  t    ) to the free vibration decay movement [44,46,47].



Regarding the present work, pairing comfort and standard seat modes can be conducted through the MAC parameter, which, as stated, measures the linear correlation between modal vectors through their mean square deviation [48]. The MAC parameter is a scalar, varying between 0 and 1, whose unit value indicates that the modes are coincident or linearly dependent [49,50]. Its value is estimated based on the following expression:


  M A  C  i j   = M A C  (   Φ i *    ,    Φ j *   )  =    Φ i  * T        Φ j *     (   Φ i  * T        Φ i *   )       (   Φ j  * T        Φ j *   )     



(3)




where    Φ j *    is the vector containing the coordinates from the comfort seat mode j corresponding to its data, and    Φ i *    is the vector containing the standard seat information of mode i.





3. Case Study: Alfa Pendular


The Portuguese CPA 4000 series Pendolino, traditionally named as the Alfa Pendular (AP) train, started its operation in 1999. Figure 3 shows the CPA 4000 series on a regular passenger service. The train is a conventional electric train with an active tilting system and a total length of 158.9 m. It is operated as a single unit and comprises six vehicles, four motor and two hauled vehicles [51,52].



Cars 1 and 2 are classified as comfort classes, while the others are standard class. Despite being visually similar, the seats of the two classes are different in terms of their dimensions. The comfort seat is larger than the standard one. Therefore, comfort class seats present a higher seating area, thicker seat surface and seatback foams, larger seat frame, and higher distance between seats.



In 2017, the AP train was renovated, leading to a significant change in seat design while retaining the same seat structural frame. This renovation introduced several changes to the seat cover and foam design. While the pre-renovation seats presented a free foam covered by fabric, the renovated ones exhibited a restricting leather cover with large hems and new foams [53,54]. Figure 4 illustrates the renovated comfort and standard class seats and their respective location. Seats instrumented on this work were positioned in the same location inside vehicles 1 and 6, respectively, for comfort and standard classes, more specifically near the rear bogies.



The comfort class seats have a seat surface foam thickness of 190 mm, while for the standard class seats, the same thickness is equal to 130 mm. Regarding the seatback, the foam thickness is 127 mm and 110 mm, respectively, for comfort and standard seats. Moreover, both seats and foams have a 2 mm thick leather cover. The aluminium structural frame underneath that supports the seats is presented in Figure 5. The frame comprises two vertical columns and a transversal girder, and provides the seat’s connection to the carbody platform. These elements compose the structural frame of both seat classes. As the seats differ in dimensions, the elements constituting the comfort seat frame have higher dimensions than those of the standard seat [54].



3.1. Dynamic Tests


A set of dedicated experimental tests were performed in the Portuguese Train operator–CP maintenance facilities to evaluate the seats’ dynamic behaviour. Three volunteers (2 males and 1 female), aged between 26 and 39, weighing 58–115 kg, and 1.70–1.87 m in height, participated in the tests (Table 1). The experiment was approved by the Ethics Committee of the University of Minho. Each experiment was conducted three times for each subject. The subjects were instructed to sit in a normal posture, place both hands on their thighs, and perform complete contact with the seatback.



Figure 6 illustrates the experimental setup used to estimate the AP seats’ transmissibility and modal parameters. Two seats, one of each class, were instrumented. It should also be highlighted that the subjects were seated near the window. The acceleration at the seat surface was measured using a 3-axial seat pad accelerometer (PCB model 356B41), as illustrated in Figure 6a (left side). On the same Figure 6a, but on the right side, an ongoing experimental test is demonstrated. Additionally, uniaxial accelerometers (PCB model 393A03) were placed on the floor (1 unit) and the metallic support frame (4 units) for measuring the acceleration in the Z (vertical) direction at the seat frame, as represented in Figure 6b. It should be highlighted that accelerations on node 2 were derived from the accelerations on node 1. Based on this assumption, when using ARTeMIS® software, node 1 was defined as the master while node 2 assumed the slave position. The accelerometers were strategically distributed to properly distinguish the seat frame’s vertical torsion and bending modes and the seat foam’s local vibrations.



Time series were acquired in periods of 5 min, with a sampling frequency of 2048 Hz, posteriorly decimated to a frequency of 64 Hz. The down-sample was conducted based on the assumption that the frequencies of interest regarding passengers’ comfort are generally ranged between DC and 20 Hz. In addition, the data are presented between DC and 12 Hz, which enables a closer view to the frequencies of interest. The data acquisition system was composed of a National Instruments (NI) cDAQ-9172 equipped with IEPE analogue input modules with 24-bit resolution (NI 9234) connected to a PC to acquire and record data measurements. The vibration was induced by a group of people randomly walking and jumping nearby the seat. The experiments were run with a train interior temperature of around 20 °C.




3.2. Results


Results are divided according to the modal identification technique used, namely the transmissibility curves (Section 3.2.1) and EFDD method (Section 3.2.2).



3.2.1. Transmissibility Curves


Transmissibility curves were evaluated using MATLAB scripts validated in previous works [55]. These curves were obtained based on the information from accelerometers 1 and 6, both at the z-axis. Due to the similarity between experiments and to obtain a cleaner presentation, only 1 experiment per subject is presented. Figure 7 shows the transmissibility curves for the three subjects (S1, S2, and S3) considering the comfort (Figure 7a) and standard (Figure 7b) seats. It is possible to observe the resonance peaks (marked by red circles) and the antiresonance peaks (marked by blue circles).



Table 2 summarises the main resonance and antiresonance peaks for the comfort and standard seats. Due to its intensity, it is expected that some of these frequencies cannot induce a different type of movement.



Comfort seat transmissibilities are characterised by resonance frequencies of 0.20, 1.37–1.56, 2.54, and 4.69–4.88 Hz. It should be pointed out that the higher-amplitude transmissibility peaks occur at low frequencies, namely 0.20 and 1.37–1.56 Hz. The antiresonance values are found between 0.39–0.59 and 4.30–4.69 Hz. Despite the inter-subject variability, no significant differences are found between the transmissibility resonances and antiresonances frequency values when comparing all subjects’ results. These conclusions comply with the ones found by Toward and Griffin [32].



Regarding standard seat transmissibility, the results are also similar for all analysed subjects. Resonances of 0.20, 1.76, 2.34–2.73, and 4.30–4.69 Hz and antiresonances equal to 0.78–1.37 and 3.52–4.30 Hz characterise this class. Higher transmissibility resonances are obtained for 0.20 and 1.76 Hz. Those transmissibility peaks are higher than the ones of the comfort seat. This result agrees with the conclusions derived from the studies performed by Patelli and Griffin [23] and Zhang et al. [35], where the transmissibility peak values decreased for higher foam thicknesses. As aforementioned, the comfort seat has a seat surface thickness of 190 mm, whereas the standard seat thickness is equal to 130 mm. The previously mentioned studies evaluated the effect of foam thickness on less thick foams, namely 40, 60, 80, and 100 mm. Therefore, the AP seat foam thickness is higher than those of the previous studies. Following the reported trend, comparing those results with the present ones, lower transmissibility frequencies in the present results were observed.



The transmissibility frequency resonance peaks presented in this study are lower than those presented by other authors [23,32,33,34], who found vertical transmissibility frequencies around 4.30 Hz. However, the experiments reported in the bibliography were performed in laboratory conditions instead of using a real railway vehicle. More specifically, those tests considered a single seat with a simplified rigid metallic structure (with a mass of approximately 1000 kg) composed of 4 vertical rigid columns and a free foam on top of the surface without covering it nor restricting its movement. In turn, the train seats instrumented in this study present a leather cover with a large seam hem. The cover significantly modifies the foam vibration transmission by restricting the foam cellular morphology movements. Therefore, the vibration absorption is clearly distinct when compared to the free foam of the laboratory experiments.



Figure 7 also identifies a peak around 3 Hz associated with the rigid body movement of the seat frame over the carbody due to the stiffness provided by the flexible connection elements, particularly screws and rubber pads. These elements act as a spring that flexibilize the seat frame movements.




3.2.2. EFDD Method


The modal identification was also performed using the EFDD method available in the ARTeMIS® software [56]. Once the inter-subject variability did not notice any significant alteration in transmissibility analysis, the EFDD method was performed only for subject S1. The natural frequencies estimated from the EFDD method and transmissibility functions are equal once the latter is the base for identifying the natural modes. Figure 8 shows the first two curves of the average normalised singular values of the spectral density matrices of subject S1 considering the comfort seat test. In this figure, it is possible to observe the peaks corresponding to the identified frequencies and mode shapes.



The seat modal parameters, namely the natural frequencies and modal configurations, are depicted in Figure 9, where f represents the average value of each natural frequency. The figure represents each modal configuration by the front and lateral views. Moreover, the undeformed structure is represented in blue, while the deformed structure is red-coloured.



As expected, each vibration mode corresponds to a different seat movement. Mode 1 with a frequency equal to 0.20 Hz is related to the vertical foam local movements.



Mode 2, with a frequency of 1.37 Hz, is possibly associated with a global movement of the vehicle carbody, which induces a rigid body motion on the seat structure, with a slight foam movement in the vertical and longitudinal directions. This longitudinal component is associated with distorsional movements of the foam layer. Concerning the AP train natural frequencies, Ribeiro et al. [55], based on a forced vibration test of the carbody, estimated the frequency values of the three rigid body modes of the carbody, associated with rolling, bouncing, and pitching movements, ranging between 1.0 Hz and 1.6 Hz, which are in full compliance with Mode 2’s physical interpretation. It should be highlighted that the 0.59 Hz antiresonance frequency identified on the transmissibility curve matches the same movements as Mode 2.



Mode 3, with a frequency around 3 Hz, is associated with rigid body movements of the seat frame due to the flexibility provided by the connection elements between the seat and the carbody. This modal configuration has similar movements to the ones of Mode 2.



Mode 4 demonstrates a seat movement transition. Characterised by this antiresonance frequency, the seat frame presents a quite well-defined bending movement coupled with a torsion movement, as stated by the longitudinal movement of the seat foam. The bending of the seat frame is naturally mobilised by the externally induced vibration and the mass of the passenger (Figure 10). At this frequency value, the foam layer strictly follows the movement of the seat frame without any type of independent vibration, being comparable to the result obtained by Ribeiro [55], 4.23 Hz, conducted in the same environment but on a pre-renovation seat and with a simplified experimental setup. That was composed of an accelerometer placed on the floor and one tri-axial accelerometer on the seat surface. Therefore, the author obtained the transmissibility curves but could not perform the modal identification. The new foams and restricting covers justify the slight difference between results.



Mode 5, with a frequency equal to 4.88 Hz, is associated with a coupled mode involving structural movement of the carbody, as stated by the quite visible support vertical movement, structural movement of the seat frame, demonstrated by bending movement, and vertical foam movements.



In conclusion, resonance modes 1 and 5 are connected with the seat frame and foam natural frequencies and, therefore, amplified movements. Mode 2 and the antiresonance valley, Mode 4, are strictly connected with seat frame movements and the generation of those movements transitions.



Figure 11 illustrates the first two curves of the average normalised singular values of the spectral density matrices of the S1 standard seat test, where it is possible to observe the peaks corresponding to the identified frequencies and mode shapes.



The seat movements derived from the vibration modes are demonstrated in Figure 12, where f represents the average value of the natural frequency.



As previously mentioned, standard and comfort seats differ mainly in terms of dimensions. Therefore, it was anticipated that both seats face a similar structural behaviour. Due to the foam thickness difference, a distinct foam vibration range absorption was expected, as observed on transmissibility curves.



To confirm the similar structural behaviour of both seats, mode pairing was conducted through the MAC parameter. Mode 2 presents an MAC value of 0.96, followed by Mode 1 (MAC equal to 0.93) and Mode 5 (0.86).



Indeed, the modal analysis demonstrated that standard and comfort seats present the same seat frame movements occurring at different frequencies. Mode 1 is the exception, as it occurs on the same frequency for both seats. Standard seat Mode 2 matches Mode 2 of the comfort seat. Modes 4 and 5, characterised by higher deformations, occur at slightly, but not significant, lower frequencies for the standard seat.



The standard seat foam demonstrates the capacity to absorb vibrations within the 1.37–3.91 Hz frequency range. This parameter represents the main difference regarding both seats, as the comfort foam presents a larger vibration range absorption (0.59–4.88 Hz).






4. Case Study: Intercity Train


The Intercity train service was introduced earlier than the AP in 1980 and was renovated in 2002. Figure 13 illustrates the Intercity train in its regular passenger service. This service is run by 5600 series locomotives with five hauled Corail coaches. Generally, coaches 1 and 2 are comfort classes, while the other cars are designed as standard classes.



Being from different classes, comfort and standard seats are distinct. In opposition to AP train seats, the Intercity seats differ in terms of dimensions and structural frame. While the comfort seat is a single seat (like those used in laboratory experiments), the standard seat is a classical double seat (Figure 14). The figure demonstrates the seat location within the train. As on the AP experimental setup, both seats were positioned in the same location inside vehicles 1 and 5, respectively, for comfort and standard classes, particularly near the rear bogies.



Regarding the dimensions, the comfort seat has a foam thickness of 80 mm, and equal to the seatback. For the standard class, the thickness is 60 mm for both seat surface and seatback. Although presenting different foam dimensions, both seats share the fabric cover type. This way, the foam is placed freely on top of the seat’s metallic support structure without any movement restriction. This represents a more similar configuration with the laboratory experiments setup in comparison to the one of AP train.



Regarding the structural frame, the comfort seat is composed of a vertical column connected on its base to the floor. The standard seat comprises two circular transversal girders connected at both extremities and linked with two vertical columns located at the centre of each seat. Figure 15 illustrates the metallic seat frame concerning both seat types.



4.1. Dynamic Tests


The experimental tests were accomplished in the CP-maintenance facilities with the same subjects, accelerometers, seat location, and vibration conditions as the AP experiments. One seat of each class was instrumented on the seat surface and support frame. Due to the metallic frame differences, a different experimental setup was designed for each seating class. Regarding the comfort seat, acceleration measurements took place at the floor connection (Figure 16b, left), beneath the seat surface, at the seat surface (Figure 16a represents this configuration with/without subject), and at the seatback (Figure 16b, right). For the standard seat, accelerometers were placed at the floor connection (Z-axis), beneath both seat surfaces (Z-axis), at the seat surface (Z and X-axes), and the seatback (Z and X-axes). The experiments were performed with a train interior temperature of approximately 20 °C.




4.2. Results


4.2.1. Transmissibility Curves


Figure 17 shows the transmissibility curves of the three subjects within the two seats. It is possible to observe the resonance (red marks) and antiresonance peaks (blue marks).



Table 3 presents the resonance and antiresonance peaks regarding both seats. Due to the seat specification, namely seat design and foam restrictions, Intercity’s seat transmissibility is expected to differ from those of AP train seats.



Comfort seat transmissibilities are characterised by resonance frequencies between 0.20–0.59 Hz and 4.30–4.69 Hz. As on AP train seats, the higher transmissibility peaks occur at low frequencies, namely 0.20 and 0.59 Hz, while the antiresonances are found between 1.37 and 1.95 Hz. Resonance and antiresonance frequencies are similar for all subjects, which agrees with the results of Toward and Griffin [32]. The comfort seat is similar to those used in laboratory experiments. Therefore, a vertical resonance transmissibility between 4 and 6 Hz is anticipated, which agrees with the results presented by several authors and reinforce the influence of the movement restriction introduced by the cover leather on the AP train seats [23,32,33,34].



Standard seat transmissibility results are comparable for all subjects as the comfort seat has resonances of 0.20, 0.78–1.56, and 4.88–5.27 Hz and antiresonances between 0.59–1.17 and 2.34–2.93 Hz. Higher transmissibility peaks are found for this seat compared to the comfort class. Those results match the AP seat observation and comply with the studies conducted by Patelli and Griffin [23] and Zhang et al. [35].



Due to the positioning of accelerometers on the seatback structure of the seats, it was possible to explore the seatback fore-and-aft/floor vertical transmissibility. This transmissibility, illustrated in Figure 18, may provide important information about the seatback’s local bending movements.



Prominent resonance equal to 0.59 Hz defines the seatback comfort seat, whereas those of the standard seat demonstrate main peaks of 0.98, 2.34, and 4.88 Hz. The modal identification is expected to prove the influence of seatback local bending movements regarding those frequencies.




4.2.2. EFDD Method


The EFDD method was applied using ARTeMIS® software [56]. Based on the assumption of AP seats, the modal analysis was conducted only for S1. Figure 19 shows the first two curves of the average normalised singular values of the spectral density matrices of the S1 comfort seat experiment, where it is possible to observe the peaks corresponding to the identified frequencies and mode shapes.



The seat movements derived from the vibration modes are represented in Figure 20, where f represents the average value of the natural frequency.



As estimated, each mode corresponds to a different seat movement. Frequencies lower than 0.59 Hz are characterised by vertical and longitudinal foam movements and seatback local bending movements. This frequency matches the one identified as a prominent resonance on the fore-and-aft seatback transmissibility curve. This factor validates the applied methodology and the experimental setup and reveals a strong connection between the transmissibility curve and the modal identification. Mode 1 is deeply connected with foam movements, which represents a dependency on the foam’s capacity to absorb vibration.



Mode 2 is associated with a global movement of the vehicle carbody. This induces a rigid body movement on the seat frame, coupled with foam distortions in the vertical and longitudinal directions and seatback local bending.



Concerning the standard seat experiment, Figure 21 illustrates the first two curves of the average normalised singular values of the spectral density matrices, where it is possible to observe the peaks corresponding to the identified frequencies and mode shapes.



Figure 22 illustrates the seat movements derived from the vibration modes, where f represents the average value of the natural frequency.



Mode 1 is characterised by the foam’s incapacity to absorb low-frequency vibrations (<0.20 Hz), while Mode 2 combines that foam incapacity with seatback local bending movements. Mode 3 demonstrates rigid body movements induced by the carbody, associated with seatback local bending movements and foam vertical and longitudinal motion. As on the other analysed seats, the last mode is defined by a combination of the remaining modes.



The fore-and-aft seatback transmissibility results show resonance peaks within the modes presenting seatback local bending movements, complying with comfort seat observations. Modes 1 and 2 are related with vibration transmission associated with vertical and longitudinal foam movements, so these can be designated as local transmissibility. Mode 3 relies on structural and foam movements; thus, it can be classified as global and local transmissibility.






5. Conclusions


This study performed a dynamic experimental analysis of typical rail seats under a real train in situ environment. This analysis included the modal identification of the seat based on output-only methodologies, namely the transmissibility functions and the EFDD method. The study included the development of dedicated experimental setups that were applied on real train seats, namely the comfort and standard seats of Alfa Pendular and Intercity trains. Being employed in a real train environment, the experiments can realistically consider all aspects of the seat dynamics, particularly the effect of the flexibility of the seat surfaces and carbody components.



Based on the results of the dynamic testing, it was possible to draw conclusions about the influence of the seat structural movements and dependence on the foam vibration absorption capacity. Regarding AP train seats, the inter-subject variability did not affect transmissibility resonances and antiresonances. Moreover, the standard seat presented higher transmissibility peaks than the comfort seat. Compared with laboratory experiments, AP seats presented lower transmissibility resonance peaks, which reveals the influence of the seat structural frame and foam leather cover. These factors significantly modify the vibration transmission; particularly, the cover restricts the foam cellular morphology movements, leading to variations in foam absorption capacity, while the seat frame movements may couple with movements of the carbody components. Modal identification depicted seat bending movements and vertical foam movements. By matching transmissibility and modal identification, it was possible to associate the resonance frequencies with seat and foam natural frequencies and the corresponding amplified movements. In contrast, the antiresonance valleys generated those movement changes on the structural support.



The Intercity train’s comfort seat is similar to that used in laboratory experiments. The foam is freely placed on top of the seat surface, covered by a non-restricting leather fabric. Its results are close to those of laboratory conditions. The Intercity seats experimental setup allows for concluding about the influence of the seatback local bending movements on the transmissibility response. Seatback transmissibility resonances matched the local bending movement frequencies identified by modal identification. This way, the applied methodology was validated based on the strong correlation between the transmissibility curve and the EFDD method.



The present work demonstrated the influence of seat structural frame movements and foam vibration absorption on user–seat vibration transmissibility. Moreover, to the authors’ knowledge, this is a pioneer study regarding train seat modal identification, which may be used for further studies concerning seat vibration reduction to increase passengers’ comfort.
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Figure 1. Typical transmissibility curve on conventional train seats (red dot represents the resonant frequency and blue dot represents the antiresonance frequency) (adapted from [42]). 
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Figure 2. Main steps for the application of the Enhanced Frequency Domain Decomposition (EFDD) method. 
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Figure 3. CPA 4000 series train in operation. 
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Figure 4. Alfa Pendular seats: (a) comfort class seat; (b) standard class seat. 






Figure 4. Alfa Pendular seats: (a) comfort class seat; (b) standard class seat.



[image: Applsci 13 02277 g004]







[image: Applsci 13 02277 g005 550] 





Figure 5. Seat metallic frame. 
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Figure 6. Experimental test setup: (a) seat pad location and experimental test; (b) accelerometers distribution along seat frame structure. Each number represents the modal node used on ARTeMIS software (see Section 3.2.2). 
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Figure 7. Transmissibility curves: (a) comfort seat; (b) standard seat. 
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Figure 8. EFDD method: average normalised singular values of the spectral density matrices regarding AP comfort seat. 
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Figure 9. Experimental modal parameters for the comfort seat. 
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Figure 10. Demonstration of seat bending movement. 
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Figure 11. EFDD method: average normalised singular values of the spectral density matrices regarding AP standard seat. 
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Figure 12. AP standard seat experimental modal parameters, where the front and lateral views are presented. 
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Figure 13. Intercity train in operation. 
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Figure 14. Intercity train seats: (a) comfort class; (b) standard class. 
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Figure 15. Seat metallic structural frame: (a) comfort seat structural frame; (b) standard seat structural frame. 
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Figure 16. Experimental setup: (a) seat pad location; (b) accelerometers on seat frame structure. 
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Figure 17. Transmissibility curves of Intercity train seat: (a) comfort seat; (b) standard seat. 
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Figure 18. Seatback (X-axis)/Floor (Z-axis) transmissibility: (a) comfort seat; (b) standard seat. 
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Figure 19. EFDD method: average normalised singular values of the spectral density matrices regarding Intercity comfort seat. 
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Figure 20. Comfort seat experimental modal parameters, where the front and lateral views are presented. 
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Figure 21. EFDD method: average normalised singular values of the spectral density matrices regarding Intercity standard seat. 
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Figure 22. Standard seat experimental modal parameters, where the front and lateral views are presented regarding Intercity trains. 
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Table 1. Subjects’ characteristics.
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	Subject
	Gender
	Age (Years)
	Weight (kg)
	Height (m)





	S1
	Female
	25
	58
	1.70



	S2
	Male
	26
	80
	1.87



	S3
	Male
	39
	115
	1.85
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Table 2. Main resonance and antiresonance frequency values for comfort and standard seats of AP train.
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Subject

	
Comfort

	
Standard




	
Resonance

(Hz)

	
Antiresonance

(Hz)

	
Resonance

(Hz)

	
Antiresonance

(Hz)






	
S1

	
0.20

	
0.59

	
0.20

	
1.37




	
1.37

	
4.49

	
1.76

	
3.91




	
2.54

	

	
2.34

	




	
4.88

	

	
4.69

	




	
S2

	
0.20

	
0.39

	
0.20

	
1.17




	
1.56

	
4.69

	
1.76

	
3.52




	
2.54

	

	
2.34

	




	
4.88

	

	
4.30

	




	
S3

	
0.20

	
0.39

	
0.20

	
0.78




	
1.37

	
4.30

	
1.76

	
4.30




	
2.54

	

	
2.73

	




	
4.69

	

	
4.69
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Table 3. Main resonance and antiresonance frequency values for comfort and standard seats of Intercity trains.
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Subject

	
Comfort

	
Standard




	
Resonance

(Hz)

	
Antiresonance

(Hz)

	
Resonance

(Hz)

	
Antiresonance

(Hz)






	
S1

	
0.59

	
1.37

	
0.20

	
0.59




	
4.30

	

	
0.78

	
2.54




	

	

	
4.88

	




	
S2

	
0.20

	
1.37

	
0.20

	
1.17




	
4.49

	

	
1.56

	
2.93




	

	

	
4.88

	




	
S3

	
0.20

	
1.95

	
0.20

	
0.59




	
4.69

	

	
0.78

	
2.34




	

	

	
5.27
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