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Abstract. To enhance the dynamic performance and stability of high-speed railway vehicles, this study inves-
tigates the vibration attenuation mechanism of the transverse secondary inertial suspension System (TSISS).
Based on vehicle–track coupled dynamics, models were established for a conventional suspension (Condition
S1: parallel spring–damper) and four TSISS configurations (Condition S2: parallel inerter–spring–damper); an
inerter in series with a damper, parallel to the air spring (Condition S3); an inerter in series with a spring, parallel
to the air spring–damper (Condition S4); and a parallel spring–damper unit in series with an inerter, all parallel
to the air spring (Condition S5). The analysis focuses on the response distribution of sensitive wavelengths under
track irregularity excitations and their impact on ride comfort. Results indicate distinct frequency domain char-
acteristics: Conditions S2 and S4 show sensitivity to short wavelengths (peaking around 20 m), improving ride
quality indices by 11 % and 8 % over S1, respectively. Conversely, Conditions S3 and S5 target the longwave
range, yielding improvements of 14 % and 28 %. Validated by coherence function analysis, Condition S5 signif-
icantly suppresses longwave irregularities (40–150 m), with a response peak near 105 m. Notably, with inertance
set between 500 and 1000 kg, Condition S5 achieves a ride quality index of approximately 2.75 and substantially
reduces lateral acceleration, demonstrating superior ride comfort.

1 Introduction

As high-speed railway networks expand, running stability
and ride comfort have become critical performance metrics
(Xu et al., 2020; Zhu et al., 2021). Track irregularities impose
complex excitations, among which specific “sensitive wave-
lengths” significantly govern ride quality (Tian, 2015). Tradi-
tional passive suspensions, constrained by fixed parameters,
struggle to adapt to these variable spectra. Consequently, the
inerter has emerged as a promising solution for suspension
systems (Chen and Zhu, 2021). Inerters exhibit significant
low-frequency attenuation capabilities. Integrated into high-
speed railway suspensions, they suppress car body vibrations
and enhance stability; however, their efficacy relies heavily

on precise topological configuration and parameter tuning
(Wang, 2023; Qi et al., 2025a). Despite these advances, exist-
ing research largely treats the inerter in isolation, overlooking
the intrinsic correlation between track irregularity excitations
and suspension system responses. Specifically, a systematic
analysis of how distinct inerter configurations influence the
response to sensitive wavelengths remains absent.

Lateral vibration, primarily induced by track alignment
irregularities and curve negotiation, is a dominant factor
affecting ride comfort (Liu, 2023). Incorporating inerters
into the secondary lateral suspension can suppress low- to
medium-frequency swaying without substantially increas-
ing unsprung mass. To evaluate this performance, accu-
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Table 1. Degrees of freedom of the vehicle model.

No. Component Longitudinal Lateral Vertical Roll Pitch Yaw

1 Wheelsets (4)
√ √ √ √ √ √

2 Axle boxes (8)
√

3 Bogies (2)
√ √ √ √ √ √

4 Car body
√ √ √ √ √ √

Figure 1. (a) Topological structure of the railway vehicle. (b) Schematic diagram of the overall vehicle dynamics model.

rate vehicle–track coupled modeling is essential. Dižo et al.
(2019) investigated wagon multibody system fundamentals,
emphasizing precise component modeling to capture realis-
tic dynamic responses. Sowiński et al. (2021) further demon-
strated that geometric variations, such as rail inclination and
profile wear, significantly alter wheel–rail contact conditions.
Moreover, Kostrzewski and Melnik (2021) identified model-
based simulation as a pivotal trend for validating monitor-
ing data and predicting vehicle behaviors, a practice exem-
plified by Chudzikiewicz (2017). Regarding wavelength sen-
sitivity, Yu et al. (2016) identified critical ranges via system
input–output analysis. Chen et al. (2025), utilizing power
spectral density and coherence analysis on passenger and
freight cars, pinpointed 40–150 m as the unfavorable wave-
length range impacting high-speed operations. Furthermore,
Qi et al. (2025b) observed a linear relationship between ir-
regularity amplitude and dynamic response, and Sun et al.
(2022) proposed vibration absorbers to mitigate these insta-
bility factors.

Since Smith (2002) introduced the inerter – defined by
force output proportional to relative acceleration – its ap-
plication has expanded significantly. Zhuang et al. (2019)
demonstrated that inerter–spring–damper (ISD) systems ef-
fectively suppress seismic responses in structural isolation.
In vehicle dynamics, Sharma et al. (2023a, b) highlighted
the potential of intelligent semi-active suspensions (e.g., AN-
FIS based), reporting ride comfort improvements of 8.19 %–
31.50 % over passive counterparts. However, these studies
predominantly address free vibration or harmonic excitation;
the response characteristics and wavelength sensitivity of in-
erters under realistic, wide-wavelength track irregularities re-
main insufficiently explored.

This study investigates the sensitive-wavelength distribu-
tion of the transverse secondary inertial suspension system
(TSISS). Given that secondary suspensions govern car body
stability, the research focuses on the lateral inerter mecha-
nism to provide a theoretical basis for optimizing ride com-
fort in high-speed trains.

2 Dynamic modeling and simulation of railway
vehicles under different suspension conditions

To accurately capture lateral vibration characteristics under
track irregularity excitations, a high-fidelity multibody dy-
namics model of the CRH3 EMU cab car was established uti-
lizing Universal Mechanism (UM) software. By evaluating
acceleration responses across various inerter suspension con-
figurations, this study screens for the topology yielding su-
perior dynamic performance, thereby establishing a baseline
for the subsequent investigation of sensitive wavelengths.

2.1 Establishment of the vehicle dynamics model

The vehicle is modeled as a complex system comprising 15
rigid bodies: one car body, two bogie frames, four wheelsets,
and four axle boxes (represented by eight distinct compo-
nents). The system features a total of 50 degrees of free-
dom (DOFs), with the specific distribution detailed in Ta-
ble 1. The model explicitly accounts for the vehicle’s topo-
logical structure, incorporating precise representations of the
primary suspension, the secondary suspension (integrating
the transverse secondary inertial suspension system, TSISS),
and nonlinear wheel–rail contact geometry. This high-fidelity
framework effectively captures dynamic responses under op-
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Table 2. Parameters of the railway vehicle.

No. Parameter description Symbol Parameter values Unit

1 Mass of car body mc 30 t
2 Mass of bogie frame mb 2.5 t
3 Primary suspension stiffness kp 2000 kN m−1

4 Primary suspension damping cp 240 (kN s) m−1

5 Secondary suspension stiffness ks 360 kN m−1

6 Secondary suspension damping cs 16 (kN s) m−1

7 Damping of yaw damper csx 150 (kN s) m−1

8 Wheelbase lw 2.5 m
9 Vehicle length L 25 m
10 Vertical displacement of wheelset Zwi (i = 1–4) 2.2 m
11 Stiffness of vibration reduction spring kb 200 kN m−1

Figure 2. Different configurations of secondary inerter-based suspension systems.

erational conditions, serving as a reliable numerical bench-
mark for the subsequent comparative analysis of suspension
configurations.

Figure 1a illustrates the vehicle topology, with correspond-
ing nomenclature detailed in Table 2. A bottom-up modeling
approach was employed: wheelsets were established as fun-
damental subsystems and integrated into the bogie frame to
form the bogie assembly. These subsystems were then cou-
pled with the car body to complete the full-vehicle dynam-
ics model, as shown in Fig. 1b. This hierarchical procedure
accurately captures the kinematic constraints among compo-
nents, providing a robust foundation for subsequent dynamic
simulations and control algorithm integration.

While the comprehensive multibody model serves as the
baseline for numerical simulation, a simplified analytical
model was derived to elucidate the vibration attenuation
mechanism of the TSISS. This reduced-order model facili-

tates efficient parametric analysis, particularly regarding fre-
quency domain sensitivity to track irregularities.

Assuming small-amplitude oscillations, the system was
linearized and reduced to its essential degrees of freedom
(DOFs). The model specifically captures the lateral and roll
motions of the car body coupled with the lateral displace-
ments of the front and rear bogies. This configuration effec-
tively isolates the interaction between the car body and the
secondary lateral suspension. To ensure validity, all physical
parameters – including mass, inertia, stiffness, damping, and
inertance – remain consistent with those in the high-fidelity
multibody model.

2.2 Configuration design of inerter suspension systems

Analogous to springs and dampers, the inerter is a two-
terminal mechanical element where the generated force is
proportional to the relative acceleration between its termi-
nals. The integration of an inerter can effectively attenuate

https://doi.org/10.5194/ms-17-333-2026 Mech. Sci., 17, 333–346, 2026



336 D. Chen et al.: Analysis of sensitive wavelengths in railway vehicles

Figure 3. (a) Lateral car body acceleration. (b) Lateral acceleration of the bogie frame. (c) Car body yaw acceleration. (d) Car body roll
acceleration.

vibration acceleration amplitudes and extend the oscillation
period, thereby theoretically enhancing the running stability
of railway vehicles. The constitutive equation of the inerter
is expressed as Eq. (1):

F = b
d(v1− v2)

dt
, (1)

where F is the force applied to the two terminals of the in-
erter (unit: N), b is the inertance (unit: kg), and v1 and v2 de-
note the accelerations of the two terminals (unit: m s−1).

Drawing on optimization studies by Wang et al. (2022),
several inerter configurations were selected to investigate
their impact on sensitive-wavelength distribution under lat-
eral excitations. The inerter models were integrated into the
vehicle system by modifying the dynamic stiffness matrices.
To accurately simulate series topologies, a virtual mass block
was introduced as an intermediate node between the inerter

and other suspension elements; this ensures consistency be-
tween the numerical simulation and theoretical formulation.
The schematics of the conventional secondary lateral suspen-
sion and the four proposed inertial configurations are pre-
sented in Fig. 2.

In Fig. 2, Fkyi and Fkxi (i = 1–4) represent the pri-
mary lateral stiffness and primary longitudinal stiffness(unit:
kN m−1), respectively; bi (i = 1–4) denotes the inertance
(unit: kg); and kbi (i = 1,2) represents the stiffness of the vi-
bration reduction spring in the suspension systems of Condi-
tions S4 and S5.
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Figure 4. Distribution of sensitive wavelengths of railway vehicle
lateral irregularities under different suspension cases.

The dynamic equations for Conditions S1 through S5 cor-
respond to Eqs. (2)–(6), respectively.

mcÿc+ ks1(yc− yb)+ cs1(ẏc− ẏb)= 0, (2)
mcÿc+ b1(ÿc− ÿb)+ ks2(yc− yb)+ cs2(ẏc− ẏb)= 0, (3){
mcÿc+ ks3(yc− yb)+ cs3(ẏc− ẏi)= 0,
cs3(ẏc− ẏi)= b2(ÿi − ÿb) (4){
mcÿc+ cs4(ẏc− ẏb)+ ks4(yc− yb)+ kb1(yc− yi )= 0,
kb1(yc− yi )= b3(ÿi − ÿb) (5){
mcÿc+ ks5(yc− yb)+ kb2(yc− yi )+ cs5(ẏc− ẏi )= 0,
kb2(yc− yi )+ cs5(ẏc− ẏi )= b4(ÿi − ÿb) (6)

Here yc denotes the lateral displacement of the car body, and
yb denotes the lateral displacement of the bogie frame. Fur-
thermore, yi represents the lateral displacement of the vir-
tual mass block, which is introduced to implement the series
connection between the inerter and the damper in the model
comprising the car body mc and the bogie frame mb.

2.3 Analysis of the influence of inerter-based systems
on vehicle dynamics

Lateral car body acceleration is a critical metric for assess-
ing vehicle running stability (Qi et al., 2025a). To investi-
gate the efficacy of different inerter-based suspension sys-
tems, numerical simulations were performed using a mea-
sured domestic track irregularity spectrum as the excitation
source. The evaluation focused on lateral accelerations of the
car body and bogie frame, along with car body yaw and roll
accelerations. In these simulations, the inertance was fixed
at 500 kg, and the operating speed was set to 250 km h−1.
The corresponding response characteristics are illustrated in
Fig. 3.

Lateral Car Body Acceleration (Fig. 3a). Trends for Con-
ditions S2 and S4 mirror the baseline Condition S1, with sim-

ilar peak amplitudes, indicating negligible improvement. In
contrast, Conditions S3 and S5 demonstrate significant sup-
pression. Specifically, Condition S5 reduces the peak acceler-
ation to 0.21 m s−2 – an optimization of 34 % relative to S1.
This confirms the inerter system’s capability to effectively
attenuate vibration through an energy redistribution mecha-
nism.

Lateral Bogie Frame Acceleration (Fig. 3b). While S2 and
S4 again remain consistent with S1, Condition S3 exhibits
pronounced fluctuations during the initial 4.5 s, showing no
clear benefit. Notably, Condition S5 results in a slight deteri-
oration (7 % increase) compared to S1. This indicates a trade-
off: the inerter suppresses car body vibration by transfer-
ring partial energy to the bogie subsystem. Consequently, dy-
namic performance optimization alters energy transmission
paths, necessitating multi-objective optimization for specific
performance indices in engineering practice.

Car body yaw acceleration (Fig. 3c). Conditions S2 and
S4 show no significant deviation from S1. Conversely, com-
pared to the baseline, Conditions S3 and S5 achieve substan-
tial reductions of 31 % and 34 %, respectively. The response
of S5 fluctuates near 0 m s−2, indicating that the “parallel
damper–spring, series inerter, parallel air spring” topology
effectively mitigates yaw motion without inducing resonance
in this degree of freedom.

Car body roll acceleration (Fig. 3d). S2 and S4 exhibit
trends consistent with S1. However, Conditions S3 and S5
show slight performance degradation relative to S1. This is
attributed to the series inerter configuration in these cases,
which alters system coupling and slightly compromises the
balance of multi-degree-of-freedom vibration suppression.

Comparative analysis of Fig. 3 demonstrates that the in-
troduction of inerter systems induces distinct modulation
characteristics in vehicle dynamics. Notably, Condition S5
effectively mitigates lateral car body acceleration, particu-
larly under longwave track irregularities. While this sup-
pression involves transferring vibrational energy to the bo-
gie subsystem – raising lateral frame acceleration to ap-
proximately 1.5 m s−2 – the resulting value remains sig-
nificantly below the safety threshold of 8 m s−2 mandated
by the GB/T 5599-2019 standard. Consequently, leveraging
composite structures to enhance frequency band adaptability
presents a promising approach for optimizing both ride qual-
ity and running stability.

3 Analysis of sensitive-wavelength distribution
characteristics

The preceding analysis confirms that Condition S5 signifi-
cantly reduces lateral car body acceleration at 250 km h−1.
However, the concomitant impact on bogie frame vibration
suggests that the suspension’s attenuation efficacy is closely
correlated with the wavelength characteristics of track irreg-
ularities. To elucidate the system’s wavelength adaptability,
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Figure 5. (a) Sensitive wavelengths of car body lateral vibration. (b) Sensitive wavelengths of car body yaw vibration. (c) Frequency domain
analysis at 15 m wavelength. (d) Frequency domain analysis at 70 m wavelength.

the following section investigates the distribution of sensitive
wavelengths across varying suspension configurations, oper-
ating speeds, and inertance coefficients.

3.1 Influence of suspension configurations

Considering the weak coupling between vertical and lat-
eral vibrations in railway vehicles (Sun et al., 2024), mea-
sured vertical irregularities were incorporated to ensure sim-
ulation fidelity without compromising the lateral analysis.
Conversely, to systematically isolate the effects of wave-
length and amplitude, lateral irregularities were modeled as
harmonic excitations. The simulation covered a wavelength
range of 5–200 m (5 m increments) with a fixed amplitude of
4 mm, at a constant vehicle speed of 250 km h−1. The peak
lateral car body acceleration served as the primary metric for
identifying the sensitive-wavelength distribution.

As shown in Fig. 4, S1, S2, and S4 exhibit dominant
responses in the short-wavelength regime, peaking around
20 m. Compared to the baseline (S1), S2 and S4 attenuate
peak accelerations by 16.1 % and 13.3 %, respectively. In
contrast, S3 and S5 shift the sensitive range to long wave-
lengths (∼ 105 m), with S5 achieving the most significant
suppression of 32.2 %. These findings substantiate that inte-
grating inerters into the suspension system significantly en-
hances lateral dynamic performance.

To investigate the minor local peaks observed in Condi-
tion S5’s lateral acceleration at wavelengths of 70 and 15 m
(Fig. 4), further analysis was conducted, as shown in Fig. 5.
Corresponding peaks are also evident in the car body yaw
motion (Figs. 5a and 6b). Power spectral density (PSD) anal-
ysis (Fig. 5c and d) reveals that under 70 m excitation, the
dominant frequency for both lateral and yaw modes coin-
cides at 1.17 Hz. Similarly, under 15 m excitation, the domi-
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nant frequencies are highly proximal (5.3 and 5.5 Hz, respec-
tively). This frequency alignment implies that the local peaks
in lateral acceleration stem from a resonant coupling between
lateral and yaw motions, a phenomenon corroborated by re-
cent studies (Alves et al., 2023; Jiang et al., 2022).

3.2 Influence of running speed

The influence of running speed (250–350 km h−1) on
sensitive-wavelength distribution was investigated under har-
monic lateral track irregularity excitations (Jiang et al., 2022;
Wei and Xu, 2021). As illustrated in Fig. 6, the distribution
pattern of sensitive wavelengths remains substantially stable
across all suspension configurations, demonstrating insensi-
tivity to speed variations. However, regarding amplitude, the
maximum lateral car body accelerations for Conditions S2,
S4, and S5 exhibit a distinct upward trend as speed increases.

In Condition S3, a counterintuitive phenomenon occurs
under specific excitation wavelengths: maximum lateral car
body acceleration decreases as vehicle speed increases. Com-
bined time–frequency analysis (Fig. 7) reveals that this
anomaly arises from the interaction between multi-degree-
of-freedom modal coupling and phase modulation mecha-
nisms.

Specifically, at 270 km h−1 (Fig. 7a and c), resonant cou-
pling between car body lateral and roll modes near 0.78 Hz
amplifies the lateral acceleration. Conversely, at 380 km h−1

(Fig. 7b and d), although the dominant frequencies of roll
and yaw motions converge near 1 Hz, their time-domain
waveforms exhibit anti-phase characteristics. Consequently,
the lateral response is significantly attenuated via destruc-
tive interference (or vibration energy cancellation) (Li and
Xu, 2022). These findings demonstrate that the sensitive-
wavelength distribution of the inerter suspension is governed
not merely by the speed–wavelength mapping, but also sig-
nificantly by complex multi-DOF modal interactions.

3.3 Influence of inertance coefficient

The selection of an optimal inertance coefficient is critical
for the suspension system’s vibration attenuation efficiency.
Preliminary frequency domain analysis indicates that an iner-
tance range of 102–103 kg is required to effectively shift the
car body’s dominant lateral frequency away from the sen-
sitive band. Furthermore, based on existing mechanical de-
signs, inertance coefficients between 500 and 2000 kg can be
readily accommodated within the spatial constraints of the
vehicle’s secondary suspension (Chen et al., 2022).

Figure 9 depicts the maximum lateral car body acceler-
ation as a function of track irregularity wavelength and in-
ertance coefficient (b). Cases S2 through S4 exhibit neg-
ligible sensitivity to parameter variations, with peak fluc-
tuations remaining below 5 % and showing no discernible
trend. Conversely, Case S5 demonstrates a pronounced de-
pendence on inertance. Specifically, increasing b from 500 to

1000 kg reduces the peak acceleration at ∼ 105 m from 0.85
to 0.55 m s−2 – a significant 35.3 % improvement. This con-
firms the system’s efficacy in suppressing longwave excita-
tions within this specific range. However, further increasing
b from 1000 to 2000 kg yields marginal returns (reduction
< 5%), indicating that vibration attenuation performance has
reached saturation. This indicates that the inerter suspension
system in Condition S5 plays a positive role in vibration at-
tenuation. An inertance within the range of 1000 kg balances
dynamic performance with engineering feasibility, thereby
providing a basis for parameter design.

4 Analysis of ride quality

This section evaluates the influence of different inerter sus-
pension configurations on the vehicle’s dynamic perfor-
mance, specifically focusing on ride comfort. First, the as-
sessment methodology based on the Sperling index (GB/T
5599-2019) is introduced to quantify lateral vibration char-
acteristics. Subsequently, the ride quality indices of the pro-
posed TSISS configurations are analyzed under varying track
irregularity wavelengths and vehicle speeds to ultimately
identify the configuration yielding the optimal ride quality
index.

The vehicle ride quality is quantitatively assessed in accor-
dance with the GB/T 5599-2019 standard. This standard em-
ploys the Sperling index (W ), which characterizes lateral and
vertical vehicle vibrations by incorporating a human percep-
tion filter and frequency-weighted energy distribution. The
widespread adoption of the Sperling index by major entities,
including the European Union Agency for Railways (ERA)
and CRRC, underscores its engineering applicability and ro-
bustness.

Specifically, regarding the evaluation of vehicle ride qual-
ity, a Sperling index of W ≤ 2.5 is classified as “excellent”,
while 2.5<W ≤ 2.75 is classified as “acceptable” (or “qual-
ified”). The calculation formula for the Sperling index is as
follows (Eq. 7):

W = 3.57
10

√
A3

fv
F (fv), (7)

whereA is the vibration acceleration (m s−2), fv is the vibra-
tion frequency (Hz), and F (fv) is the frequency correction
factor.

Figure 9 illustrates the distribution of Sperling indices
under track irregularity excitations of varying wavelengths.
The results demonstrate that, irrespective of vehicle speed,
the lateral ride quality trends correlate closely with the
sensitive-wavelength distributions previously observed in
Figs. 4 and 6. Notably, Condition S5 demonstrates superior
efficacy in enhancing lateral ride quality. Across the inves-
tigated wavelength and speed regimes, the lateral Sperling
index for S5 consistently remains below 2.75, ensuring com-
pliance with stringent ride quality standards. Relative to the
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Figure 6. (a) Working Condition S2. (b) Working Condition S3. (c) Working Condition S4. (d) Working Condition S5.

baseline (Condition S1), Conditions S5 and S3 achieve index
improvements of approximately 28 % and 14 %, respectively.
In contrast, Conditions S2 and S4 offer only marginal gains
(11 % and 8 %) at sensitive wavelengths, indicating negligi-
ble overall enhancement.

5 Coherence validation and result reliability

While the sensitive-wavelength analysis suggests that Condi-
tion S5 possesses significant frequency modulation capabili-
ties, statistical validation is required to confirm this efficacy.
Accordingly, the coherence function is utilized to quantify
the linear correlation between track excitations and the sus-
pension system’s response.

The coherence function measures the correlation strength
between two random signals in the frequency domain, de-

scribing their linear correlation (Sun et al., 2024; Shi et al.,
2021). Let the input signal x(t) and the output signal y(t) be
two random signals; their coherence function is defined as
follows (Eq. 8):

γ 2
xy (ω)=

∣∣Sxy (ω)
∣∣

Sx (ω)Sy (ω)
, (8)

where Sx(ω) and Sy(ω) are the auto-power spectral den-
sities of x(t) and y(t), respectively; Sxy(ω) is the cross-
power spectral density of x(t) and y(t); and ω is the fre-
quency. For all frequencies, the coherence function satisfies
0≤ r2

xy(ω)≤ 1. When the input x(t) and output y(t) are un-
correlated, r2

xy(ω)= 0; when they are perfectly correlated,
r2
xy(ω)= 1. A larger value of r2

xy(ω) indicates a higher degree
of coherence between the input and output, implying that the
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Figure 7. (a) Time-domain analysis in resonance state. (b) Time-domain analysis in non-resonance state. (c) Frequency-domain analysis in
resonance state. (d) Frequency-domain analysis in non-resonance state.

output response at this frequency is more significantly influ-
enced by the current input excitation.

To investigate the distribution of sensitive wavelengths
for lateral track irregularities under various suspension con-
ditions, a random track irregularity model is established.
Typically, the wavelength and amplitude characteristics of
random irregularities are characterized using frequency re-
sponse analysis (FRA) combined with the FRA power spec-
tral density factor (FPF) (Shi et al., 2021). To directly bridge
the relationship between irregularity wavelengths and the ve-
hicle’s dynamic performance, the track irregularity is mod-
eled as harmonic excitation, as expressed in Eq. (9):

Ir = A0 sin
(

2πx
λ

)
, (9)

where A0 is the amplitude of the harmonic irregularity, x is
the distance from the track starting point, and λ is the irregu-
larity wavelength.

Track irregularity is regarded as a stochastic process vary-
ing with distance, where its PSD represents the Fourier trans-
form of the autocorrelation function. In this study, data pro-
cessing and analysis were performed within the MATLAB
(R2024a) environment. The PSDs of both the car body lat-
eral acceleration signals and the track irregularity excitations
were estimated using the Welch periodogram method, with
a Hamming window selected to minimize spectral leakage
(Liu et al., 2022). Furthermore, coherence analysis was em-
ployed to quantify the correlation strength between track
irregularities and vehicle dynamic indices, thereby reveal-
ing the sensitivity distribution of the vehicle to irregularities
across different wavelengths.
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Figure 8. (a) Working Condition S2. (b) Working Condition S3. (c) Working Condition S4. (d) Working Condition S5.

Coherence results for each condition

In this study, the FRA algorithm was utilized to synthe-
size random lateral and vertical track irregularities. With
the FPF parameter set to 0.25, the simulation generated lat-
eral irregularities characterized by amplitudes of 4–5 mm
across a wavelength range of 5–200 m at a vehicle speed of
250 km h−1. Regarding the identification of sensitive wave-
lengths, a criterion based on the maximum lateral accelera-
tion power spectrum was adopted: a wavelength is deemed
sensitive if it corresponds to a spectral peak that coincides
with a significant magnitude in the coherence function (Li,
2022).

Figure 10 depicts the coherence functions and PSD plots
relating lateral car body vibration to track irregularities. For
Conditions S1, S2, and S4, coherence values exceed 0.8
within the spatial frequency band of 0.04–0.047 m−1 (cor-
responding to wavelengths of 21.1–25 m), identifying sen-
sitive wavelengths of 21.1, 23.3, and 25.5 m, respectively.

In contrast, Conditions S3 and S5 demonstrate significant
coherence in the low-frequency range of 0.009–0.0092 m−1

(wavelengths of approximately 108–111 m), with sensitive
wavelengths identified at 110.7 and 107.4 m. These distribu-
tions align closely with the sensitive-wavelength results pre-
viously established in Fig. 4.

Notably, although the coherence values for Conditions S3
and S5 fall below the 0.8 threshold at sensitive wavelengths,
this can be attributed to the specific suspension topology
(Fig. 2). In these configurations, the series arrangement of the
inerter modifies the lateral-force transmission path. Due to
the inerter’s inherent mechanical characteristics (Liu, 2023),
the system not only attenuates the acceleration amplitude but
also elongates the vibration period. This introduces a signif-
icant phase discrepancy (or lag) between the car body re-
sponse and the track excitation, consequently suppressing the
calculated coherence values at these wavelengths.
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Figure 9. (a) Running speed 250 km h−1. (b) Running speed 275 km h−1. (c) Running speed 325 km h−1. (d) Running speed 350 km h−1.

6 Conclusions

This study investigated the impact of diverse inerter-based
suspension configurations on sensitive-wavelength distribu-
tion and the ride quality of railway vehicles. The results elu-
cidate the distinct vibration attenuation mechanisms of in-
erters, underscoring their potential for practical engineering
applications. Furthermore, the study outlines existing con-
straints and identifies key avenues for future optimization.
The primary conclusions are summarized as follows:

1. All inerter-based configurations (S2–S5) effectively at-
tenuate vehicle vibration under harmonic lateral excita-
tion. S2 and S4 are sensitive primarily to short wave-
lengths (peaking around 20 m), whereas S3 and S5 tar-
get the long-wavelength regime, with acceleration peaks
near 105 m.

2. Sensitive wavelengths remain independent of vehi-
cle speed, although peak acceleration generally rises
with speed. While varying the inertance coefficient
has limited overall impact, configuration S5 uniquely
achieves significant suppression with an inertance of
500–1000 kg.

3. Condition S5 (a parallel damper–spring pair in series
with an inerter) effectively targets and mitigates the re-
sponse at the sensitive wavelength of 107.4 m. Under
ISO 2631-1, such longwave excitations (∼ 100 m) are
identified as major causes of motion sickness and low-
frequency environmental pollution. Among the studied
cases, Case S5 delivers the optimal attenuation perfor-
mance, ensuring the ride quality index remains “qual-
ified” or “excellent” throughout the specified range.
These results confirm the configuration’s practical util-
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Figure 10. (a) Working condition S1. (b) Working Condition S2. (c) Working Condition S3. (d) Working Condition S4. (e) Working
Condition S5.

ity in eliminating longwave safety risks and improving
passenger comfort, validating its high value for engi-
neering applications.

4. Using the coherence function and power spectral den-
sity under random track irregularity excitation, sen-
sitive wavelengths for the car body were identified.
These were approximately 23.3 m for S2, 25.5 m for S4,

Mech. Sci., 17, 333–346, 2026 https://doi.org/10.5194/ms-17-333-2026



D. Chen et al.: Analysis of sensitive wavelengths in railway vehicles 345

110.7 m for S3, and 107.4 m for S5. These findings align
with the results reported in the Conclusions. Critically,
this validates the efficacy of Condition S5, characterized
by a parallel damper–spring unit in series with an inerter
and then in parallel with an air spring, in suppressing
longwave track irregularities in railway vehicles.

Certain limitations of this study are acknowledged. First,
the multi-rigid-body framework neglects car body flexibil-
ity, which may compromise prediction accuracy for high-
frequency vibrations induced by short-wavelength irregular-
ities. Second, the analysis is confined to lateral excitations,
leaving the coupled effects of vertical irregularities under-
explored. Third, the findings rely solely on numerical sim-
ulations, lacking validation from scaled bench or field tests.
Consequently, future research will prioritize (1) establishing
rigid–flexible coupling models to enhance high-frequency
prediction fidelity, (2) conducting bench tests and simula-
tions under composite (lateral–vertical) excitations, and (3)
developing semi-active inerters for real-time parameter tun-
ing. These initiatives aim to achieve precise “wavelength–
speed–parameter” matching, thereby optimizing high-speed-
train design for superior ride comfort.
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