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Abstract Magnetic Resonance Imaging (MRI) is powerful tool to diagnose human body. The vibration of 
gradient coil during image acquisition can degrade image quality. In this study, the vibration characteristics 
of the low field open configuration MRI system is investigated through finite element (FE) analysis and 
experimental measurements. The FE model was subjected to the harmonic excitation with Lorentz force 
and moments for pairs of X, Y and Z gradient coils individually and simultaneously. The acceleration 
measurements were acquired for generating slice, phase encoding and readout gradient types for different 
scan orientations. Results revealed that FE model predicts the vibration characteristics accurately with 1.15 
% average deviation. The time and frequency domain results from the experimental investigations are 
important in understanding dynamic behaviour of gradient coil of MRI system for designing vibration 
attenuation strategy in MRI systems. 
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1. Introduction  

Magnetic resonance (MR) imaging (MRI) is important non-invasive diagnostic tool in modern medicine. It 
has become the gold standard for image acquisition for soft tissue and bones [1-6]. The main safety 
advantage of MRI is that it does not expose patients to ionizing radiation. MRI systems are generally 
classified as closed or open configuration systems, which are further subcategorized into low field and high 
field systems depending upon the magnetic field strength of magnets. Generally, MR systems with magnetic 
field strength less than 1.5 Tesla are considered as low field MRI system. Low field MRI systems have 
advantage of cheap manufacturing, less power consumption and maintenance, high safety, but generates 
images with lower resolution as compared to high field MRI systems [7, 8]. The Low field MRI systems are 
sensitive to vibration and can lead to degraded signal to noise ratio (SNR) in the images which may result 
in blurring effects or artefacts during image acquisition [9-11].  

During image acquisition, the gradient coils in the MRI system generates the linearly varying dynamic 
magnetic field inside the scanning zone. There are three types of magnetic gradients applied along the three 
orthogonal axes (viz. X, Y and Z). The slice selection gradient is applied to locate and isolate specific plane 
or slice for imaging in the scanning zone. Then the Radio-Frequency (RF) excitation of protons in the slice 
region is executed by RF coil. Phase encoding and frequency readout gradients encode each voxel in the 
selected slice with the phase shift and resonant frequency value of protons [12, 13]. To produce the 
magnetic gradient in the scanning zone, the coils are subjected to fast switching alternating current, which 
interacts with the static magnetic field and sets the current carrying coils in vibration developing the 
Lorentz forces [14]. The vibrations originated from the gradient coils propagates through structure of 
system and reach to scanning zone subjecting test specimen to vibration. The interaction of vibrating 
surface with surrounding media which is air, generates typical sound of MRI scanning [15-17]. In case of 
high field MRI systems, the sound pressure level (SPL) inside the scanning room may exceed 100 dB and 
longer exposure to such SPL can be harmful for patient [18-22]. 

Scientific publications in the field have presented many approaches to improve the vibration and noise 
associated with the MRI systems. These methods involve modification in MRI system design, modification 
of operating condition, isolation of generated vibration. A simulation study on design of gradient coil 
presented in [23] used boundary element method (BEM) to obtain coil patterns which resulted in improved 
vibroacoustic performance showing 3 dB quieter operation compared to conventional design. A successful 
modification of gradient coil to axisymmetric design presented in [24] leads to reduced vibration and noise 
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in the MRI system. The coil design presented in [25] by using inverse boundary element method for 
controlled Lorentz forces in presence of static magnetic field of MRI system. Authors mentioned 
applicability of presented methodology to improve the mechanical stability of the gradient coils during 
image acquisition. Gradient pulse modification is more feasible approach as compared to performing 
modification in the hardware of MRI scanner. Recently, the study [26] presented sequence optimization 
method to modify the characteristics of the input current to the gradient coil which resulted in 18.6 dB 
quieter operation of MRI system indicating lowered vibration of gradient coil. Also, near silent gradient coil 
operation was reported in [27] by configuring the echo time to zero in the scanning sequence.  Vibration 
and noise isolation technique on 7 Tesla MRI scanner was implemented in [28] by modifying pathways for 
vibration and sound propagation. 

The literature published have addressed the problem and different methods to mitigate the vibration 
and resultant noise from the MRI systems. However, a better solution is still needed, as drastic hardware 
modifications are not feasible due to well established conventional design and involvement of high costs. 
Also, modifications in the scanning sequences have shown to compromise the image quality [29, 30]. To 
develop the better vibration mitigation strategy, it is important to thoroughly understand the 
characteristics of the vibration source. The objective of this study was to develop a computational model to 
predict and experimentally validate the vibration characteristics of the gradient system in low-field open 
configuration MRI scanner. The study investigates the influence of gradient type and scanning orientation 
on dynamics of vibration. The results from the study will be useful in vibration attenuation technique in low 
field MRI scanners as well as developing the acoustic noise reduction strategy for high field MRI systems. 

2. Materials and methods 

In this study, vibration characteristics of the low magnetic field MRI scanner with static magnetic field 
strength (B0) of 89 mT (Make: MRI-Tech) are analysed. In open configuration of MRI scanner, the gradient 
surface coils setup with 40 mT/m strength is arranged at top and bottom of the scanning zone and the radio 
frequency coil encloses the scanning zone. There are 3 commonly used scanning orientations on the MRI 
imaging namely transverse, sagittal, and coronal, where transverse refers to imaging planes perpendicular 
to body’s long axis, coronal to planes dividing into front and back and sagittal to planes dividing into left 
and right.  

2.1. Finite element analysis of the lower gradient coil set 

A finite element analysis (FEA) was performed to study the vibration properties of the gradient coil set 
during operation. ANSYS Mechanical was used to develop and analyse a 3-D model of the gradient coil set. 
The FEA model is shown in Fig. 1 a) and arrangement of the lower gradient coil set is shown in the Fig. 1 b). 
Model consists of total 19 layers of static field coil, primary and shield X, Y and Z gradient coils, a layer of 
material which simulate water cooling tube and intermediate layers of epoxy-based laminations and 
adhesive material. The dimensions and the material properties of the FE model were taken from the original 
design specifications.  

a) 
 

 

b) 

 

Figure 1. Finite element model of the lower gradient coil set of low field MRI device showing:  
a) FEA model b) arrangement of the gradient coil set. 

The gradient coil set under investigation has outer diameter of 440 mm and total thickness of 37 mm. 
The gradient coils are conducing sheets having thickness of 1.57 mm with winding pattern etched with 
appropriate current density distribution sufficient to produce the required gradient field of 40 mT/m. The 
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Young’s modulus of the copper and epoxy laminates were 110 GPa and 1.8 MPa respectively at room 
temperature. To avoid computational complications, the material properties were assumed to remain 
constant in the frequency range of interest. In the pre-processing of the model the etched grooves on the 
gradient coil surface were eliminated for geometry clean up and simplification. In the model there are a 
total of 46162 elements and 54105 nodes. The boundary conditions were applied to the model considering 
the actual physical setup of the gradient coil set in the MRI system i.e. the bottom face of the gradient coil 
set was constrained to have no permissible displacement or rotation in any direction.  

Identification of the natural frequencies of gradient coil set is important to understand the vibration 
properties. The modal analysis is performed to evaluate the eigenvalues which are modal or natural 
frequencies and corresponding eigenvectors representing the mode shapes of the model under study. 
Considering the complexity of the model originating from geometry, contacts, layer interactions and 
boundary condition, the FEA software would show significantly high number of modes. In FEA model, the 
contact nodes between the adjacent layers were matched and to draw the meaningful results, the analysis 
frequency was limited to 5000 Hz. However, in real world system, not all natural frequencies would be 
excited as the excitation of natural frequencies purely depend on the nature and number of forcing 
functions.  

To understand the realistic vibration behaviour of the gradient coil set, the harmonic analysis was 
performed. During image acquisition process, interaction of the main static magnetic field of the system and 
dynamic magnetic field produced by gradient coil leads to generation of Lorentz forces on the surface of 
gradient coil. These Lorentz forces and moments corresponding to 40 mT/m target gradient field strength 
in presence of 89mT static magnetic field were applied to the primary and shield gradient coils of FEA model 
as shown in Tab. 1. Please note that note that suffix ‘p’ represents primary gradient coil, and suffix ‘s’ 
represents shield gradient coil. 

Table 1. The force and moment applied to the primary and shield gradient coils. 

Number Gradient coil Moment vector [Nm] Force vector [N] 
1 Xp [0, 0, -6.8390] [-0.1032, 2.4462E-032, 0] 
2 Yp [0, 0, -8.5202] [-0.1193, 3.6780E-33, 0] 
3 Zp [0, 0, 0] [-2.1939E-16, 1.5463E-15, 0] 
4 Xs [0, 0, 5.2115] [0.0961, -3.6925E-33, 0] 
5 Ys [0, 0, 6.3095] [0.065, 1.6160E-32, 0] 
6 Zs [0, 0, 0] [1.7482E-16, 2.5655E-16, 0] 

The harmonic analysis of the FE model with the frequency sweep from 1 to 5000 Hz was conducted to 
obtain the frequency response function (FRF) plot of the gradient coil set. To investigate the vibration 
characteristics in more detail, the FRFs were evaluated when all pairs of X, Y and Z coils were excited 
simultaneously and individually. 

2.2. Experimental data collection 

The vibration signals from the lower gradient coil set were recorded using piezoelectric type digital 
accelerometer (model: Digiducer 333D01 USB accelerometer). The accelerometer was connected to the 
computer placed in adjacent control room and the signals were stored for further analysis. The sampling 
frequency of the system was set to 12000 Hz to study the characteristics in frequencies 0-6000 Hz. The 
doped water container was placed inside the MRI scanning zone as a test specimen. The oscilloscope was 
used to identify association of gradient coil with type of gradient when operated for different orientations. 
The photograph of the experimental setup is shown in Fig. 2. The experimental measurements were 
undertaken for commonly used Spin Echo (SE) scanning sequence. For better understanding of the 
dynamics of the gradient coil set the slice selection gradient, phase encoding gradient and readout gradient 
were activated individually in transverse, coronal, and sagittal scanning orientations. The configuration of 
the MRI system for scanning sequence is shown in the Tab. 2, which remained constant during entire 
measurements.  

The data collected from the accelerometer was processed and analysed using MATLAB® 2024a to 
investigate the gradient and orientation specific vibration behaviour of the coils. The time domain analysis 
was performed to investigate peak acceleration, Root-Mean-Squared (RMS) value and statistical measures 
of the signal which identifies the difference in amplitude or signal distribution for different gradient across 
different orientations. 
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a) 
 

 

b) 

 

Figure 2.  Measurement setup: a) MRI device b) control room setup. 

Table 2. Configuration of the MRI system for experiments in Spin Echo Scanning sequence. 

Parameter Value Units 
Magnetic field strength B0 89 mT 
Field of view (FOV) 200 mm 
Number of slices 1 - 
Slice thickness 200 mm 
Repitition Time (TR) 1000 ms 
Echo Time (TE) 100 ms 

To study the characteristics of the signal in deep, the signals were transformed into frequency domain. 
The signals were filtered using the bandpass filter, to importantly focus on the frequency range of 100-5000 
Hz. The Fast Fourier Transform (FFT) analysis of the signal was performed to plot the frequency spectrum 
and power spectral density (PSD) to evaluate the distribution of power over the frequency. The expression 
for evaluation of the PSD is shown in the Eq. 1: 

𝑆𝑆𝑥𝑥𝑥𝑥(𝑓𝑓) =  1
(𝑁𝑁∙𝑓𝑓𝑠𝑠)

|𝑋𝑋(𝑓𝑓)|2, (1) 

where Sxx (f) is the PSD of vibration signal, 𝑁𝑁 is number of samples in time domain signal, fs is the sampling 
frequency and X(f) is the Fourier transforms of discrete vibration signal. To compare the gradient coil 
vibration PSDs the coherence analysis was performed.  

3. Results 

3.1. FEA results 

The modal analysis of FE model of the gradient coil set was performed in the frequency range of 1 to 5000 
Hz. The application of boundary condition eliminated the rigid modes of the structure, as a result the 
structure could not execute translation or rotation without undergoing deformation. The gradient coil set 
showed more than 2500 modal frequencies within the frequency range analysed. Many symmetric modes 
showing similar vibration in different direction were identified occurring at slightly different frequencies. 
To interpret the physical significance of the resonant frequencies from the modal analysis it is important to 
correlate them with the results from harmonic analysis.  

The harmonic analysis was performed for cases when all gradient coils were excited simultaneously and 
individually. The forcing function was swept for the frequency range of 1 to 5000 Hz to include all the 
possible frequencies during operation of MRI system. Since the top surface of lower gradient coil set is in 
contact with the scanning zone platform, the frequency response was evaluated on the topmost plane of 
FEA model. The results from the harmonic analysis were exported to MATLAB® for further processing. The 
amplitude of acceleration from the results were normalized for better understanding. The frequency 
response plots are plotted for orthogonal directions (X, Y and Z direction). Figure 3 depicts the results from 
frequency response when all pairs of X, Y and Z coils were excited individually and simultaneously. The 
frequency responses for individual excitation of pairs of X, Y and Z coils are shown in Figs. 3 a), b) and c), 
respectively and Fig. 3 d) depicts the frequency response for simultaneous excitation of all coils.   
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a) 

 
b) 

 
c) 

 
d) 

 
Figure 3. Orthogonal components of frequency response function (FRF) in vibration of top plane of 

gradient coil when excitation of (a) only X coils, (b) only Y coils, (c) only Z coils and (d) all coils together. 

3.2. Results from experimental analysis 

The acceleration signal from the lower gradient coil set was collected operating each individual gradient 
coil type across different orientations for Spin Echo scanning sequence. The sampling frequency was set to 
12000 Hz as NEMA MS-4 2023 standard suggests the typical response of MRI system is observed below 
5000 Hz [31]. The recorded time domain waveforms are shown in the Fig. 4. The amplitude of vibration for 
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slice gradient in all orientation was lower while it was highest for readout gradient in transverse and 
coronal orientation. 

a) 

 
b) 

 
c) 

 
Figure 4. Time domain signal of the vibration signals recorded for different scan orientations with 

activation of individual a) slice, b) frequency readout, and c) phase encoding gradient types. 

The time domain analysis of the recorded acceleration signals was performed to determine the peak and 
RMS acceleration and statistical characteristics. The silent parts in beginning and end were trimmed to 
increase correctness of the results. The results from time-domain analysis of the signals are presented in 
the Tab. 3. 

Table 3. Results from the Time domain analysis of recorded acceleration signals for gradients in 
transverse (T), coronal (C) and sagittal (S) orientations. 

Gradient type 
Acceleration (m/s2) 

Variance Skewness Kurtosis 
Peak RMS  Mean  

Slice (T) 0.49 4.04E-02 1.00E-06 1.63E-03 -1.56E-01 45.70 
Readout (T) 1.54 1.17E-01 4.00E-06 1.37E-02 5.81E-01 69.10 
Phase encoding (T) 0.73 3.33E-02 -6.00E-06 1.11E-03 -5.40E-03 121.00 
Slice (C) 0.44 2.86E-02 7.00E-06 8.20E-04 1.99E-01 44.40 
Readout (C) 1.55 1.17E-01 -3.00E-06 1.37E-02 5.79E-01 68.90 
Phase encoding (C) 1.52 4.94E-02 2.00E-06 2.44E-03 -3.27E-02 191.00 
Slice (S) 0.46 3.13E-02 5.00E-06 9.82E-04 6.50E-01 52.70 
Readout (S) 0.95 8.37E-02 -3.00E-06 7.00E-03 -1.97E-02 44.30 
Phase encoding (S) 1.48 4.93E-02 3.00E-06 2.43E-03 -7.68E-02 191.00 
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The single sided FFT magnitude spectrum shown in Fig. 5 were plotted for each signal. To understand 
the relation between the applied gradient type in different orientations, PSD spectra was evaluated and 
compared as shown in the Fig. 6. To understand similarity between the vibration characteristics of gradient 
types in different orientations, the coherence analysis was performed. The coherence analysis is presented 
in the Fig. 7.  

a) 

 
b) 

 
c) 

 
Figure 5. Single sided FFT spectrum of vibration measured for different gradient types in different 

scanning orientations to individually generate a) slice, b) frequency readout, c) phase encoding gradient. 

 
Figure 6. PSD of vibration signals for slice, readout and phase encoding gradient types  

in transverse, coronal and sagittal orientations. 
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Figure 7. Coherence of gradient coil set vibration characteristics  

for different gradient types in different orientations. 

3.3. Comprehensive comparison of FEA and experimental results 

The important frequencies obtained from the experimental measurements and corresponding resonant 
frequency obtained from harmonic analysis (FEA) were identified. The mode shapes corresponding to the 
dominant peaks are presented in Fig. 8, while the comparison of FEA and experimental resonant 
frequencies is presented in the Fig. 9. The resonant frequencies below 300 Hz and greater than 1768 Hz 
were not predicted by the harmonic analysis of FEA model. 

 
Figure 8. Mode shapes corresponding to resonant frequencies with dominant peaks. 
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Figure 9. Comparison of experimental and FEA resonant frequencies for the slice, frequency readout  

and phase encoding gradient types in the transverse, coronal and sagittal scanning orientations. 

4. Discussion 

The detailed analysis of the vibration characteristics generated for slice, phase encoding and readout 
gradients in transverse, coronal and sagittal orientation offers deep insights about the dynamics of the 
system. The findings are important in determining vibration and noise reduction strategy. The scanned 
images from low field open configuration MRI system generally have less quality and resolution as 
compared to the closed configuration MRI system, hence vibrations reaching to the scanning area can 
degrade the scan quality and may generate false results [9,10]. Thus, it becomes essential to tackle the 
vibration issue to improve the performance of MRI scanner.  

4.1. Finite element analysis 

The finite element analysis of the vibration characteristics of lower gradient coil set is important as it is 
directly connected to the scanning zone with high possibility for transmission of vibrations. The modal 
analysis results revealed expected behaviour of system with significantly high number of natural 
frequencies in the frequency range of interest. Often, excitation of the structure at the natural frequencies 
lead to high magnitude of vibration and may cause problematic scenario. Hence characteristics of the 
system incorporating the forcing function reveals better understanding of the system dynamics. The 
harmonic analysis revealed distinct vibration characteristics for all cases of excitation. The FEA model 
results indicate that the application of forces and moments dictates the nature of vibration energy 
propagation through the layers and the occurrence of resonant frequencies. Frequency response plots 
presented in Fig. 3, show influence of excitation of different coils on the acceleration of top plane in x, y and 
z direction. The peak at the frequency 1500 Hz is consistent in all the FRFs. FRF plots for x and y direction 
clearly shows several peaks as usually observed in typical FRF. FRF in Z direction shows cluster of many 
resonant peaks, which can be interpreted to be originated from interaction of constituent layers in the 
model. Force and moment excitation in the coils induce shear, compression and tension in the layers of the 
model. This coupled behaviour of the layers can alter the resultant acceleration on the top layer. 
Simultaneous application of multiple forces and moments can amplify or diminish the cumulative vibration 
characteristics in the FEA model. Overall, the frequency response for all the cases shown no resonant 
frequencies in the range 2000 Hz to 5000 Hz. 

4.2. Experimental analysis 

4.2.1. Time domain analysis of operational vibration signal 

The acceleration signal recorded for the three different gradient types revealed distinguishable patterns. 
The slice gradient in all scanning orientations, shown lower acceleration amplitude as compared to readout 
and phase encoding gradient. As shown in Tab. 2, slice gradient type presented maximum acceleration of 
0.49 m/s2 for scan in transverse orientation. In transverse and coronal scanning orientation, readout 
gradient shown almost similar vibration characteristics, while in coronal and sagittal orientations, the 
phase encoding gradient shown same vibration characteristics. The phase encoding gradient revealed 
special vibration pattern in which acceleration amplitude with each pulse gradually varies from maximum 
to zero and again to maximum.  Skewness is statistical measure which highlights asymmetry of the 
probability distribution of the signal resulting in distinguishing the signal characteristics. The values of 
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skewness are between +1 and -1 and hence it can be said that these vibration signals are moderately skewed 
signifying the transient high energy events. The kurtosis values representing the peakedness in the signal 
are significantly high for all the signals. The maximum kurtosis is associated with the signals recorded for 
phase encoding gradient in all orientations. The time domain analysis reported the expected results 
adhering to the working principle of gradient coils.  

4.2.2. Frequency domain analysis of vibration signals 

To understand the vibration signal in more detail, they were transformed into frequency domain by using 
the FFT technique. The single sided magnitude spectrum referring to the Nyquist frequency were plotted 
for individual signals which shows the raw value of FFT amplitude corresponding to the frequency. To 
interpret the physical aspect of the signals it is important to study the PSD spectra. As shown in Fig. 6, PSD 
spectra of the gradient types in different orientations indicate multiple dominant peaks highlighting 
distribution of power in wide frequency range from 1-2000 Hz. The coherence analysis revealed that 
vibration signals for phase encoding gradient are identical in coronal and sagittal orientations, while it is 
having significantly different PSD spectra in transverse orientation. Similarly, readout gradient has identical 
PSD spectra in Transverse and Coronal orientation but different PSD spectra in Sagittal orientation. The 
slice gradient show similarity in PSD spectra only in Transverse and sagittal orientation. Vibration signal 
for slice gradient in coronal orientation and readout gradient in sagittal orientation show very low similarity 
towards others, except phase encoding gradient in transverse direction.  

4.3. Comprehensive discussion of FEA and experimental study 

In regular diagnostic procedure, scanning sequence involves combination of slice, phase encoding and 
readout gradients and hence it becomes important to understand the dynamic behaviour of the system. In 
the mode shapes of the gradient coil set presented in Fig. 8, it is important to note that the vibration patterns 
are complex and are result of layered structure of the system. The comparison of the key frequencies from 
PSDs of measured acceleration signals with predicted resonant frequencies in FEA model in presented 
average deviation 1.15 % with maximum deviation of 4.97 %. The peaks for frequencies lower than 305 Hz 
and greater than 1768 Hz observed in PSDs of experimental acceleration signals were not predicted by FEA 
model. In FE model, the constraint is applied at a base plane where absolutely no motion is possible, i.e. it 
behaves with infinite stiffness. But, in experimental condition the gradient coil set is mounted on the shim 
plate, which has finite stiffness. This complexity of the applied boundary condition in the FEA model can be 
the reason for deviation and absence of some resonant frequencies. Also, the Lorentz forces generated in 
the gradient coil are highly scanning sequence specific hence all the resonant frequencies identified during 
measurements could not be obtained in the FEA model. 

The results confirm that the vibrations of gradient coil during scanning sequences are amplified due to 
resonant frequencies and reach to the top surface. slice, phase encoding and readout gradients show distinct 
vibration characteristics in different orientations and the important frequencies are clearly identified 
formulating better understanding from perspective to develop the vibration mitigation strategy. The 
previous studies on the MRI scanners also showed the high vibration energy peaks to be associated with 
the similar frequencies [32-35]. Also, the dominant frequency bands identified in this study are comparable 
to the frequencies associated with loud noise in the high field MRI operated for different scanning sequence, 
which was evaluated in our recent study [36] as well as other literature [37, 38]. Indicating the importance 
of this study in development of passive vibration and noise reduction strategy.  

5. Conclusions 

The study developed the FE model of the lower gradient coil set of the low field open configuration MRI 
scanner which accurately predict the vibration characteristics. The experimental validation of the FE model 
was performed by analysing the acceleration signals recorded on the top face of the lower gradient coil set. 
The signals were strategically recorded for different gradient types in different orientations to consider the 
dynamic behaviour of gradient coil set during scanning sequence. The results revealed that the harmonic 
analysis of FE model with application of resultant force and moment due to Lorentz force a predicted the 
resonant frequencies of system in very close agreement with average 1.15% deviation from the 
experimental resonant frequencies. All the important frequencies were identified in the frequency range 
below 2000 Hz. Also, the time and frequency domain analysis of the measured vibration signals sheds light 
on the dynamic characteristics revealing the gradient type and orientation specific behaviour. The results 
from the study are particularly valuable for designing and verification of vibration attenuation. The future 
work should explore the advanced materials and methods to improve the scan quality of the MRI scanners. 
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