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Traditional MR seat suspension without stiffness control is not able to avoid the resonance between the excitation and the seat, though it can dampen the vibration energy. To solve this problem, this paper proposed a variable stiffness (VS) magnetorheological (MR) damper to implement an advanced seat suspension. Its natural frequency can be shifted away from the excitation frequency through the variations of stiffness, thereby realizing the non-resonance control. The new seat suspension is designed and prototyped first, and then its dynamic property under different energizing current, excitation amplitude, and excitation frequency was tested using an MTS machine. The testing results verified its stiffness controllability. The vibration attenuation performance of the seat suspension was also evaluated on a vibration shaking table. The vibration reduction performance of the seat suspension was evaluated under two kinds of excitations, i.e., harmonic excitation and random excitation; the experimental results indicate that the new seat suspension outperforms passive seat suspensions regarding their ride comfort.
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INTRODUCTION
Vibration transferred from uneven road surfaces, vibrating tools, and vibrating machinery to a vehicle driver’s body significantly reduces the driver’s comfort. This problem is much more serious in the mining industry, construction sites, and agriculture fields. Long-time exposure to the vibration will cause significant health disorders to seat occupants (National Hazard Exposure Worker Surveillance, 2009, Motmans, 2012). For example, vibration has significant negative impacts on the driver’s health, it is also easy to induce drivers’ fatigue, which has been a primary contributing factor in a significant percentage of crashes, including fatal crashes (DETR, 2000, Haworth, 1998; Legislative Assembly of Queensland: Parliamentary Travelsafe Committee, 2005). Physical pain is very common in jobs that involve driving, especially those over long hours and distances, and over rough environments with off-road vehicles or machinery operation (such as construction machines or trucks, mining vehicles, and excavators). To actively reduce the driver’s fatigue and improve the driver’s health, an advanced seat suspension which is able to provide better ride comfort is urgently needed.
To date, passive (Zhao et al., 2018), semi-active (Gad et al., 2017; Sun et al., 2017; Ning et al., 2018; Phu et al., 2018), and active (Ning et al., 2017; Alfadhli et al., 2018; Maciejewski et al., 2018) seat suspensions have been proposed. A passive seat suspension is simple, reliable, and cost-effective. However, it cannot provide a controllable force and consequently, its performance is inevitably limited. While maintaining the geometric and dynamical properties of a passive suspension structure, an active or semi-active device has been considered for incorporation in modern seat suspension structures to meet the increasingly demanding requirements. In particular, semi-active seat suspensions offer desirable performance comparable to that brought by active seats without requiring high power consumption and expensive hardware (Li et al., 2014; Sun et al., 2019; Yang et al., 2020b). In the past decades, a kind of smart material, magnetorheological fluid (MRF), has been a preferred choice to make semi-active devices realistic (Yu et al., 2009; Guo et al., 2015; Yu et al., 2016; Yu et al., 2018; Deng et al., 2019; Nguyen et al., 2019; Tu et al., 2019). MRF has magnetically sensitive rheological properties and has gained in popularity since entering the commercial automotive market. MRF is very responsive to magnetic field, with an estimated response time of less than 10 ms (Carlson and Jolly, 2000; Eshaghi et al., 2015; Nakano, 2015; Abe et al., 2019), and requires relatively low power to operate (Li et al., 2003; Hu et al., 2014; Liu et al., 2019; Yu et al., 2019). Semi-active seat suspensions using MR dampers have oriented a new research direction and achieved improved performance on vibration mitigations. For example, Choi and Han (Choi and Han, 2007; Phu et al., 2018) applied MR dampers to attenuate the vertical vibration of a seat. Wereley’s group (Choi and Wereley, 2005; Wereley et al., 2011) investigated the application of an MR damper in a helicopter crew seat to enhance its crashworthiness. Bai applied MR seat suspension for mitigating ground vehicle crashes and vibrations (Bai et al., 2013; Bai and Wereley, 2014).
Despite the success on the development of the MR seat suspension, there are still several critical drawbacks making it hard to satisfy various complex working scenarios. For a traditional MR seat suspension without stiffness control, its primary feature is to provide controllable damping to dissipate the vibration energy so as to reduce the adverse impact, however, it lacks the capability to vary its stiffness, which makes it fail to avoid the vibration resonance. The vibration excitations cover a wide range of frequencies so that it is highly possible to match the resonance frequency of the seat suspension; once this happens, the seat suspension will undergo fierce vibration even under variable damping control. In addition, for a more versatile seat suspension, it is required to provide not only high stiffness to effectively maintain the ride stability but also the low stiffness to keep the ride comfort. However, the traditional MR seat suspension without stiffness control cannot meet this conflicting stiffness requirement because it can only set the spring to be stiff to guarantee the ride stability and stroke sufficiency, sacrificing the ride comfort. Furthermore, different suspension stiffness is also required to satisfy a different spectrum of roads and weight of occupants. To summarize, the traditional MR seat suspension without stiffness control is not able to realize non-resonance control or to adapt to different road spectra and drivers’ weights.
In order to satisfy the above requirements, a new MR seat suspension with controllable stiffness needs to be developed. The main challenge to implement such a seat suspension is to find an appropriate mechanism to realize variable stiffness. Additionally, the components of the seat suspension have to be compact so that they can be installed into the seat without complicated structure change. Following the requirements and objectives, this paper proposed a new seat suspension which can perform variable stiffness. Its primary attractions are that it includes a rotary MR damper which uses controllable damping to realize variable stiffness, and that the compact structure enables the VS MR rotary damper to be installed on the seat suspension without any configuration changes. The property of stiffness controllability is able to shift the suspension’s natural frequency away from the excitation frequency to avoid vibration resonance. In particular, the initial suspension stiffness can be designed to be low to achieve good ride comfort and then it can be adjusted in real time to guarantee its ride stability. Additionally, the stiffness of the seat suspension can be adjusted according to the road spectrum and the weight of the occupants. The structure of this paper is detailed as follows. Structure and Working Mechanism of the New Seat Suspension Section illustrates the structure and working mechanism of the new seat suspension. In Experimental Characterization section, the experimental characterisations of MR fluids (MRF) and the MR seat suspension are presented and accordingly, the effective stiffness and equivalent damping were analyzed. The vibration attenuation performance of the new MR seat suspension is evaluated in Evaluation of the Vibration Isolation Performance section and Conclusion Section draws the conclusion.
STRUCTURE AND WORKING MECHANISM OF THE NEW SEAT SUSPENSION
Structure of the New Seat Suspension
The new seat suspension was developed by installing a VS rotary MR damper underneath a commercialized vehicle seat, as shown in Figure 1C. Figure 1A provides the detailed schematic structure of the VS MR rotary damper which is composed of a gear box, a torsion spring, and an MR damping unit. One end of the torsion spring is fixed with the cylinder of the gear box, and the other end is fixed with the cylinder of the MR damper via a spring seat. The damping unit is responsible for generating controllable torque based on the rheological property of MRF, i.e., it provides high torque when its electromagnetic coil is powered with a large current, and otherwise, it provides small torque. The gear box with the gear ratio of 5:1 then works to amplify the output torque of the damping unit to satisfy the required maximum force of the seat suspension. As the torsional spring connects the damping unit and the gear box, the variability of the stiffness can be realized by adjusting the amount of the current applied to the MR damper.
[image: Figure 1]FIGURE 1 | The structure and prototype of the VS MR suspension.
Assembling of the New Seat Suspension
Figure 1B shows the assembling of the VS MS rotary damper to the seat suspension. The seat suspension has two scissor structures at its two flanks, one of which will be installed with the VS MR damper. Figure 1B shows that the damper was installed to the left side of the seat suspension, specifically, the shaft of the VS MR damper is fixed to one beam of the scissor structure while the cylinder of the damper is fixed with the other one in the same scissor structure. When this seat is subjected to vertical vibration, the two beams of the scissor structure rotate relatively in opposite directions, which drives the rotary MR damper to rotate. In this way, the vertical linear vibration is transformed into rotational motions in the rotary damper.
Working Principle of the New Seat Suspension
The VS rotary MR damper is responsible for providing controllable stiffness to the seat suspension. The realization of the controllable stiffness relies on the cooperation between the spring and the damping variability provided by the damping unit. The damping of the MR damping unit increases gradually as the current applied to power the electromagnetic coil increases, accordingly, the relative rotation between the shaft and the cylinder of the damping unit will become increasingly difficult. In this case, the deformation of the torsional spring will increase under the same external excitation and the VS MR rotary damper will perform higher stiffness. The applied current controls the deformation of the torsional spring and thus the overall suspension stiffness. Specifically, the shaft can rotate easily with respect to its cylinder when the damping of the damping unit is small. In this case, the torsional spring will not perform any deformation, thereby the VS MR rotary damper demonstrates low stiffness. Alternatively, when the damping is large enough and the torque produced by the torsional spring cannot overcome the damping force, the damper cylinder has no relative motion with respect to the shaft and the torsional spring will be deformed during operation. In this scenario, the VS rotary damper performs the maximum stiffness. The medium stiffness which falls between the minimum and the maximum can be realized by adjusting the amount of the applied current.
EXPERIMENTAL CHARACTERIZATION
Characterization of MR Fluids
MRF used in this work is bought from Beijing Guohao Sensing Technology Research Institute, China (model: GH-MRF-250, density: 2.55 g cm−3). Its shear properties were measured using a rheometer (Physica MCR 301, the Anton Paar Company, Germany). Figure 2A shows the yield stress characteristics of the MRF with respect to different magnetic flux density. From this figure it can be seen that the increase of the magnetic flux density results in the increase of the yield stress of MRF. Figure 2B presents the viscosity information of MRF vs. shear rate. The viscosity in Figure 2B was measured without the presence of magnetic field and the shear rate was increased from 0.1 s−1 to 1,000 s−1. It is seen that the viscosity decreases sharply then tends to level off when the shear rate keeps increasing. Using the MRF, the MR damping unit shown in Figure 1A is able to perform controllable torque and accordingly, the output force generated by the whole VS MR damper can be controlled by the applied DC current.
[image: Figure 2]FIGURE 2 | Property of the MRFs. (A) The yield stress characteristics (B) The viscosity information.
Dynamic Testing of the MR Seat Suspension Using an MTS Machine
The factors affecting the performance of the seat suspension mainly include the applied DC current to the magnetic coil of the rotary MR damper, the displacement amplitude and the loading frequency of the external vertical excitation. To investigate how these factors influence the suspension performance, dynamic tests were designed and conducted to explore the hysteretic behavior of the seat suspension under various currents, loading frequencies and amplitudes. With these tests, the equivalent damping and the effective stiffness of the seat suspension under different loading conditions can be calculated. The experimental setup using an MTS machine (Materials Test Systems, Landmark Servohydraulic Test Systems, MODEL 370.02, United States) is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Experimental setup of the MTS testing.
Performance under different currents
The field-dependent properties are the most important features for a smart system as it determines its real time controllability. Therefore, a series of coil currents were used to energize the suspension to obtain its field-dependent behaviors. The sinusoidal signal with a frequency of 1 Hz and the displacement amplitude set as constant (5, 10, and 15 mm) was chosen as the excitation. For each testing case, the current was changed from 0 to 2 A with a step of 0.5 A. Therefore, a total of 15 cases were conducted. And for each testing, sufficient loops have been run before collecting the satisfactory data to guarantee the consistency. Figure 4 shows the axial force generated under various currents by the seat suspension in the time domain. It is in a vertical direction and it provides damping force to the seat suspension. It can be seen that the maximum force increases when the current is increased, which corresponds to the mechanism that the MR rotary damper shows increasing stiffness when the applied current increases.
[image: Figure 4]FIGURE 4 | The generated force under different currents in time domain.
In order to provide a closer observation of the field-dependent property, Figure 5A–C plot the hysteresis loops of the force and displacement relationship under varied currents. Each contour was obtained under a constant amplitude of external excitation, i.e., 5, 10, and 15 mm, respectively. It is found that under certain excitation amplitudes, the stiffness increases obviously when the current is changed from 0 to 0.5 A, however, its increasing rates decrease when the current further increases. For different amplitudes, the same phenomenon in terms of the field-dependent property can be observed. For each hysteresis loop, the effective stiffness to be analyzed in the following section is obtained by calculating the slope of segment AB, as indicated in Figure 5A, using the following expression:
[image: image]
where n indicates the number of the dots on segment AB, (xn, yn)represents the coordinate of the nth dot. As segments AD and BC were generated by friction damping of the seat suspension, they are not included into the calculation of the effective stiffness.
[image: Figure 5]FIGURE 5 | Force-displacement loops under different currents and amplitudes. (A) 5 mm amplitude excitation. (B) 10 mm amplitude excitation.(C) 15 mm amplitude excitation
Performance under different frequencies
To investigate the influence of the loading frequency on the suspension performance, a series of tests under various frequencies were conducted. The chosen frequencies for the test were 0.1, 1, 2, and 3 Hz. The displacement amplitude was set as 5 mm. And two current values (0A and 2 A) were chosen for this test.
Figure 6 shows the testing results under various frequencies with the current to be 0 A and Figure 7 provides its performance under 2 A. It can be seen that the loading frequency induces very slight influence on the hysteresis loops whether a current was applied or not, indicating that changing the loading frequency will not generate obvious influence on the peak force, the stiffness, or the damping. Therefore, it is concluded that the variations of loading frequency will not induce obvious change to the suspension performance. By comparing Figure 6 and Figure 7, it can be seen that a larger axial force was produced under 2 A. This can be explained by the field-dependent property as shown in Figure 5.
[image: Figure 6]FIGURE 6 | Force-displacement loops with no current applied under different frequencies.
[image: Figure 7]FIGURE 7 | Force-displacement loops with 2 A current applied under different frequencies.
Dynamic property under different displacements
This sub-section tests the seat suspension performance under different displacements, the values of which were set as 5, 10, and 15 mm. The loading frequency was set as 1 Hz and the current was set as 0 A. The experimental results indicating the force-displacement relationship are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Force-displacement loops with no current applied under different excitation amplitudes.
The Analysis of the Effective Stiffness and Equivalent Damping
Effective stiffness analysis
For a seat suspension, the ride comfort experienced by the driver or passenger is an important indication to evaluate its performance. And the ride comfort is closely influenced by the stiffness achievable by the seat suspension. Figure 9 and Figure 10 present the calculated effective stiffness corresponding to different amplitudes and currents. The effective stiffness was calculated using the experimentally obtained data sets which have been plotted in Figure 5.
[image: Figure 9]FIGURE 9 | The effective stiffness of the MR seat suspension under different excitation amplitudes.
[image: Figure 10]FIGURE 10 | The effective stiffness of the MR seat suspension applied with different currents.
Figure 9 and Figure 10 plot the relationship between the effective stiffness and the displacement as well as the current. Both of these two figures show that for a fixed current, the stiffness reduces when the amplitude increases. However, when the amplitude is a constant, the stiffness increases as the current increases. But the increasing rate of the stiffness decreases when the current further increases, which verifies that the overall stiffness increases with the increasing current until a damping force is large enough to overcome the force generated by the torsional spring. The calculation results are consistent with the observations in Figure 5. The error bars with standard deviation for the calculated effective stiffness are also provided in Figure 10. They show that the effective stiffness for each group of experimental data is distributed centered on average with acceptable standard deviations.
Equivalent damping calculation
To study the energy-dissipation performance of this VS MR suspension, the equivalent viscous damping coefficient was calculated. The equivalent viscous damping coefficient can be obtained from (Li et al., 2000):
[image: image]
where EDC is the energy dissipated per cycle, or the area enclosed by the hysteresis loop, f is the loading frequency and [image: image] is the maximum displacement of the external excitation. The enclosed area can be calculated using MATLAB, then the equivalent viscous damping coefficient can be calculated according to Eq. 1. The calculated equivalent damping is presented in Figure 11 and Figure 12.
[image: Figure 11]FIGURE 11 | The equivalent damping of the MR seat suspension under different excitation amplitudes.
[image: Figure 12]FIGURE 12 | The equivalent damping of the MR seat suspension applied with different currents.
Figure 11 and Figure 12 plot the relationship between the equivalent damping coefficient and the current as well as the displacement amplitude. It is seen from Figure 11 that the damping coefficient shows a reducing trend with the increasing amplitude at a fixed current, however, for a constant amplitude, the viscous damping coefficient shows slight fluctuation which first increases and then drops down when the current further increases. Figure 12 also reflects the phenomenon that the viscous damping is sensitive to the current variation but less sensitive to the variations of displacement amplitude.
EVALUATION OF THE VIBRATION ISOLATION PERFORMANCE
Figure 13 shows the experimental setup to evaluate the vibration isolation performance of the proposed suspension system. Different excitations including random excitation and harmonic excitation were generated by a shaking table to excite the seat suspension. Two accelerometers were used to measure the accelerations of the excitation and the seat suspension, respectively. Considering that an appropriate controller is critically important for the suspension system to achieve good performance, a controller based on the short-time Fourier Transform (STFT) (Yang et al., 2020a) was developed and implemented, aiming to control the stiffness and realize the non-resonant control. The STFT algorithm is responsible for detecting the vibration frequency; then this excitation frequency will be compared with the natural frequency of the seat suspension. When the excitation frequency is close to the natural frequency of the seat suspension, the stiffness of the seat suspension will be adjusted to shift its natural frequency away from the excitation frequency to avoid resonance. Upon the establishment of the controller, experimental evaluation of the seat suspension was conducted. The acceleration of the seat suspension as well as the transmissibility are the main evaluation criteria. The acceleration signal measured from the shaking table was sent to the controller for processing to determine the dominant vibration frequency. The frequency controller then calculates the desired control output through STFT algorithms and sends it to a power amplifier. The amplified current was then sent to the damper to control its stiffness. During the experiment, three different suspensions were evaluated, i.e., passive-off, passive-on, and semi-active suspensions. Passive-off suspension means there is no current applied to the damper; passive-on suspension means a constant current (2 A) was applied to the damper; and semi-active suspension means the suspension is controlled by the STFT controller in real time. The passive-on and passive-off suspensions are given as reference to compare with the semi-active suspensions. The evaluation results are presented in Figure 14 and Figure 15B.
[image: Figure 13]FIGURE 13 | Experimental setup for evaluating the vibration isolation performance (CompactRIO: Crio-9074, mit 400 MHz CPU, 128 MB DRAM, 256 MB Speicher, FPGA mit 2 Millionen Gattern, eight Slots).
[image: Figure 14]FIGURE 14 | Vibration transmissibility of the three different suspensions.
[image: Figure 15]FIGURE 15 | Acceleration performance of the random excitation. (A) excitation, (B) response.
Figure 14 illustrates the acceleration transmissibility of the three suspensions. As it is the ratio of the seat acceleration to the excitation acceleration, the lower its value means the better its performance. It can be seen that the natural frequency of the passive-off case is smaller than that of the passive-on case. That is because the stiffness of the VS rotary MR damper increases when the applied current increases and accordingly, the natural frequency increases. The two transmissibility from the passive-on and passive-off cases have an intersected frequency, as indicated by letter P in Figure 14. It can be seen that the transmissibility under the passive-on case is the lowest when the excitation frequency is less than this intersected frequency, otherwise, the transmissibility under the passive-off case is the lowest. Therefore, a minimum transmissibility can be generated by connecting these two segments. Then it is observed that the transmissibility of the semi-active control mode can just track the minimum transmissibility: it almost keeps consistent with the transmissibility under the passive-on case before the intersected frequency and then drops down to the transmissibility of the passive-off case once the excitation frequency is higher than the intersected frequency. Therefore, it can be concluded that the VS MR seat suspension under the semi-active control performs best at reducing the acceleration response. A video indicating the performance comparing the passive suspension and semi-active suspension under three representative frequencies, i.e., 1.3, 1.5, and 1.6 Hz is provided as a supporting material. Figure 15B presents the acceleration responses of the seat suspensions under random excitation. The random excitation is generated by the method presented in Ref (Yang et al., 2000c), which has been widely adopted to evaluate the suspension performance and shown in Figure 15A. This evaluation result further proves that the suspension acceleration of the semi-active suspension remains the smallest for the whole-time history compared with the other two passive cases.
In order to better understand the improvement of the semi-active seat suspension over the passive ones, ISO 2631is introduced as shown in Table 1 (International Organization for Standardization, 1997) which has categorized the comfort levels according to a human’s likely reactions to various magnitudes of vibration. Accordingly, the Z-axial weighted RMS values which have considered the passengers’ ride comfort were calculated and tabulated in Table 2. It can be seen from Table 2 that the comfort level achieved by the passive off suspension and the passive on suspension is level C which represents “fairly uncomfortable,” however, the comfort level achieved by the semi-active suspension is level B which indicates “a little uncomfortable.” The comparison has demonstrated that semi-active suspension has brought a higher level of comfort to the passengers.
TABLE 1 | Approximate indications of likely reactions to various magnitudes of vibration.
[image: Table 1]TABLE 2 | The weighted RMS values of accelerations for the three suspensions.
[image: Table 2]CONCLUSION
A rotary MR damper which is able to perform variable stiffness characteristics was successfully developed and then used to implement a semi-active seat suspension, aiming to overcome the drawback of a traditional MR damper that it cannot realize the non-resonance control. The seat suspension was then characterized using MTS machine in terms of the field-dependent response, the amplitude-dependent response, and the frequency-dependent responses. The testing results demonstrated that the stiffness and the generated force increase in response to the increasing current but decrease slightly when the displacement amplitude increases. This variability of the stiffness indicate that the new seat suspension is able to satisfy the conflicting requirement of the stiffness, i.e., it can provide not only high stiffness to guarantee the riding stability but also low stiffness to achieve better ride comfort. In addition, the suspension stiffness is not sensitive to the variations of the loading frequency. As for the damping property, the experimental results show that the equivalent damping coefficient decreases when the displacement amplitude increases and that the applied increasing current induces a slight influence on the equivalent damping. The vibration isolation experiments have compared the responses of different suspensions. The results have demonstrated that the seat suspension with the semi-active control performs the best in reducing the suspension acceleration.
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