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Abstract

:

Featured Application


This work is specifically applied to wheelchairs.




Abstract


The shock and vibration of electric wheelchairs undergoing road irregularities is inevitable. The road excitation causes the uneven magnetic gap of the motor, and the harmful vibration decreases the recovery rate of rehabilitation patients. To effectively suppress the shock and vibration, this paper introduces the DA (dynamic absorber) to the electric wheelchair. Firstly, a vibration model of the human-wheelchair system with the DA was created. The models of the road excitation for wheelchairs going up a step and going down a step were proposed, respectively. To reasonably evaluate the impact level of the human-wheelchair system undergoing the step–road transition, evaluation indexes were given. Moreover, the created vibration model and the road–step model were validated via tests. Then, to reveal the vibration suppression performance of the DA, the impact responses and the amplitude frequency characteristics were numerically simulated and compared. Finally, a sensitivity analysis of the impact responses to the tire static radius r and the characteristic parameters was carried out. The results show that the DA can effectively suppress the shock and vibration of the human-wheelchair system. Moreover, for the electric wheelchair going up a step and going down a step, there are some differences in the vibration behaviors.
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1. Introduction


Wheelchairs are medical devices [1]. They are widely used in hospitals, rehabilitation institutions, and endowment institutions [2]. With the progress of society, rehabilitation wheelchairs have developed from simple travel tools to important means of enabling the elderly and the disabled to exercise, take care of themselves, and participate in social activities [3,4,5]. They have played an important role in integrating the elderly and the disabled back into society.



Wheelchairs can be mainly divided into three categories according to their sophistication: manual wheelchairs [6], electric wheelchairs [7], and intelligent wheelchairs [8]. Manual wheelchairs are the most common rehabilitation accessories. They have been widely used by the elderly and the disabled. Manual wheelchairs are affordable and more suitable for ordinary families. Electric wheelchairs are based on the traditional manual wheelchairs. They are equipped with a high-performance power driving device, batteries, and an electric control system [9]. A traditional wheelchair must rely on manpower. If no one takes care of the user, he/she will have to push the wheel himself. For an electric wheelchair, so long as the batteries are fully charged, there is no need for the family members to accompany the user all of the time. Intelligent wheelchairs are an important application platform of robot technologies. They combine many technologies in the robot field, such as motion control, machine vision, pattern recognition, and human–machine interaction [10,11]. The price of intelligent wheelchairs is very high. It is difficult for ordinary families to afford them.



In recent years, the enormous demand for wheelchairs has led to higher performance requirements [12]. How to effectively reduce the shock and vibration of electric wheelchairs has aroused a growing public attention [13,14,15]. When an electric wheelchair undergoes road irregularities, the shock and vibration of the human body and the wheelchair body are inevitable. The adverse effects of the shock and vibration caused by the road excitation mainly include four aspects. (1) The shock and vibration transmitted to the human body decrease the recovery rate of the patients. (2) The road excitation causes the uneven magnetic gap of the motor, resulting in the further deterioration of the vibration. (3) The intense shock causes a shorter working life of the wheelchair accessories, which include for instance, the mechanical parts, the motor, and the control hardware system. (4) The excessive vibration reduces the tire grounding safety.



Various standards have been developed around the world to evaluate the performances of wheelchairs. The British standard 12183-2009 provides the requirements and the test methods of manual wheelchairs [16]. America instituted the standard ANSI/RESNA WC-1a-2009 for wheelchairs [17]. China instituted the standard GB/T 13800-2009 [18]. This standard is applicable for manual wheelchairs and electric wheelchairs. Generally speaking, the vibration acceleration of the human body is used to evaluate the ride comfort of wheelchairs; the vibration acceleration of the wheelchair body is used to evaluate the operational reliability of the wheelchair accessories. Moreover, the tire dynamic deflection fd or the tire contact force is often used to characterize the tire grounding safety [19].



To effectively reduce the shock and vibration of wheelchairs, scholars from various countries have studied the issue and made some achievements. Some scholars focused on the investigation of the cushion system of wheelchairs. For example, Hillman et al. investigated the hysteresis and impact damping of cushions for wheelchairs [20]. Wang et al. studied the comfort of cushions for electric wheelchairs [21]. Brienza et al. researched the influences of the wheelchair cushion type on tissue deformation [22]. Some scholars paid attention to the dynamic modeling of wheelchairs. For example, Brown et al. created a model of wheelchair-users undergoing vibrations [23]. Leary et al. proposed a mathematical model of wheelchair biomechanics [24]. Chen et al. established a model of an electric wheelchair and identified its system parameters [25]. Salipur et al. developed a rear impact model of an adult manual transit wheelchair with a seated occupant [26]. Ceravolo et al. created a predictive control model of an autonomous wheelchair [27]. These models provide useful references and tools for analyzing the comfort and vibration of wheelchairs. In addition, there are also some scholars who devoted themselves to the vibration characteristics research of wheelchairs. Dziechciowski et al. analyzed the vibration transmitted to the human body during the patient’s ride in a wheelchair [28]. Hikmawan et al. analyzed the comfort of electric wheelchairs using a half-car model [29]. Miyawaki et al. studied the whole-body vibration of passengers sitting on wheelchairs loaded onto a lifter [30]. Su et al. designed a magnetic suspension vibrator for electric wheelchairs [31]. Ababou et al. developed a test bench for the analysis of harmful vibrations to wheelchair users [32]. Hischke et al. analyzed the influence of the rear wheel suspension on the tilt-in-space wheelchair shock and vibration attenuation [33]. These studies provide useful references for attenuating the shock and vibration of wheelchairs. However, there are few studies on the comprehensive performance of wheelchairs undergoing a step.



The dynamic absorber (DA) is a vibration-reducing device that is connected to the vibration system by elastic and damping elements. It occupies a small space, and provides a cheap and effective way to attenuate the shock and vibration of various vibration systems [34]. For example, Orečný et al. introduced the DA to a working machine seat, and showed that the DA can effectively suppress the seat vibration [35]. However, there have been no related research reports on the use of dynamic absorbers in wheelchairs. To effectively suppress the shock and vibration, this paper introduces the DA to the electric wheelchair. In Section 2, to theoretically prove the vibration isolation effect of the DA in wheelchairs, a vibration model of the human-wheelchair system with the DA was created. In Section 3, the models of the road excitation for wheelchairs going up a step and going down a step were proposed, respectively. In Section 4, to effectively evaluate the impact level of the human-wheelchair system undergoing the step road, the evaluation indexes were given. In Section 5, the created vibration model and the road step model were validated by test. In Section 6, to reveal the vibration suppression performance of the DA, the impact responses were numerically simulated and compared. In Section 7, the influences of the tire static radius r on the vibration behaviors of the human-wheelchair system were analyzed. In Section 8, the influences of the characteristic parameters on the vibration behaviors were revealed.




2. Modeling of the Human-Wheelchair System with DA


A commercially available electric wheelchair is shown in Figure 1a. According to the electric wheelchair, a simplified vibration model of the human-wheelchair system with the DA was created, as shown in Figure 1b where the motor is fixed on the wheelchair body; m2, m1, and m0 are the human body mass, the wheelchair body mass (including the motor mass), and the DA mass, respectively; C2 and C0 are the damping coefficients of the cushion and the DA, respectively; K2, K1, and K0 are stiffness coefficients of the cushion, the tire system, and the DA, respectively; z2, z1, and z0 are the corresponding displacements; and q is the road excitation.



The differential equations of the vibration model can be expressed as:


   {     m 2    z ¨  2  +  C 2  (   z ˙  2  −   z ˙  1  ) +  K 2  (  z 2  −  z 1  ) = 0      m 0    z ¨  0  +  C 0  (   z ˙  0  −   z ˙  1  ) +  K 0  (  z 0  −  z 1  ) = 0      m 1    z ¨  1  +  C 2  (   z ˙  1  −   z ˙  2  ) +  K 2  (  z 1  −  z 2  ) +  C 0  (   z ˙  1  −   z ˙  0  ) +  K 0  (  z 1  −  z 0  ) +  K 1  (  z 1  − q ) = 0     .  



(1)







The natural frequencies, the damping ratios, and other ratio parameters have important guiding significances for the wheelchair design. The characteristic parameters are adopted as follows:


    ω 2  =      K 2     m 2      ,      ω 1  =      K 1     m 1       ,     ω 0  =      K 0     m 0       ,     ξ 2  =    C 2    2    m 2   K 2       ,     ξ 0  =    C 0    2    m 0   K 0       ,     r 0  =    m 0     m 1     ,     r 2  =    m 2     m 1      








where, ω0, ω1, and ω2 are the natural circular frequencies of the DA, the wheelchair body, and the human body, respectively; ξ0 and ξ2 are the damping ratios of the DA system and the cushion system, respectively; r0 is the mass ratio of the DA mass to the wheelchair body mass; and r2 is the mass ratio of the human body mass to the wheelchair body mass.



Based on the adopted characteristic parameters, Equation (1) can be rewritten as:


   {     m 2    z ¨  2  + 2  m 2   ξ 2   ω 2  (   z ˙  2  −   z ˙  1  ) +  m 2   ω 2 2  (  z 2  −  z 1  ) = 0      m 0    z ¨  0  + 2  m 0   ξ 0   ω 0  (   z ˙  0  −   z ˙  1  ) +  m 0   ω 0 2  (  z 0  −  z 1  ) = 0      m 1    z ¨  1  + 2  m 2   ξ 2   ω 2  (   z ˙  1  −   z ˙  2  ) +  m 2   ω 2 2  (  z 1  −  z 2  ) + 2  m 0   ξ 0   ω 0  (   z ˙  1  −   z ˙  0  ) +  m 0   ω 0 2  (  z 1  −  z 0  ) +  m 1   ω 1 2  (  z 1  − q ) = 0     .  



(2)







Equation (2) can be further expressed as:


   {      z ¨  2  + 2  ξ 2   ω 2  (   z ˙  2  −   z ˙  1  ) +  ω 2 2  (  z 2  −  z 1  ) = 0       z ¨  0  + 2  ξ 0   ω 0  (   z ˙  0  −   z ˙  1  ) +  ω 0 2  (  z 0  −  z 1  ) = 0       z ¨  1  + 2  r 2   ξ 2   ω 2  (   z ˙  1  −   z ˙  2  ) +  r 2   ω 2 2  (  z 1  −  z 2  ) + 2  r 0   ξ 0   ω 0  (   z ˙  1  −   z ˙  0  ) +  r 0   ω 0 2  (  z 1  −  z 0  ) +  ω 1 2  (  z 1  − q ) = 0     .  



(3)








3. Modeling of the Step Road Excitation


When a wheelchair goes up a step or goes down a step, the displacement excitation is not exactly the same as the step shape. The tire has a correction to the step–road surface. Figure 2 depicts the rolling condition of the tire passing the step without leaving the road surface. In Figure 2, the dotted line is the trajectory of the tire center; r is the static radius of the tire; h is the height of the step; and δ is the horizontal distance of the tire center to the step.



From Figure 2, we obtain the following:


   δ 2  +   ( r − h )  2  =  r 2  .  



(4)







Based on Equation (4), we produce:


  δ =   2 r h −  h 2    .  



(5)







For a wheelchair going up the step, the step–road excitation can be expressed as:


  q =  {    h +    r 2  −   ( δ − v t )  2    − r     t ∈ [ 0 ,  δ v  ]     h                       t ∈ (  δ v  , + ∞ ]     ,  



(6)




where t is time, and v is the running speed of wheelchairs.



For a wheelchair going down the step, the step road excitation can be expressed as:


  q =  {       r 2  −  v 2   t 2    − r     t ∈ [ 0 ,  δ v  ]     − h               t ∈ (  δ v  , + ∞ ]     .  



(7)







For example, r = 250 mm for a wheelchair, h = 35 mm, and v = 0.4, 0.8, and 1.2 m/s. Figure 3a,b depicts the time histories of the step excitation q for the wheelchair going up the step and going down the step, respectively. It can be seen that the greater the running speed v, the more sharply the excitation changes.




4. Evaluation Indexes


In order to evaluate the impact level of the human-wheelchair system undergoing the step road, the unweighted vibration dose values (VDV) of the wheelchair body and the human body are adopted, respectively. They are the cumulative values of the corresponding acceleration values for a period of time. According to the ISO2631 standard, the sensitivity of the human body to different vibration frequencies is different. When evaluating the impact of the vibration on the human health, the vibration signals need to be weighted on the basis of the ISO2631 standard. This study mainly focuses on the impact strength and analyzes the vibration isolation effect of the DA. Thus, the acceleration signals are not weighted.



Based on the vibration model, the vibration dose value VDV1 of the wheelchair body acceleration     z ¨  1    = a1 can be expressed as:


    VDV  1  =    [     ∫ 0 T    a 1 4  ( t ) d t     ]     1 4    .  



(8)




where T is the length of time from the tire starting to contact the step to the vibration disappearing.



The vibration dose value VDV2 of the human body acceleration     z ¨  2    = a2 can be expressed as:


    VDV  2  =    [     ∫ 0 T    a 2 4  ( t ) d t     ]     1 4    .  



(9)







The boundary condition of the tires off the ground can be expressed as:


   f d  −  f  d 0   ≥ 0 .  



(10)







For the human-wheelchair system with the DA and without the DA, the calculation formula of the tire static deflection fd0 are as follows, respectively:


   f  d 0   =  {       m 0  +  m 1  +  m 2     K 1    ,   with   DA        m 1  +  m 2     K 1    ,     without   DA     ,  



(11)







The ratio p of the length of time for    f d  −  f  d 0   ≥ 0   to T is adopted as the evaluation index of the running safety:


  p =   N Δ t  T  ,  



(12)




where N is the number of the points satisfying Equation (10); and   Δ t   is the simulation step.



When the wheelchair undergoes a step, during the time from the tire starting to contact the step to the vibration disappearing, the condition of the tire off the ground should be avoided. If the tire does not contact the ground, the maneuverability of the wheelchair will be reduced. Thus, the smaller of the ratio p, the better the tire grounding safety.



In order to further investigate the vibration attenuation effect of the DA, the vibration transfer characteristics need to be analyzed. According to Equation (3), the transfer functions of the wheelchair body acceleration     z ¨  1   , the human body acceleration     z ¨  2   , and the tire dynamic deflection fd = z1 − q to the road excitation velocity   q ˙   can be respectively expressed as:


   H 1  =  H    z ¨  1  ~  q ˙    =    ω 1 2   s 5  + ( 2  ξ 0   ω 0  + 2  ξ 2   ω 2  )  ω 1 2   s 4  + (  ω 0 2  + 4  ξ 0   ξ 2   ω 0   ω 2  +  ω 2 2  )  ω 1 2   s 3  +  L X   s 2  +  ω 0 2   ω 1 2   ω 2 2  s    s 6  +  L 5   s 5  +  L 4   s 4  +  L 3   s 3  +  L 2   s 2  +  L 1  s +  L 0    ,  



(13)






   H 2  =  H    z ¨  2  ~  q ˙    =   2  ξ 2   ω 1 2   ω 2   s 4  + (  ω 2 2  + 4  ξ 0   ξ 2   ω 0   ω 2  )  ω 1 2   s 3  +  L X   s 2  +  ω 0 2   ω 1 2   ω 2 2  s    s 6  +  L 5   s 5  +  L 4   s 4  +  L 3   s 3  +  L 2   s 2  +  L 1  s +  L 0    ,  



(14)






   H 3  =  H   f d  ~  q ˙    =    ω 1 2   s 4  + 2 (  ξ 0   ω 0  +  ξ 2   ω 2  )  ω 1 2   s 3  + (  ω 0 2  + 4  ξ 0   ξ 2   ω 0   ω 2  +  ω 2 2  )  ω 1 2   s 2  +  L X  s +  ω 0 2   ω 1 2   ω 2 2    (  s 6  +  L 5   s 5  +  L 4   s 4  +  L 3   s 3  +  L 2   s 2  +  L 1  s +  L 0  ) s   −  1 s  ,  



(15)




where s is the Laplace operator:




	
   L X  = 2 (  ξ 2   ω 0 2   ω 2  +  ξ 0   ω 0   ω 2 2  )  ω 1 2   ,



	
   L 5  = 2  ξ 0   ω 0  + 2  ξ 2   ω 2  + 2  ξ 0   ω 0   r 0  + 2  ξ 2   ω 2   r 2   ,



	
   L 4  =  ω 0 2  +  ω 1 2  +  ω 2 2  +  r 0   ω 0 2  +  r 2   ω 2 2  + 4  ξ 0   ξ 2   ω 0   ω 2  + 4  r 0   ξ 0   ξ 2   ω 0   ω 2  + 4  r 2   ξ 0   ξ 2   ω 0   ω 2   ,



	
   L 3  = 2  ξ 0   ω 0   ω 1 2  + 2  ξ 0   ω 0   ω 2 2  + 2  ξ 2   ω 0 2   ω 2  + 2  ξ 2   ω 1 2   ω 2  + 2  r 0   ξ 0   ω 0   ω 2 2  + 2  r 0   ξ 2   ω 0 2   ω 2  + 2  r 2   ξ 0   ω 0   ω 2 2  + 2  r 2   ξ 2   ω 0 2   ω 2   ,



	
   L 2  =  ω 0 2   ω 1 2  +  ω 0 2   ω 2 2  +  ω 1 2   ω 2 2  +  r 0   ω 0 2   ω 2 2  +  r 2   ω 0 2   ω 2 2  + 4  ξ 0   ξ 2   ω 0   ω 1 2   ω 2   ,



	
   L 1  = 2  ξ 0   ω 0   ω 1 2   ω 2 2  + 2  ξ 2   ω 0 2   ω 1 2   ω 2   ,    L 0  =  ω 0 2   ω 1 2   ω 2 2   .









5. Test Verification


To verify the effectiveness of the created vibration model and the step road model, the test verification should be carried out. If the DA system is directly mounted on electric wheelchairs, there will be some risks. For example, the mismatched DA may aggravate the vibration of wheelchairs and do harm to human bodies. Therefore, this study carried out the pulse test by using an electric wheelchair manufactured by Bo Yu Electric Vehicle Co., Ltd. (Yongkang, China). This wheelchair is not equipped with the DA system. The values of the parameters for the human-wheelchair system are shown in Table 1.



The pulse test was conducted in the test field, as shown in Figure 4a. The height of the step is h = 35 mm. The test condition is v = 0.2~0.8 m/s. The test equipment is LMS Test.Lab (LMS Company, Leuven, Belgium), as shown in Figure 4b. The sample frequency was set as 512 Hz. Before the test, a Lance LC0173 acceleration sensor (Lance Techonogies Inc., Copley, OH, America) was installed on the cushion of the test wheelchair, as shown in Figure 4c.



The tested values of VDV2 were calculated based on the measured human body acceleration signals. Moreover, according to the parameters in Table 1, the simulated human body acceleration signals were obtained using Equation (1) with m0 = 0. Then, the simulated values of VDV2 were calculated. Table 2 and Table 3 give the comparisons of the calculated results. From Table 2 and Table 3, it can be seen that the relative deviations of the simulated VDV2 and the tested VDV2 are less than 10%. The results show that the created vibration model for the wheelchair without the DA is workable, and the step road model is effective.




6. Comparison Analysis of Performances


6.1. The Time Domain Responses


To reveal the vibration suppression performance of the DA, the impact responses were numerically simulated. The simulation condition is set as: h = 35 mm, v = 0.2~1.2 m/s. The simulation step is set as   Δ t   = 0.001 s. Table 4 gives the values of the parameters for the human-wheelchair system. Based on the selection method of the DA [34,35], the DA mass m0 was selected as the 10% of the wheelchair body mass m1. To make ω0 = ω1, the DA stiffness K0 was also selected as the 10% of the tire stiffness K1. The damping ratio ξ0 was selected as 0.25; thus, C0 = 78 Ns/m. Figure 5 provides a comparison of the vibration behaviors of the human-wheelchair system with the DA and without the DA undergoing the step.



As shown in Figure 5a, VDV1 increases linearly with the increase of the running speed v. The curves of VDV1 versus v are almost the same for the wheelchair going up and going down the step. Compared with the wheelchair without the DA, the VDV1 of the wheelchair with the DA is reduced by 11.2%. Figure 5b shows that VDV2 increases nonlinearly with the increase of the running speed v. The VDV2 values of the wheelchair going down the step are slightly larger than those of the wheelchair going up the step. Compared with the wheelchair without the DA, the VDV2 of the wheelchair with the DA is reduced by 11.3%. As shown in Figure 5c, p increases rapidly with the increase of the running speed v at the beginning. When v >0.8 m/s, p hardly increases. From v = 0.0 m/s to v = 0.4 m/s, the DA system has little effect on p. When v = 0.8 m/s, the improvement of p is up to 16.7%. In addition, the curves of p versus v are almost the same from v = 0.0 m/s to v = 0.4 m/s for the wheelchair going up and going down the step. When v >0.4 m/s, the p value of the wheelchair going down the step is obviously larger than that of the wheelchair going up the step.



The comparison results show that the three evaluation indexes are all improved by using the DA. This proves that the DA can effectively improve the vibration isolation performance of the wheelchairs. In addition, when the wheelchair goes up the step and goes down the step, the differences for VDV1 and VDV2 are relatively smaller, but the differences for p are relatively larger, with a maximum difference of more than 10%.



To more clearly show the effects of the DA for the wheelchair undergoing the step, Figure 6, Figure 7 and Figure 8 give a comparison of the time histories of the vibration responses. As shown in Figure 6a,b, compared with the wheelchair without the DA, the wheelchair with the DA can rapidly attenuate the road impact. When the wheelchair goes up the step, the maximum acceleration of the wheelchair body appears during the process of the wheelchair going up the step. When the wheelchair goes down the step, the maximum acceleration of the wheelchair body appears after passing the step. Figure 7a,b shows that the DA can only significantly reduce the second maximum peak of the human body acceleration. The maximum acceleration of the human body for the wheelchair going up the step is 26.6% larger than that for the wheelchair going down the step. Figure 8a,b indicates that the DA can effectively suppress fd starting from the second peak. In the process of the wheelchair going up the step, the maximum value of fd is reduced by 33.4% by using the DA. The maximum value of fd cannot be obviously improved in the process of the wheelchair going down the step.




6.2. The Frequency Responses


Only analyzing the time domain responses is not enough to fully reveal the differences of the system with the DA and without the DA. The amplitude frequency characteristics of the system should be analyzed. In this section, based on the parameters in Table 1, the curves of |H1|, |H2|, and |H3| versus the excitation frequency f were plotted, as shown in Figure 9.



Figure 9a shows that the amplitude of |H1| for the system with the DA is 38.5% smaller than that for the system without the DA in the resonant region of the wheelchair body. The result proves that the DA can effectively suppress the vibration of the wheelchair body. Figure 9b depicts that by using the DA, the amplitude of |H2| can be reduced about 23.5% around the second resonance peak. The result proves that although the DA cannot suppress the vibration of the human body around the first resonance peak, it can obviously improve the vibration isolation performance of the wheelchair system around the second resonance peak. From Figure 9c, it can be seen that the maximum amplitude of |H3| appears in the resonant region of the wheelchair body; the amplitude is reduced by more than 20.0% in this region. To sum up, the DA can significantly reduce the amplitudes of |H1|, |H2|, and |H3| in the resonant region of the wheelchair body. Moreover, the DA does not lead to the vibration deterioration in the resonant region of the human body. The DA has a favorable effect that reduces the tire dynamic deflection and attenuates the vibration of the human body and the wheelchair body.





7. Influences of the Tire Static Radius r on the Vibration Behaviors


To reveal the influences of the tire static radius r on the vibration behaviors, the impact responses were numerically simulated for r = 200 mm, 250 mm, and 300 mm, respectively. The used parameters of the human-wheelchair system with the DA are in Table 4. The simulation condition is set as: h = 35 mm, v = 0.5 m/s. The simulation step is set as   Δ t   = 0.001 s. The calculated results of the vibration responses were given in Table 5. The comparisons of the time histories of the wheelchair body acceleration a1, the human body acceleration a2, and the tire dynamic deflection fd at different values of r are shown in Figure 10, Figure 11 and Figure 12, respectively



Table 5 shows that with the increase of the tire static radius r, the vibration responses VDV1, VDV2, and p decrease. Thus, increasing r contributes to the attenuation of the pavement impact. Figure 10a,b shows that increasing r can effectively suppress the vibration peaks of the wheelchair body acceleration a1. Interestingly, with the increase of r, the response curve of a1 clearly moves to the right for the wheelchair going down the step. Figure 11a,b illustrates that increasing r helps to reduce the vibration of the human body. Similarly, with the increase of r, the response curve of a2 also moves to the right for the wheelchair going down the step. Figure 12a depicts that increasing r cannot obviously reduce the maximum value of fd for the wheelchair going up the step. Figure 12b shows that increasing r can effectively reduce the maximum value of fd for the wheelchair going down the step. Moreover, the response curve of fd also shifts to the right.




8. Sensitivity Analysis of the Impact Responses to the Characteristic Parameters


To reveal the influence laws of the characteristic parameters r2, r0, ξ2, ξ0, f1, f2, and f0 on the vibration behaviors, VDV1, VDV2, and p were calculated. Where, f0 = ω0/2π, f1 = ω1/2π, and f2 = ω2/2π. When analyzing the influence of one of the seven characteristic parameters, the baseline value is increased by 100% or decreased by 50%. The values of the characteristic parameters are provided in Table 6. To plot the curves of VDV1, VDV2, and p versus a certain characteristic parameter in one diagram, VDV1, VDV2, and p are normalized by    y 1  =   VDV  1  /    |    VDV  1   |   b   ,    y 2  =   VDV  2  /    |    VDV  2   |   b   , and    y 3  = p /    | p |   b   , respectively, where, the subscript “b” represents “baseline”.



8.1. Influences of the Mass Ratios r0 and r2


Figure 13 and Figure 14 show the curves of the evaluation indexes y1, y2, and y3 versus the mass ratios r0 and r2, respectively. As shown in Figure 13, the effect of r0 on y2 is very small. With the increase of r0, both y1 and y3 decrease. For the wheelchair going up the step, r0 has a greater influence on y1 than on y3. For the wheelchair going down the step, r0 has a greater influence on y3 than on y1. Therefore, it is difficult to effectively suppress the vibration acceleration of the human body by changing r0. From Figure 14, it can be seen that the change trends of yi versus r2 are similar for the wheelchair going up and going down the step, while y1 and y2 are in inverse proportion to r2. Therefore, increasing r2 is beneficial to suppress the vibration of the human body and the wheelchair body, but it also reduces the running safety.




8.2. Influences of the Damping Ratios ξ0 and ξ2


Figure 15 and Figure 16 show the curves of the evaluation indexes y1, y2, and y3 versus the damping ratios of ξ0 and ξ2, respectively. By comparing Figure 15a,b, it can be seen that the trends are similar, but there are also some subtle differences. For the wheelchair going up the step, y3 is almost proportional to ξ0. However, with the increase of ξ0, y3 nonlinearly increases. Reducing ξ0 helps to effectively improve the running safety. It can also be seen that y1 and y2 are not sensitive to the damping ratio ξ0. Figure 16a,b shows that an optimal value of ξ2 exists to minimize y2; ξ2 has a greater influence on y3, but it has little effect on y1 and y2. Increasing ξ2 helps to improve the running safety and reduce the road impact.




8.3. Influences of the Natural Frequencies f0, f1, and f2


Figure 17, Figure 18 and Figure 19 show the curves of the evaluation indexes y1, y2, and y3 versus the natural frequencies f0, f1, and f2, respectively.



For the wheelchair going up the step, with the increase of f0, both y2 and y3 decrease firstly and then increase; however, y2 increases continuously, as shown in Figure 17a. For the wheelchair going down the step, with the increase of f0, y1, y2, and y3 decrease firstly and then increase, as shown in Figure 17b. y1 is very sensitive to f1, as shown in Figure 18. Thus, reducing f1 can help to reduce the impact of the road to the wheelchair body. As can be seen in Figure 18, f1 has a minimal effect on y2. From Figure 19, it can be seen that y1, y2, and y3 are very sensitive to f2; y1 is inversely proportional to f2; both y2 and y3 are approximately proportional to f2.




8.4. Sensitivity Calculation of the Vibration Responses


Based on the influence trends analysis of the characteristic parameters on the vibration responses yi, the sensitivity values were calculated. Table 7 provides the calculated results. The calculation formulae are as follows:


   {     s  y i   =   y (  U i  + Δ  U i  ) − y (  U i  )   y (  U i  )   /   Δ  U i     U i         s y  =    1 n    ∑  i = 1  n    |   s  y i    |          ,  



(16)




where n is the number of the intervals, i represents the ith interval; ΔUi refers to the incremental value of the characteristic parameter U in the ith interval; sy is the response sensitivity; and y represents VDV1, VDV2, and p.



From Table 7, it can be seen that the sensitivity values are not exactly the same for the wheelchair going up the step and going down the step. In both cases, VDV1 is the most sensitive to f1, and other influencing factors from strong to weak are f2, r2, ξ2, r0, f0, and ξ0. In both cases, VDV2 is the most sensitive to f2 and other influencing factors of VDV2 from strong to weak are ξ2, r2, f1, f0, ξ0, and r0. p is very sensitive to both ξ2 and f2. For the wheelchair going up the step, other influencing factors from strong to weak are f1, r2, f0, ξ0, and r0. However, for wheelchair going down the step, other influencing factors of VDV2 from strong to weak are f1, r2, r0, f0, and ξ0.





9. Conclusions


This paper introduces the DA to the electric wheelchair. A vibration model of the human-wheelchair system with the DA was created. Models of the road excitation for wheelchairs going up a step and going down a step were proposed, respectively. The vibration dose value VDV1 of the wheelchair body acceleration a1, the vibration dose value VDV2 of the human body acceleration a2, and the time ratio p were adopted as evaluation indexes of the vibration behaviors. The impact responses and the amplitude frequency characteristics were numerically simulated and compared. The influences of the tire static radius r and the characteristic parameters on the vibration behaviors were revealed. The results of this study demonstrate the following:




	(1)

	
The three evaluation indexes are all improved by using the DA. When the wheelchair goes up the step and goes down the step, the differences for VDV1 and VDV2 are relatively smaller, but the differences for p are relatively larger.




	(2)

	
The DA can significantly reduce the amplitudes of |H1|, |H2|, and |H3| in the resonant region of the wheelchair body. Moreover, the DA does not lead to the vibration deterioration in the resonant region of the human body. The DA has the favorable effect of reducing the tire dynamic deflection and attenuating the vibration of the human body and the wheelchair body.




	(3)

	
With the increase of the tire static radius r, the vibration responses VDV1, VDV2, and p decrease. Thus, increasing r contributes to the attenuation of the pavement impact. The sensitivity values of the vibration responses to the characteristic parameters are not exactly the same for the wheelchair going up the step and going down the step. In both cases, VDV1 is the most sensitive to f1, and VDV2 is the most sensitive to f2. Meanwhile, p is very sensitive to both ξ2 and f2.









The contribution of the experiment to the validation of the model is obviously limited; the model of the human-wheelchair system with the DA should be validated by test for further research. Moreover, the selection and matching of the DA should be discussed in detail.
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Figure 1. The electric wheelchair: (a) a commercial product; (b) the vibration model. 
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Figure 2. The step–road surface. 
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Figure 3. The time histories of the step excitation q for the wheelchair: (a) going up the step; and (b) going down the step. 
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Figure 4. Pulse test: (a) the test field; (b) the test equipment LMS Test.Lab; (c) the set up of the test. 
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Figure 5. A comparison of the vibration behaviors of the human-wheelchair system with the dynamic absorber (DA) and without the DA undergoing the step: (a) VDV1 versus v; (b) VDV2 versus v; (c) p versus v. 
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Figure 6. A comparison of the time histories of the wheelchair body acceleration a1 for the system with the DA and without the DA: (a) going up the step; (b) going down the step. 






Figure 6. A comparison of the time histories of the wheelchair body acceleration a1 for the system with the DA and without the DA: (a) going up the step; (b) going down the step.



[image: Electronics 07 00087 g006]







[image: Electronics 07 00087 g007 550] 





Figure 7. A comparison of the time histories of the human body acceleration a2 for the system with the DA and without the DA: (a) going up the step; (b) going down the step. 
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Figure 8. A comparison of the time histories of the tire dynamic deflection fd for the system with the DA and without the DA: (a) going up the step; (b) going down the step. 
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Figure 9. A comparison of the amplitude frequency characteristics of the system with the DA and without the DA: (a) |H1| for the wheelchair versus f; (b) |H2| for the human versus f; (c) |H3| for the tire versus f. 
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Figure 10. A comparison of the time histories of the wheelchair body acceleration a1 at different values of r for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 11. A comparison of the time histories of the human body acceleration a2 at different values of r for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 12. A comparison of the time histories of the human body acceleration a2 at different values of r for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 13. The evaluation index yi versus the mass ratio r0 for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 14. The evaluation index yi versus the mass ratio r2 for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 15. The evaluation index yi versus the DA system damping ratio ξ0 for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 16. The evaluation index yi versus the cushion system damping ratio ξ2 for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 17. The evaluation index yi versus the natural frequency f0 for the wheelchair: (a) going up the step; (b) going down the step. 
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Figure 18. The evaluation index yi versus the natural frequency f1 for the wheelchair: (a) going up the step; (b) going down the step. 






Figure 18. The evaluation index yi versus the natural frequency f1 for the wheelchair: (a) going up the step; (b) going down the step.



[image: Electronics 07 00087 g018]







[image: Electronics 07 00087 g019 550] 





Figure 19. The evaluation index yi versus the natural frequency f2 for the wheelchair: (a) going up the step; (b) going down the step. 
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Table 1. The values of the parameters for the human-wheelchair system.






Table 1. The values of the parameters for the human-wheelchair system.





	Parameter
	Value
	Parameter
	Value





	m2 (kg)
	75
	K2 (N/mm)
	11.84



	m1 (kg)
	25
	K1 (N/mm)
	98.70



	C2 (Ns/m)
	377
	r (mm)
	250
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Table 2. A comparison of the calculated values of vibration dose values (VDV2) for the wheelchair going up the step.
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	Running Speed v

(m/s)
	The Tested VDV2

(ms−1.75)
	The Simulated VDV2

(ms−1.75)
	The Relative Deviation

(%)





	0.2
	0.70
	0.74
	5.7



	0.4
	1.48
	1.42
	5.1



	0.6
	1.90
	1.97
	3.7



	0.8
	2.25
	2.36
	4.9
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Table 3. A comparison of the calculated values of VDV2 for the wheelchair going down the step.
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	Running Speed v

(m/s)
	The Tested VDV2

(ms−1.75)
	The Simulated VDV2

(ms−1.75)
	The Relative Deviation

(%)





	0.2
	0.71
	0.69
	2.8



	0.4
	1.45
	1.40
	3.4



	0.6
	1.76
	1.67
	4.0



	0.8
	2.10
	1.92
	8.6
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Table 4. The values of the parameters for the human-wheelchair system.
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	Parameter
	Value
	Parameter
	Value





	m2 (kg)
	75
	K2 (N/mm)
	11.84



	m1 (kg)
	25
	K1 (N/mm)
	98.70



	m0 (kg)
	2.5
	K0 (N/mm)
	9.87



	C2 (Ns/m)
	377
	r (mm)
	250



	C0 (Ns/m)
	78
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Table 5. The calculated results of the vibration responses.






Table 5. The calculated results of the vibration responses.





	
r (mm)

	
VDV1 (ms−1.75)

	
VDV2 (ms−1.75)

	
p (%)




	
Up

	
Down

	
Up

	
Down

	
Up

	
Down






	
200

	
5.56

	
5.66

	
1.86

	
1.71

	
7.48

	
7.68




	
250

	
4.87

	
4.94

	
1.70

	
1.58

	
7.46

	
5.64




	
300

	
4.39

	
4.46

	
1.57

	
1.49

	
7.35

	
5.62
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Table 6. The values of the characteristic parameters.
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	Characteristic Parameter
	Baseline
	+100%
	−50%





	r2
	3.0
	6.0
	1.5



	r0
	0.10
	0.05
	0.20



	ξ2
	0.25
	0.5
	0.125



	ξ0
	0.25
	0.5
	0.125



	f2
	2.0
	4.0
	1.0



	f1
	10.0
	20.0
	5.0



	f0
	10.0
	20.0
	5.0
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Table 7. The calculated results of the vibration response sensitivity.
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System Parameter

	
    S  VDV 1     

	
    S  VDV 2     

	
Sp




	
Up

	
Down

	
Up

	
Down

	
Up

	
Down






	
r0

	
0.258

	
0.281

	
0.001

	
0.091

	
0.191

	
0.345




	
r2

	
0.521

	
0.532

	
0.305

	
0.232

	
0.500

	
0.606




	
ξ0

	
0.090

	
0.065

	
0.050

	
0.078

	
0.230

	
0.178




	
ξ2

	
0.454

	
0.440

	
0.354

	
0.457

	
0.907

	
0.780




	
f0

	
0.227

	
0.187

	
0.112

	
0.155

	
0.365

	
0.277




	
f1

	
1.095

	
1.101

	
0.256

	
0.183

	
0.531

	
0.773




	
f2

	
0.556

	
0.561

	
1.011

	
1.087

	
0.922

	
0.914
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