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Abstract. This paper aims at improving the performance of tracked ambulance nonlinear vibration 
reduction system by the structure optimization design. The structure optimization focuses on the 
stretcher base. Two structure optimization schemes are proposed based on the mechanism of 
dynamic vibration absorber (DVA), namely, the linear and nonlinear structure optimization 
schemes. The linear structure optimization scheme is finally adopted by comparison of two 
schemes under random vibration, and the performance of linear scheme is also validated under 
shock vibration. Then the global sensitivity analysis method is applied to calculate the parameter 
sensitivity of nonlinear vibration reduction system. At last, the nondominated sorting genetic 
algorithm II (NSGA-II) is used to optimize the performance of the nonlinear vibration reduction 
system. It shows the vibration energy of the supine human body on stretcher is reduced after above 
studies, which proves the validity and feasibility of the structure optimization schemes proposed, 
and the optimization studies applied in this paper. 
Keywords: nonlinear vibration reduction system, structure optimization, sensitivity analysis, 
parameter optimization. 

1. Introduction 

It is clear that the harsh vibration environment can cause the secondary injury to the sick and 
wounded in ambulance transit. To reduce the unnecessary injury, the vibration reduction system 
is usually installed on the ambulance, and this method is applied widely in engineering. The fine 
performance of vibration reduction system can reduce the unnecessary injury in transit. Therefore, 
the structure optimization for tracked ambulance nonlinear vibration reduction system has 
important practical significance. In the previous study, the performance of tracked ambulance 
nonlinear vibration reduction system has been studied and improved [1]. However, the structure 
improvement is not covered in the study. So the structure optimization of nonlinear vibration 
reduction system is carried out in this paper to improve its vibration reduction performance further. 

Structure optimization is an advanced subject in engineering structure design at present and 
has a broad application in engineering practice. It can be divided into size optimization, shape 
optimization and topology optimization based on the type of design variable [2, 3]. Due to the 
significance of structure optimization, the depth and breadth of researches in this field have been 
continuously expanded, and many achievements have been made. Dong, Zhao et al. [4] discussed 
the theory, approach and present situation of modern mechanical optimization design from two 
aspects of setting up mathematical models and solving algorithm, and put forward several 
scientific questions that should be further studied in the modern mechanical optimization design. 
Liu, Ma et al. [5] optimized the structure of rubber absorber by using BP (Back Propagation) 
neural network and finite element method, and obtained the optimal design parameters of rubber 
absorber. Zhang, Kang [6] investigated the topology optimization of piezoelectric actuator/sensor 
coverage attached to a thin-shell structure, the result of which can be used for providing useful 
guidance to the layout design of the actuator/sensor layers attached to a thin-shell structure subject 
to dynamic excitations. Vicente, Picelli et al. [7] proposed a topology optimization method for the 
frequency response of a multiphysics system involving fluid-structure interaction and took several 
examples to demonstrate the validity of the method proposed. Caresta and Kessissoglou [8] 
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investigated the reduction of far-field radiated sound pressure from a submarine using design 
modifications to the propeller-shafting system attachment to the hull. It showed that the structure 
improvement applied gave a significant reduction in the low frequency structure-borne radiated 
sound. 

The structure of this paper is as follows: Section 2 is devoted to introduce tracked ambulance 
nonlinear vibration reduction system. Two structure optimization schemes based on the 
mechanism of DVA are proposed in Section 3, then in Section 4, the comparison of two 
optimization schemes is carried out under random vibration, and the linear optimization scheme 
is finally adopted. The performance of linear scheme is also validated under shock vibration. After 
structure optimization, the parameter sensitivity analysis and parameter optimization for nonlinear 
vibration reduction system are carried out in Section 5 and Section 6. It is shown that the 
performance of nonlinear vibration reduction system is improved by completing above studies. 
Finally, in Section 7, the basic findings of this work are summarized. 

2. The introduction of tracked ambulance nonlinear vibration reduction system 

We select the nonlinear vibration reduction system of a tracked ambulance [9] as the research 
object. The tracked ambulance is mainly used in harsh environment and consists of the front 
vehicle and rear vehicle. The front vehicle is the cab. The sick and wounded is placed in the rear 
vehicle. Because the motion of the rear vehicle plays a greater effect on the sick and wounded 
than that of the front vehicle, this paper will only study the vibration of rear vehicle. The rear 
vehicle of tracked ambulance is shown in Fig. 1. 

 
Fig. 1. The rear vehicle of tracked ambulance: (1) carriage, (2) stretcher base,  

(3) zero stiffness shock absorbers, (4) rubber damping shock absorbers, (5) chassis 
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Fig. 2. The power spectral density (PSD) of vertical vibration acceleration of stretcher base 

As shown in Fig. 1, the tracked ambulance nonlinear vibration reduction system is a two levels 
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system. The first level is rubber damping shock absorbers which can reduce the vibration energy 
transmitted from chassis to carriage; the second level is zero stiffness shock absorbers which can 
reduce the vibration energy transmitted from carriage to stretcher base. In the previous study, we 
have already conducted a field vibration test on the tracked ambulance and obtained the vibration 
data of stretcher base, carriage and chassis [10]. The PSD of vertical vibration acceleration of the 
stretcher base on the rough road (15 km/h) is shown in Fig. 2. The vertical vibration displacement 
and speed of the chassis on the rough road (15 km/h) are shown in Fig. 3. All following studies 
are carried out in the condition of the rough road (15 km/h). 

Fig. 3. The vertical vibration displacement and speed of chassis. 

3. The structure optimization schemes of nonlinear vibration reduction system 

The novelty of this paper is to propose two structure optimization schemes, using the 
mechanism of DVA for reference. DVA [11-15] consists of mass-spring-damper systems attached 
to the main structure and is widely used in engineering for reducing vibrations. The mass that is 
attached to main structure by the spring and damper can absorb the vibration energy of main 
structure through the rational parameter setup of mass, spring and damper. Most often, the mass 
is lightweight. Fig. 4 is the structure of a nonlinear DVA.  

   

 
Fig. 4. The nonlinear DVA 

The structure optimization for nonlinear vibration reduction system focuses on the stretcher 
base which is comprised of stretcher and storage box. Before structure optimization, zero stiffness 
shock absorbers, stretcher base and supine human body are strung together as shown in Fig. 5. 
The supine human body is connected to the stretcher base with no spring and damper, so they can 
be considered as a whole which is simply referred to as “stretcher base” later. Due to the fact that 
vertical vibration has a greater impact on the comfort of human body, two horizontal directions 
are neglected and the model of nonlinear vibration reduction system is set up in Section 3.1, as 
shown in Fig. 6. By using the mechanism of DVA for reference, we separate the stretcher and 
storage box, and install a steel frame between zero stiffness shock absorbers and stretcher. The 
storage box is hung in the middle of steel frame by spring and damper, forming a “DVA”. The 
supine human body and steel frame are connected to the stretcher with no spring and damper, so 
they can be considered as a whole which is simply referred to as “stretcher” later. 

Based on this structure design, two structure optimization schemes are proposed in Section 3.2 
and Section 3.3. In scheme 1, the storage box is hung in a linear manner as shown in Fig. 7; in 
scheme 2, the storage box is hung in a nonlinear manner as shown in Fig. 9. By also only retaining 
the vertical direction, the models of nonlinear vibration reduction system after structure 
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optimization are set up as shown in Fig. 8 and Fig. 10. In addition, when setting up the kinetic 
differential equations of nonlinear vibration reduction system, we use the positive and negative 
stiffness parallel model, and linear model to represent the zero stiffness shock absorbers and 
rubber damping shock absorbers [9]. In this paper, all the models are considered as  
multiple-rigid-body model with no elasticity. 

3.1. The stretcher base before structure optimization 

The kinetic differential equations of the vibration model in Fig. 6 are as follows: ܯଵݔሷଵ + ሶଵݔ)ଵܥ − (ሶଶݔ + ଵݔ)௦ܭ − (ଶݔ + ଵݔ)௭ܭ − ଶ)ଷݔ = 0, ሷଶݔଶܯ(1) − ሶଵݔ)ଵܥ − (ሶଶݔ − ଵݔ)௦ܭ − (ଶݔ − ଵݔ)௭ܭ − ଶ)ଷݔ + ሶଶݔ)ଶܥ − ሶݍ ) + ଶݔ)ଶܭ − (ݍ = 0, (2)

where ܯଵ and ܯଶ are the masses of stretcher base and carriage; ܭ௦, ܭ௭, ܥଵ are the linear stiffness, 
cubic nonlinear stiffness and linear damper of zero stiffness shock absorbers; ܭଶ, ܥଶ are the linear 
stiffness and damper of rubber damping shock absorbers; ݔଵ, ݔଶ, ݍ are the vibration displacement 
of stretcher base, carriage and chassis. The values of above parameters are as follows:  ܯଵ = 180 kg, ܯଶ =  2000 kg, ܭ௦ = 163499 N/m, ܭ௭ = 15168.3 N/m, ܥଵ = 1849.42 N·s/m,  ܭଶ = 1586472 N/m, ܥଶ = 28588.3 N·s/m. 

 

 

 
Fig. 5. The Stretcher base before structure optimization: (1) supine human body,  

(2) stretcher, (3) storage box, (4) zero stiffness shock absorbers 

 
Fig. 6. The model of nonlinear vibration reduction system before structure optimization 

3.2. The structure optimization scheme 1 

The kinetic differential equations of the vibration model in Fig. 8 are as follows: ܯௗݔሷௗ − ଵݔ)ௗܭ − (ௗݔ − ሶଵݔ)ௗܥ − (ሶௗݔ = 0, ሷଵݔ௦ܯ(3) + ሶଵݔ)ଵܥ − (ሶଶݔ + ଵݔ)௦ܭ − (ଶݔ + ଵݔ)௭ܭ − ଶ)ଷݔ + ଵݔ)ௗܭ − (ௗݔ + ሶଵݔ)ௗܥ − (ሶௗݔ = ሷଶݔଶܯ(4) ,0 − ሶଵݔ)ଵܥ − (ሶଶݔ − ଵݔ)௦ܭ − (ଶݔ − ଵݔ)௭ܭ − ଶ)ଷݔ + ሶଶݔ)ଶܥ − ሶݍ ) + ଶݔ)ଶܭ − (ݍ = 0. (5)
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Fig. 7. The structure optimization scheme 1: (1) supine human body, (2) stretcher,  

(3) spring and damper, (4) steel frame, (5) storage box, (6) zero stiffness shock absorbers 

 
Fig. 8. The model of nonlinear vibration reduction system after structure optimization (Scheme 1) 

3.3. The structure optimization scheme 2 

In Fig. 10, the two springs that carry the storage box produce an essentially nonlinear stiffness 
nonlinearity of the third degree [11]. So, the kinetic differential equations of the vibration model 
in Fig. 10 are as follows: ܯௗݔሷௗ − ଵݔ)ௗܭ − ௗ)ଷݔ − ሶଵݔ)ௗܥ − (ሶௗݔ = 0, ሷଵݔ௦ܯ(6) + ሶଵݔ)ଵܥ − (ሶଶݔ + ଵݔ)௦ܭ − (ଶݔ + ଵݔ)௭ܭ − ଶ)ଷݔ + ଵݔ)ௗܭ − ௗ)ଷݔ + ሶଵݔ)ௗܥ − (ሶௗݔ = ሷଶݔଶܯ(7) ,0 − ሶଵݔ)ଵܥ − (ሶଶݔ − ଵݔ)௦ܭ − (ଶݔ − ଵݔ)௭ܭ − ଶ)ଷݔ + ሶଶݔ)ଶܥ − ሶݍ ) + ଶݔ)ଶܭ − (ݍ = 0. (8)

(1)

(2)

(5)

(6)

(7)

(3)

(4)

 
Fig. 9. The structure optimization scheme 2: (1) supine human body, (2) stretcher, (3) damper,  

(4) spring, (5) steel frame, (6) storage box, (7) zero stiffness shock absorbers 

In Fig. 8 and Fig. 10, ܯ௦ and ܯௗ are the masses of stretcher and storage box; ܭௗ, ܥௗ are the 
stiffness and damper by which the storage box and steel frame are connected; ݔଵ, ݔௗ, ݔଶ, ݍ are the 
vibration displacement of stretcher, storage box, carriage and chassis. The original parameters of 
nonlinear vibration reduction system remain unchanged after structure optimization, namely ܯଶ, ܭ௦, ܭ௭, ܥଵ, ܭଶ, ܥଶ. 

Because the stretcher and storage box are installed in a narrow carriage, their vertical 
installation size that is mainly determined by the vertical size of storage box should be as small as 
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possible. However, installing steel frame will inevitably bring an increase in the vertical 
installation size of the stretcher and storage box. In order to offset the increase in the vertical 
installation size of the stretcher and storage box, we reduce the vertical size of storage box. This 
will bring a decrease in the mass of storage box. The mass of storage box reduces from 105 kg 
before structure optimization to 80 kg after structure optimization. The mass of steel frame is set 
to 45 kg. So the masses of stretcher and storage box after structure optimization are given out as 
follows: ܯ௦ = 120 kg, ܯௗ = 80 kg. ܭௗ and ܥௗ are the undetermined parameters. 

 
Fig. 10. The model of nonlinear vibration reduction system after structure optimization (Scheme 2) 

4. The comparison of structure optimization schemes 

In the following, the weighted root mean square values of vertical vibration acceleration of 
stretcher and storage box after structure optimization, and stretcher base before structure 
optimization are represented by ܹܴܵܯெ௦ ௌܵܯܴܹ ,  and ܹܴܵܯெଵ  respectively. In the 
following studies, the improved partitioning and dimensional increment precise integration 
method will be used many times to calculate the output of the vibration reduction system. The 
method is described in detail in reference [1] and needs not be repeated in this paper. 

To determine the final structure optimization scheme, two schemes proposed in section 3 are 
compared in this section. First, the variation ranges of ܭௗ and ܥௗ are given in Table 1 according 
to the characteristics of each structure optimization scheme, and the uniform samplings of ܭௗ and ܥௗ  are performed in variation ranges. Then, since the purpose of this paper is to reduce the 
vibration energy of the supine human body on stretcher, ܹܴܵܯெ௦ is taken as the optimization 
object which is calculated by the improved partitioning and dimensional increment precise 
integration method under different combinations of ܭௗ  and ܥௗ . The value distributions of 
optimization objects of two structure optimization schemes are shown in Fig. 11 and Fig. 12, and 
compared. At last, the final structure optimization scheme is selected based on the result of 
comparison of two schemes. 

Table 1. The variation ranges of ܭௗ and ܥௗ 
Optimization Schemes Parameters Lower limit Upper limit 

Scheme 1 ܭௗ (N/m) 16000 400000 ܥௗ  (N·s/m) 100 40000 

Scheme 2 ܭௗ (N/m) 1×106 2×109 ܥௗ  (N·s/m) 100 40000 

Fig. 11 shows that the minimum of ܹܴܵܯெ௦ can be found when ܭௗ and ܥௗ are small. As ܭௗ 
and ܥௗ get larger, ܹܴܵܯெ௦ becomes smooth and eventually close to ܹܴܵܯெଵ before structure 
optimization. Fig. 12 shows that the minimum of ܹܴܵܯெ௦ also can be found when ܭௗ and ܥௗ 
are small. When ܥௗ is large, ܹܴܵܯெ௦ is close to ܹܴܵܯெଵ before structure optimization. Along 
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with the decrease of ܥௗ, ܹܴܵܯெ௦ decreases slowly at the beginning, and then increases markedly 
after ܥௗ  is smaller than a certain critical value. To observe the impact of each structure 
optimization scheme on the performance of nonlinear vibration reduction system more clearly, ܹܴܵܯெଵ before structure optimization, the minima of ܹܴܵܯெ௦ in Fig. 11 and Fig. 12 as well 
as the ܭௗ and ܥௗ of minima are shown in Table 2. 

 
Fig. 11. The structure optimization scheme 1 

 
Fig. 12. The structure optimization scheme 2 

Table 2. Calculation results 
Optimization schemes ܭௗ  (N/m) ܥௗ (N·s/m) ܹܴܵܯெ௦  (m/s2) 

Before structure optimization – – 0.8251 (ܹܴܵܯெଵ) 
Scheme 1 31400 700 0.6328 
Scheme 2 3000000 1100 0.6675 

First, Table 2 shows that two structure optimization schemes have both achieved good results, 
and their ܹܴܵܯெ௦  are significantly decreased compared with ܹܴܵܯெଵ  before structure 
optimization. The drop of scheme 1 is 23.3 % and obviously greater than 19.1 % of scheme 2, 
which proves that scheme 1 works better than scheme 2. Then, as can be seen from Table 2, the ܭௗ of scheme 1 and scheme 2 are 31400 N/m and 3000000 N/m respectively. A linear spring of 
31400 N/m with a static load of 80 kg can produces 25 mm deformation and a cubic nonlinear 
spring of 3000000 N/m with a static load of 80 kg can produce 64 mm deformation. The vertical 
installation size of scheme 2 is obviously greater than that of scheme 1. Due to the fact that the 
stretcher and storage box are installed in a narrow carriage, it is better to choose the scheme with 
a smaller installation size. Based on the two reasons above, scheme 1 is chosen as the final 
structure optimization scheme. Moreover, the ܭௗ and ܥௗ of scheme 1 are taken into the model to 
calculate ܹܴܵܯௌ  whose value is 0.9811 m/s2. ܹܴܵܯௌ  is obviously greater than ܹܴܵܯெ௦ 
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and ܹܴܵܯெଵ. This indicates that the reduced vibration energy of stretcher is transferred to the 
storage box, which proves the validity of the structure optimization scheme proposed in this paper. 
The PSDs of stretcher base before structure optimization and stretcher after structure optimization 
are shown in Fig. 13, where the stretcher is installed in the form of scheme 1, and the PSD of ASO 
is calculated by using the ܭௗ and ܥௗ  of scheme 1. In Fig. 13, ASO and BSO stand for “After 
Structure Optimization” and “Before Structure Optimization” respectively. 

Due to the fact that the tracked ambulance is mainly used in harsh environment and often 
excited by the potholes and bumps, the sick and wounded often suffer from shock vibration in 
transit. Thus it is necessary to compare the performances of the vibration reduction system before 
and after structure optimization under shock vibration. In this paper, the acceleration pulse is taken 
as the systematic excitation and the half sine wave is used to represent the vibration acceleration 
of chassis. According to the wording condition of tracked ambulance, the peak and duration of the 
half sine wave are 5 g and 0.01 s respectively. The calculation equation of the vibration 
acceleration of chassis is as follows: 

ሷݍ = ൝49sin ቀ π0.01 ቁݐ ,0, 1 ≤ ݐ ≤ 1.01,0 ≤ ݐ < 1, 1.01 < ݐ ≤ 5. (9)

By introducing new variables ݔଵ௤ = ଵݔ − ݍ ଶ௤ݔ , = ଶݔ − ݍ  and substituting ݔଵ௤ ଶ௤ݔ ,  into 
Eq. (1) and Eq. (2), Eq. (1) and Eq. (2) are changed into the following form: ܯଵݔሷଵ௤ + ሶଵ௤ݔ)ଵܥ − (ሶଶ௤ݔ + ଵ௤ݔ)௦ܭ − (ଶ௤ݔ + ଵ௤ݔ)௭ܭ − ଶ௤)ଷݔ = ሷݍଵܯ− , ሷଶ௤ݔଶܯ(10) − ሶଵ௤ݔ)ଵܥ − (ሶଶ௤ݔ − ଵ௤ݔ)௦ܭ − (ଶ௤ݔ − ଵ௤ݔ)௭ܭ − ଶ௤)ଷݔ + ሶଶ௤ݔଶܥ + ଶ௤ݔଶܭ = ሷݍଶܯ− . (11)

By introducing new variables ݔௗ௤ = ௗݔ −  ଶ௤ into Eq. (3) Eq. (4)ݔ ,ଵ௤ݔ ,ௗ௤ݔ and substituting ݍ
and Eq. (5), Eq. (3), Eq. (4) and Eq. (5) are changed into the following form: ܯௗݔሷௗ௤ − ଵ௤ݔௗ൫ܭ − ௗ௤൯ݔ − ሶଵ௤ݔௗ൫ܥ − ሶௗ௤൯ݔ = ሷݍௗܯ− ሷଵ௤ݔ௦ܯ(12) , + ሶଵ௤ݔ)ଵܥ − (ሶଶ௤ݔ + ଵ௤ݔ)௦ܭ − (ଶ௤ݔ + ଵ௤ݔ)௭ܭ − ଶ௤)ଷݔ + ଵ௤ݔ)ௗܭ − ሶଵ௤ݔௗ൫ܥ+      (ௗ௤ݔ − ሶௗ௤൯ݔ = ሷݍଵܯ− , ሷଶ௤ݔଶܯ(13) − ሶଵ௤ݔ)ଵܥ − (ሶଶ௤ݔ − ଵ௤ݔ)௦ܭ − (ଶ௤ݔ − ଵ௤ݔ)௭ܭ − ଶ௤)ଷݔ + ሶଶ௤ݔଶܥ + ଶ௤ݔଶܭ = ሷݍଶܯ− . (14)

In Eq. (10) to Eq. (14), ݔௗ௤, ݔଵ௤ and ݔଶ௤ represent the relative displacements between storage 
box and chassis, stretcher/stretcher base and chassis, carriage and chassis respectively. Then the 
improved partitioning and dimensional increment precise integration method is used to calculate 
the response of vibration reduction system before and after structure optimization. The relative 
displacements and accelerations between stretcher/stretcher base and chassis are shown in Fig. 14 
and Fig. 15. 

Fig. 13 shows that the vibration energy of stretcher within 2-7 Hz is obviously decreased after 
structure optimization (See detail view), and human body is precisely sensitive to the vibration in 
this frequency range. Fig. 14 shows that the biggest relative displacement after structure 
optimization is smaller than that before structure optimization (See detail view), and the amplitude 
of relative displacement after structure optimization decreases more rapidly than that before 
structure optimization. Fig. 15 shows that the biggest relative accelerations before and after 
structure optimization are almost the same (See detail view), but the amplitude of relative 
acceleration after structure optimization decreases more rapidly than that before structure 
optimization. The above studies prove that the structure optimization scheme proposed in this 
paper is effective and of great significance to reduce the vibration energy of supine human body 
on stretcher. 
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Fig. 13. The PSDs of stretcher base and stretcher 

 
Fig. 14. The relative displacement 

 
Fig. 15. The relative acceleration 

5. The parameter sensitivity analysis of nonlinear vibration reduction system after structure 
optimization 

The major task of parameter sensitivity analysis is to calculate the value of parameter 
sensitivity and thereby obtain the importance ranking of parameters. We can filter the compute 
variables based on the importance ranking of parameters, hence reducing the computational effort 
for the following analyses. This paper chooses the Sobol method to calculate the global parameter 
sensitivity of the nonlinear vibration reduction system with respect to ܹܴܵܯெ௦. There are two 
reasons. The first one is that the stiffness of zero stiffness shock absorbers is cubic nonlinear 
stiffness, and many sensitivity analysis methods cannot calculate the sensitivity of nonlinear term. 
The second one is that the differences of system parameters are one or more orders of magnitude. 
Because the vertical vibration acceleration has a great effect on the comfort of human body, this 
paper chooses the Sobol method as the sensitivity analysis method. The computational equation 
of the weighted root mean square value of vibration acceleration is: 

ܽఠ = ቈන ߱ଶ(݂) × ܵ௭(݂)଼݂݀଴
଴.ହ ቉ଵ/ଶ, (15)

in which ݂ is the frequency; ܵ௭(݂) is the PSD of vibration acceleration; ߱(݂) is the weighted 
frequency function. The computational equation of ߱(݂) is: 
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߱(݂) = ൞0.5,݂/4,1,12.5 ݂⁄ ,
0.5 < ݂ < 2,2 < ݂ < 4,4 < ݂ < 12.5,12.5 < ݂ < 80. (16)

The variation ranges and probability distributions of parameters must be first given out when 
we use the Sobol method to calculate the global parameter sensitivity. For the nonlinear vibration 
reduction system after structure optimization, the variations of parameters are assumed to follow 
the uniform distribution [16] and the variation ranges of parameters are shown in Table 3. 

Table 3. The variation ranges of parameters 
Parameters Lower limit Upper limit ܭ௦  (N/m) 130798.8 196198.4 ܭ௭  (N/m) 12149.1 18223.6 ܥଵ (N·s/m) 1479.5 2219.3 ܭଶ (N/m) 1269177.6 1903766.4 ܥଶ (N·s/m) 22870.6 34305.9 ܭௗ  (N/m) 25120 37680 ܥௗ  (N·s/m) 560 840 

Then the Sobol method [17, 18] is applied to calculate the global parameter sensitivity of 
nonlinear vibration reduction system after structure optimization. Before calculating the global 
sensitivity indices, we must first calculate ܹܴܵܯெ௦ under random vibration, and this will be done 
by the improved partitioning and dimensional increment precise integration method. In  
calculation, the Sobol sequence sampling method [19] is applied to sample the system parameters. 
We conduct 10 times global sensitivity calculation whose mean is taken as the result. The detailed 
calculation results are shown in Table 4. For showing the results in Table 4 more intuitively, the 
results in Table 4 are presented in the histogram, as shown in Fig. 16. 

Table 4. The results of global sensitivity calculation 

Parameters Sobol method 
First order sensitivity indices Total effect indices ܭ௦ ௭ܭ 0.017483 0.0474 ଵܥ 10-8×8.3– 10-8×3– ଶܭ 0.180941 0.15995 ଶܥ 0.212504 0.13439 ௗܭ 0.601551 0.59399 ௗܥ 0.069887 0.05247 0.01319 0.025465 

The first order sensitivity index is used to evaluate the influence extent of a parameter change 
alone on the system output; the total effect index is used to evaluate the influence extent of a 
parameter change alone as well as the interaction with other parameters on the system output. The 
obvious difference between two indices indicates that the interaction with other parameters is  
great. Fig. 16 shows that the differences between two indices are all small. It indicates that no 
significant interactions exist among system parameters. After global sensitivity analysis, the 
parameters are ranked in order of the greatest importance to the least as follows: ܥଶ, ܥଵ, ܭଶ, ܭௗ, ܭ௦, ܥௗ, ܭ௭. Table 4 shows that the change of ܭ௭ has little effect on ܹܴܵܯெ௦, so its value will not 
be changed in the following analyses. 
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Fig. 16. The global parameter sensitivities of the nonlinear vibration reduction  

system after structure optimization 

6. The parameter optimization of nonlinear vibration reduction system after structure 
optimization 

In this paper, the nonlinear vibration reduction system is optimized regarding two object 
functions: 

 ெ௦ is an important index to evaluate the ride comfort of supine humanܵܯܴܹ .ெ௦ܵܯܴܹ (1)
body on the stretcher and should be minimized. So ܹܴܵܯெ௦ is taken as one optimization object 
and its calculation equation is the same with Eq. (15), namely: ݂1݊ݑ = ܽఠ. (17)

(2) The relative displacement between stretcher and storage box. The relative displacement 
between stretcher and storage box has a great effect on the vertical installation size of stretcher 
and storage box. If the relative displacement is great, the vertical dimension of the steel frame that 
supports the stretcher and storage box also must be great. As described earlier, the carriage is 
relative narrow. Thus the relative displacement between stretcher and storage box should be also 
minimized. The root mean square value (RMS) of the relative displacement between stretcher and 
storage box is taken as another optimization object. Its calculation equation is as follows: ݂2݊ݑ = ଵௗଶݔ)ܧ] )]ଵଶ, (18)

where ݔଵௗ = ଵݔ −  ௗ. After choosing the optimization objects, the NSGA-II [20] is taken as theݔ
optimization algorithm. When we use the NSGA-II to optimize two optimization objects, the 
variation ranges of system parameters must be first given out. The optimization parameters include 
the original system parameters, such as ܭ௦ ଵܥ , ଶܭ , ଶܥ , , and parameters added after structure 
optimization, such as ܭௗ, ܥௗ. Then the values of two optimization objects are calculated by the 
improved partitioning and dimensional increment precise integration method. Finally, the 
NSGA-II is applied to optimize the values of two optimization objects. For the vibration reduction 
system after structure optimization, the variation ranges of system parameters are shown in 
Table 5. Before the calculation, some required parameters for NSGA-II are given out as follows: 
the optimal front individual coefficient is 0.1; the size of population is 300; the maximum number 
of iterations is 200; the stall generation limit is 200; the tolerance of fitness function is 1×10-6. By 
completing the above settings, the parameter optimization is carried out. 

The first front individual distribution is shown in Fig. 17, and the Pareto solution set is shown 
in Appendix. To optimize two object functions, the point in Fig. 17 is selected as the optimum 
point. In Fig. 17, line A stands for the ܹܴܵܯெ௦ (Object 1) before parameter optimization whose 
value is 0.6328 m/s2 and line B stands for the RMS of the relative displacement between stretcher 
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and storage box (Object 2) before parameter optimization whose value is 0.0038 m. In the 
Appendix, the line in bold is the results of the optimum point. 

Table 5. The variation ranges of parameters 
Parameters Lower limit Upper limit ܭ௦  (N/m) 100000 450000 ܥଵ (N·s/m) 850 3500 ܭଶ (N/m) 1000000 3000000 ܥଶ (N·s/m) 10000 45000 ܭௗ  (N/m) 10000 50000 ܥௗ (N·s/m) 100 1000 
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Fig. 17. The first front individual distribution. 

After optimization calculation, the parameters before and after parameter optimization are 
compared in Table 6. Then the PSDs and probability distributions of vertical vibration 
accelerations of the stretcher before and after parameter optimization and the stretcher base before 
structure optimization are compared to validate the effectiveness of parameter optimization, as 
shown in Fig. 18 and Fig. 19, where APO and BPO stand for “After Parameter Optimization” and 
“Before Parameter Optimization”. Actually, the curves of BPO and ASO are the same. 

Table 6. The parameters before and after parameter optimization 
Parameters Before parameter optimization After parameter optimization ܭ௦  (N/m) 163499 308033 ܥଵ (N·s/m) 1849.42 3151.94 ܭଶ (N/m) 1586472 1103289 ܥଶ (N·s/m) 28588.3 44381.4 ܭௗ  (N/m) 31400 32936 ܥௗ  (N·s/m) 700 813.34 ݂݊ݑଵ (m2/s) 0.6328 0.5563 ݂݊ݑଶ (m) 0.0038 0.00316 

Table 6 shows that ܹܴܵܯெ௦  reduces from 0.6328 m/s2 before parameter optimization to 
0.5563 m/s2 after parameter optimization with a 12.1 % drop. ܹܴܵܯெ௦  after parameter 
optimization falls by 32.6 % compared with ܹܴܵܯெଵ (0.8251 m/s2) before structure optimization. 
Table 6 also shows that the RMS of relative displacement between stretcher and storage box 
reduces from 0.0038m before parameter optimization to 0.00316m after parameter optimization 
with a 16.8 % drop. The greatest relative displacement also reduces from 0.0217 m before 
parameter optimization to 0.0137m with a 36.9 % drop. 

Fig. 18 shows that the PSD within 2-7 Hz after parameter optimization are obviously 
decreased compared with those before parameter optimization and structure optimization, as 
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shown in the detail view. More vibration accelerations after parameter optimization are 
concentrated near 0 m/s2 compared with those before parameter optimization and structure 
optimization, as shown in the detail view of Fig. 19. The probability of vertical vibration 
acceleration of the stretcher within –0.12 m/s2 to 0.12 m/s2 is 0.1125, increased by 8.4 % and  
11.7 % compared with 0.104 before parameter optimization and 0.1007 before structure 
optimization. According to the above results obtained, the vibration energy of supine human body 
on stretcher is reduced significantly, which demonstrates the validity of parameter optimization 
calculation. 

Fig. 18. The comparison of PSDs 
 

Fig. 19. The comparison of probability distributions 

7. Conclusions 

This paper mainly accomplished three aspects of work as follows: 
(1) Two structure optimization schemes were proposed based on the mechanism of DVA, and 

the comparison of two schemes under random vibration and shock vibration was carried out to 
choose the final scheme; 

(2) The parameter sensitivity analysis of the nonlinear vibration reduction system after 
structure optimization was carried out, and the importance ranking of the system parameters was 
obtained; 

(3) The performance of nonlinear vibration reduction system was optimized by the NSGA-II, 
and the vibration energy of supine human body on stretcher was reduced. 

In this paper, the novelty lies in proposing two structure optimization schemes for nonlinear 
vibration reduction system based on the mechanism of DVA, and comparing them under different 
excitation conditions. By adopting and optimizing the final structure optimization scheme, ܹܴܵܯெ௦  has been decreased and the performance of tracked ambulance nonlinear vibration 
reduction system was further improved, which demonstrates the feasibility and validity of the 
structure optimization schemes. The structure optimization schemes proposed in this paper give a 
solution to the structure optimization for all sorts of platform with a bigger attached mass, in 
particular, it has a high requirement for the vibration environment. 
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Appendix 

Table A1. The Pareto solution set ܭ௦ (N/m) ܥଵ (N·s/m) ܭଶ (N/m) ଶ (N·s/m)ܥ ௗ (N/m)ܭ ௗ (N·s/m)ܥ 1݊ݑ݂  2݊ݑ݂
307967.3 3154.84 1102421 44392.83 22782.7 815.9104 0.553633 0.004456 
307874.8 3152.147 1103051 44384.28 31305.11 811.2384 0.555949 0.003323 
307809 3151.861 1103215 44384.09 26189.88 801.9839 0.55468 0.003959 

308054.9 3153.165 1102949 44382.12 33542.9 800.6643 0.556489 0.003113 
308216.9 3150.952 1103330 44371.74 25094.37 815.8888 0.554379 0.004092 
308051.5 3151.211 1103922 44380.1 35737.49 817.3394 0.557019 0.002903 
308103.1 3150.886 1102954 44384.4 40058.17 810.4751 0.558067 0.002586 
307860.3 3153.977 1102337 44389.64 27898.16 805.8992 0.555067 0.003724 
307979.1 3151.452 1103548 44372.84 23216.67 801.4187 0.55386 0.004415 
307870.7 3154.912 1102184 44393.63 20527.91 742.0552 0.552901 0.005063 
307922.2 3153.449 1102319 44384.97 20532.65 765.5952 0.552934 0.004994 
307916.9 3153.027 1102724 44386.1 20786.29 777.2752 0.553042 0.004912 
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308009 3151.458 1103566 44382.19 43541.86 816.0471 0.558978 0.002366 
308047.9 3149.362 1103301 44379.53 41031.58 810.665 0.558352 0.002522 
308167.5 3151.311 1102686 44382.44 23465.23 814.9938 0.55388 0.004345 
308035.3 3153.553 1104096 44392.62 37395.63 818.0036 0.557387 0.00277 
308086.3 3152.601 1103183 44381.99 30760.25 803.0828 0.555829 0.003391 
307871.7 3154.117 1102281 44392.78 28303.83 807.2587 0.555161 0.003671 
308033 3151.94 1103289 44381.4 32936 813.335 0.55634 0.00316 

307952.5 3154.019 1102564 44385.58 25464.66 812.8032 0.55442 0.004043 
308051 3150.94 1103397 44383.19 41695.55 813.336 0.558499 0.002478 

308209.3 3151.564 1102558 44361.59 25822.24 816.0641 0.554555 0.003987 
308049.8 3149.133 1102905 44384.65 27068.36 812.4652 0.554903 0.003822 
308029.2 3152.044 1104963 44359.42 36798.41 808.878 0.557358 0.002825 
308009.3 3151.461 1102730 44387.71 27408.64 815.9119 0.554959 0.003772 
308052.3 3153.733 1102378 44380.67 21115.84 792.9151 0.553136 0.004807 
307967.5 3147.985 1103333 44369.92 22240.26 803.2989 0.553594 0.004578 
308302.6 3150.928 1107837 44353.29 46240.98 819.2379 0.559856 0.00222 
308265.8 3150.914 1102494 44355.84 21717.18 817.3268 0.553387 0.004637 
308122.6 3152.817 1102438 44364.15 21545.06 794.8955 0.553299 0.004723 
Note: the line in bold is the results of the optimum point. 
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