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Abstract: Protection of sled systems from destructive vibrations is inevitably under 

attraction due to the importance of sled testing in the aerospace industry. A pair of SBR 

dampers were used between the slipper and the sled body to reduce vertical vibrations, so 

a design of the sled model was studied. Both equivalent stiffness and equivalent damping 

of the sled system were obtained to reduce the transmission of vibrations from slippers to 

the body. A combination of analytical, numerical and experimental test methods was 

utilized and the results were validated. The stiffness values of 370500 and 391000 N⁄m 

were obtained from numerical and experimental measurements, respectively. Finally, by 

designing the sled model, first and second natural frequencies of 12.49 and 19.56 Hz and 

mode shapes of the sled system were obtained. The results show that the dampers used in 

the sled have an important role in reducing the transmission of vibrations to the sled body 

by withstanding the tension and pressure on the slippers. 
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1 INTRODUCTION 

Today, several tests in the aerospace industry are 

designed and performed using a sled system. This 

technology is used to achieve supersonic velocities and 

is widely applicable in space equipment testing [1], 

projectile penetration [2], parachute [3], pilot seat [4], 

anti-penetration structures [5], propulsion testing [6], 

and ultrasonic aerodynamic tests [7]. The main 

difference of this system from the missile test is its direct 

movement on the rails until it reaches the target. Slippers 

are used to truck the system on rails. The slippers slide 

on the rails to allow the sled to move. A real example of 

a sled is shown in “Fig. 1”. 

 

 
Fig. 1 Real examples of the sled system. 

 

Sled testing technology has attracted the attention of 

researchers in recent years [8–12]. Impacts from engine 

propulsion, aerodynamic forces, as well as the impact of 

slippers on the rails cause significant vibrations to enter 

the sled structure [13]. Reduction of vibrations on the 

sled is one of the main problem in this system due to the 

high-speed motions, that has been attended by many 

researchers [14–17]. Xiao et al. used a one-degree-of-

freedom system for modal analysis of a sled and 

obtained a damping ratio and mass stiffness matrix, then 

investigated the natural frequencies of the system using 

numerical methods [18]. Hauser showed that the 

vibrational environment in the sled test is a linear 

function of velocity. He mentioned that the vibrations on 

the sled are reduced using a pair of rails [19]. Hooser and 

Hooser used foam to reduce the transmitted vibrations 

on the explosive material in the middle of the sled body 

and reported the reduction of vibrations [20]. Lamb 

developed a structural model of the Holloman sled test 

and showed that the movement of the sled at critical 

speeds causes the transmission of vibrations to the rail. 

This theory was represented through time-frequency 

analysis of accelerometer data [21]. The vibrations of a 

system are related to different reasons, which can be 

carefully examined to determine the main source of 

vibrations and the effective factors on them. The main 

reason for vibrations in the sled system is referred to 

slipper impact on the rail. Considering the sled as a 

damping system, obtaining damping and equivalent 

stiffness is one of the main parts of system design. 

Considering the distance between the surfaces of the 

slipper colliding with one of the upper, lower, or lateral 

surfaces of the rail, the resulted vibrations cause vertical 

or lateral shocks, respectively. Research has shown that 

most of the rail collisions with the slipper occur in the 

upper parts of the slipper. In other words, the lateral part 

does not collide with the rail considerably, and the 

collision of the lower parts of the slipper with the rail 

along the sled path can be neglected. The contact of the 

slipper with the rail in the lower points 1 and 6 is less 

than 5% and then reaches a maximum of 18%. 

Variations of applied force on the top of the rail of points 

3 and 4 are shown in “Fig. 2” [22]. Turnbull et al. used 

cable dampers inside the body, as shown in “Fig. 3”, to 

reduce the vibrations on the sled body.  

 

 
Fig. 2 Variation of the applied force on the top of the rail 

(points 3 and 4) [22]. 

 

 
Fig. 3 Using Wire dampers to reduce vibrations [23]. 

 

The dampers were installed to withstand and reduce the 

torsional and vertical vibrations. The results showed that 

wire cable dampers greatly reduce vibrations in different 

directions [23]. Styrene-butadiene rubber (SBR), as 
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composite [24-25] or constituent materials [26], is 

desirably used in damper to withstand against applied 

shocks due to better capabilities in comparison with 

springs[27]. SBR are one of the types of dampers that 

are identified in different types and applications [28]. 

The most important features of SBR elastomers are 

resistance to continuous cycles in terms of fatigue and 

failure, suspension of vibrations, reversibility against 

deflection and deformation, high flexibility against 

impact and shock, high displacement and flexibility 

capability along with a short distance, simultaneous 

performance of axial and lateral movements, no need for 

washers and seals, the ability to deform with low force 

and, by its nature, apply low force to equipment, low 

weight, and ease of installation and replacement [29]. In 

addition, to avoid the resonance phenomenon or 

reduction of vibration transmission in the system, the 

natural frequency can be increased by increasing the 

stiffness of the structure, but this makes the structure 

heavier and some difficulties for design of system[23]. 

The main outstanding of the present study, which has not 

been done by other researchers, is the use of structural 

elastomer dampers in the connection distance between 

the slipper and the sled body with a new method which 

a combination of analytical, numerical, and 

experimental test methods was utilized. Due to the 

importance of damping of vertical vibrations, the 

dampers are used to prevent the transmission of 

vibrations from the rail to the sled. In this research, SBR 

elastomer was selected as a novel idea for damping of 

system vibrations. First, by extracting the stiffness and 

damping Equations, the equivalent stiffness and 

equivalent damping of the system are obtained from a 

combination of analytical, numerical, and experimental 

methods, and by sled modal analysis, the natural 

frequency and the role of elastomer are investigated.  

2 EQUIVALENT STIFFNESS EXTRACTION 

Based on the aforementioned characteristics of SBR 

elastomer, it is used as a damper in the sled system. 

Considering the damper at the place where the slipper is 

attached to the sled body and considering the stiffness of 

the sled components, the rigidity of the elastomer used 

in the sled should be obtained.  

2.1. Numerical Method 

In this method, by obtaining the exact values of Young's 

modulus, Poisson's ratio, and elastomer density, using 

Abaqus software, different forces are applied to the part 

and the displacement of elastomer is obtained. Assuming 

the spring displacement is linear, the rigidity coefficient 

is obtained by dividing the amount of force on the 

displacement. What is available as the hardness 

coefficient of elastomers as an intrinsic property is their 

Shore factor. The hardness of materials is divided into 

two categories A and D based on the amount of Shore 

value. In our work, the elastomer of type A was selected. 

To obtain the stiffness of an elastomer, Young's modulus 

(Ee) should be obtained according to its stiffness value 

and then calculate its stiffness coefficient according to 

its geometry [30]. Young's modulus can be determined 

according to Equation (1) [31]. 

 

Ee = e(0.0235 (Shore,A)− 0.6403)  (1) 

 

A hardness test was carried out to obtain the elastomer 

stiffness. This device is shown in “Fig. 4”. 

 

 
Fig. 4 Hardness Tester. 

 

By measuring the elastomeric shore value and 

substitution in Equation (1), Young's modulus is 

obtained. The density was measured equal to 1120 kg/m3 

by obtaining the weight of the elastomer, geometric 

dimensions and was compared with [32]. By entering 

different parameters in Abaqus software, the simulation 

is run. Finally, by entering these values in Abacus 

software, modeling is done. The number of meshes is 

21985 and a type of quad element was selected. In this 

case, only rectangular elements are used to network and 

create the finite element network. The element used is 

C3D8R. This element is in the form of 8 cubic nodes, 

has a reduced formulation, the ability to control the 

Hourglass phenomenon and is one of the most widely 

used elements used in Abaqus software. Fig. 5 shows the 

elastomer under force. 
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Fig. 5 Elastomer under vertical force. 

 

Fig. 6 also shows the values obtained from the amount 

of elastomer displacement under different forces. 

 

 
Fig. 6 Obtaining elastomer stiffness by applying different 

forces. 

 

As can be seen, with increasing force (F) from 1 N to 

3000 N, the vertical displacement (x) of the elastomer 

increases almost linearly. By extrapolating the results 

obtained from numerical simulation, the red dashed line 

is fitted to the blue line of Abaqus data, and the resulted 

Equation is described below 

 

F= -370500x - 88 (2) 

 

The slope of the plot is equal to the amount of elastomer 

stiffness which is 370500 N⁄m. 

2.2. Experimental Method 

Harmonic dynamics test device was used to measure 

equivalent stiffness. This test was performed in Iran's 

spare parts manufacturing company, which is engaged in 

manufacturing various types of dampers and suspension 

systems for car manufacturing companies. The test 

apparatus is shown in “Fig. 7”. 

 
Fig. 7 Harmonic dynamics testing device of Iran spare 

parts manufacturing company.  

 

The damper was fixed between plates, and a preload 

force was applied to prevent any gap between them. 

Next, the applied force to the elastomer and the resulted 

displacement is recorded and is monitored using the 

computer connected to the device. Fig. 8 shows the 

experiment performed at different frequencies and 

amplitudes of vibration. 

 

 
Fig. 8 The harmonic dynamics testing device at the 

moment of applying force on the elastomer. 

With the experiment, the elastomer stiffness was 391000 

N⁄m that both experimental and numerical results are 

described in “Table 1”. The values have a difference of 

less than 5% so the simulation results are confirmed. 

 
Table 1 Amounts of experimental and numerical stiffness 

Error percentage  
Experimental 

stiffness (kN⁄m) 
Numerical 

stiffness (kN⁄m) 
5% 391 370.5 

3 EXTRACTION OF EQUIVALENT DAMPING 

FACTOR 

The present work contains a structural damping type. To 

obtain equivalent damping, we must first examine the 
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vibrations with structural damping or hysteresis 

damping. 

3.1. Obtaining Structural Damping Coefficient 

When an object deforms, it absorbs and dissipates 

energy. The energy loss caused by friction between the 

inner planes and the material deforms is called structural 

or solid damping. In the case of stress-strain curves, the 

area of the closed hysteresis curve represents the 

dissipative energy in each cycle [33–35]. As shown in 

“Fig. 9”, the area of this loop shows the dissipative 

energy due to structural damping for the unit volume of 

an object in a cycle [36]. 

 

 
Fig. 9 force-displacement hysteresis loop. 

 
Consider a system of one degree of freedom with 

structural damping capability as shown in “Fig. 10”. 

 

  
Fig. 10 One- degree of freedom system with structural 

damping capability. 

 

The Equation of motion of the system is according to (3): 

 

F kx cx   (3) 

 

Where, k relies on stiffness. Considering the harmonic 

motion, there is [37]: 

 

  2 2F t kx cω    X x    
(4) 

 

Where, X is the amplitude of the vibration displacement. 

Thus, to obtain the amount of energy ( sΔE ), there is: 

  

   

2π
ω

s

0

2

ΔE   k Xs inωt  c X cosωt    ω X cosωt dt

 πωcX

 



 
(5) 

 

According to experiments, the energy loss per cycle is 

proportional to the stiffness of the material and the 

square of displacement and does not depend on the 

frequency [38]. To achieve damping behavior, we 

consider the damping coefficient c as follows [38]: 

 
*c

c
ω

  
(6) 

 

Where, c* is called the structural damping constant. 

Thus, using Equation (5), there is: 

 
* 2

sΔE  πc X    (7) 

 

With considering the parallel spring and damper, it can 

be obtained for harmonic motion   i tx X e   as the 

following Equation (8): 

 

 

 

iωt iωt

*

F k X e iωc X e k iωc   x 

  k i c    x 

   

 

 
(8) 

Where, 
* k ic  is called mixed stiffness as Equation 

(9): 

 

 
*

*  c
k i c k 1 i    k 1 i β    

k

 
     

 

 
(9) 

 

The dimensionless constant β is called the structural 

damping ratio. Using Equation (7) the energy loss in a 

cycle can be written as Equation (10): 

 
2

sΔE  π β k X  (10) 

Since the value of ΔEs is low, the motion can be 

considered harmonic. Referring to [39], equality of the 

energy stored in the spring and the energy loss value in 

a cycle, the constant amount of structural damping can 

be considered as a logarithmic reduction and defined as 

Equation (11): 
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 1
l

2

X
δ  ln   ln 1  π β   π β

X
     (11) 

 

If the structure behaves similarly to one degree of 

freedom system, the damping ratio can be defined as 

(12) [40]: 

 

eq eq

eq

c n

c c
ξ      

c 2m ω
   

(12) 

 

To determine the equivalent damping ratio, considering 

Equation (11), there is: 

 
*

eq 2

n

β k β  c
ξ           

2m ω 2 2k
    

(13) 

 

On the other hand, the equivalent damping constant is 

obtained from Equation (14): 

 
*

eq

β β k  
c  2   k m .    β   k m      

2 ω
   

c

ω
 

(14) 

 

Thus, considering Equation (13), there is: 

 

l

2 2

l

2δ
β    

4π δ




 (15) 

3.2. Forced Movement of The System with Structural 

Damping 

One degree of freedom system was considered with 

structural damping capability that is under the harmonic 

force as shown in “Fig. 11”. 

 

 
Fig. 11 One degree of freedom system with structural 

damping. 

 

The Equation of motion of the system according to 

Equation (14) is obtained as Equation (16): 

¨ β k
m x  x kx Fsin ωt

ω
    (16) 

 

Where, the term of ((𝛽 𝑘)/𝜔) 𝑥 ̇ demonstrates the 

structural damping force. Considering the harmonic 

force, the stable solution of the Equation is considered 

to be as Equation (17): 

 

   px t X sin  ωt φ   (17) 

 

Thus, there is: 

 

 
2

2 2

F
X

k    1 r β



 
 

(18) 

1

2

β
φ tan

1 r




 
(19) 

 

That term r of represent frequency ratio. According to 

experiments performed on materials and structures 

under harmonic load, it has been observed that the stress 

will exceed the strain by a constant angle δ. Therefore, 

for the harmonic strain ε = ε0.sin(ωt), the stress response 

is obtained as (20) [37]: 

 

   0

0 0

0 0

   

         

         
2

t sin t

cos sin t sin cos t

cos sin t sin sin t

   

     


     

  

 

 
  

 

 
(20) 

 

The first term of Equation (20) is in the same phase with 

strain, while the second term of stress is 90 degrees with 

strain difference. By substituting i = √ (-1), there is [40]: 

 

  0 0          t cos sin t i sin sin t         (21) 

 

With the definition of a composite module (
*E ), there 

is: 

 

* 0 0

0 0

           E cos i sin
 

 
  

    
(22) 

 

We define quantities of E' and E'' as storage modulus and 

waste modulus respectively, as is shown in Equations 

(23) and (24): 

 

0

0

'E cos





 
  
 

 
(23) 
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0

0

''E sin





 
  
 

 
(24) 

 

So, Equation (25) is written: 

  
* '   ''E E i E   (25) 

Thus the stress response of linear viscoelastic materials 

to a harmonic strain input will be (26)[41]: 

 

   0      t E sin t E cos t     (26) 

Where, ε0 is the strain amplitude. The storage modulus 

is proportional to the average energy stored in a cycle, 

while the dissipation modulus is proportional to the 

average energy loss in a cycle [42]. The loss coefficient 

of 𝜂 is dimensionless and is a measure of hysteresis 

damping in a structure, defined as (27) [41]: 

 

''

'

E
tan

E
    

(27) 

The dissipation coefficient relates the wasted energy to 

the stored energy during the deformation cycle [43]. In 

other words, there is: 

  
* 

 
c

k
  

(28) 

By substituting Equation (14) to (16), the free motion 

Equation of the system is obtained as (29): 
*¨  
  0

c
m x x kx


    

(29) 

Considering   i tx X e  , there is: 

 

 x i x  (30) 

Therefore, 

 
*

* 
     
c

x i c x


  
(31) 

By using relations (31) and (29) there is: 

 

 
¨

*  0m x k ic x    
(32) 

 

So, there is: 

 
*

* * 
      1  1    

i c
k i c k k i k

k


 
      

 

 
(33) 

 

Where, k is static stiffness and k* is complex stiffness. 

Finally, the Equation of motion is obtained as follows: 

 
¨

* 0m x k x   
(34) 

 

It describes that the combined effects of tensile strength, 

elasticity, and hysteresis capabilities can be represented 

as complex stiffness. Various experimental studies have 

been performed to obtain the loss coefficient. 

Environmental conditions such as temperature, type of 

test and are effective in determining the loss factor. 

“Table 2” shows the values of the loss coefficient η for 

SBR elastomer in various studies for ambient 

temperatures between 0 and 50 ° C. 

 
Table 2 Loss coefficient values for SBR elastomer 

SBR elastomer dissipation 

reference 
Reference 

0.2-0.3 [38] 

0.15-0.45 [44] 

0.18-0.36 [45] 

0.22-0.4 [46] 

0.15-0.4 [47] 

0.28-0.12 [48] 

0.05-0.45 [49] 

0.1-0.3 [50] 

 
Considering the obtained results, the value of the SBR 

loss coefficient decreased with increasing temperature in 

the range of 0 to 50 °C, so the range of 0.25-0.35 can be 

predicted for the SBR loss coefficient at 25 °C. 

3.3. Experimental Test 

An experimental test is used to obtain elastomer 

damping using the aforementioned dynamic test device. 

The elastomer under test is shown in “Fig. 12”. 

 

 
Fig. 12 SBR elastomer dynamics test. 
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The procedure of the test is done by placing the 

elastomer in the device and adjusting it precisely to 

prevent from any distance between the device and the 

elastomer, so different frequencies were transmitted into 

the device which displayed the amount of tanφ at 

different frequencies. Considering Equation (19), tanφ is 

related to the two-dimensional value of the damping 

ratio of the structures, which can be expressed as 

following: 

  

2(1 )
tan

r


 


 

(35) 

 

The method for obtaining the natural frequency of 

elastomer was done first by designing the elastomer 

model in Abaqus software and entering the geometric 

characteristics and related parameters such as density 

and Poisson's ratio, the shape of elastomer different 

modes is obtained. Finally, due to the importance of 

vertical displacement of the elastomer in the present 

problem, the natural frequency of the elastomer is 

obtained using the results related to the mode shape. 

Considering the applied frequency value and the natural 

frequency of the elastomer, the frequency ratio of (r) is 

obtained, and the damping ratio of the structures can be 

obtained according to Equation (35) and the term of 

tanφ. The natural frequency of elastomer is shown in 

“Fig. 13”. 

 

 
Fig. 13 Natural frequency of elastomer. 

 

By substituting the values obtained in Equation (35), the 

value of β is extracted. “ 

 

Table 3” shows the structural damping ratio of the 

system using experimental measurement of the phase 

difference between the force and displacement at 

different frequencies.  
 

 

Table 3 Phase difference between force and displacement at 

different frequencies in the experimental experiment 

β tanφ frequency 

0.306 0.306 5 

0.307 0.308 10 

0.308 0.31 15 

0.314 0.323 25 

0.316 0.327 50 

0.318 0.329 100 

  

The differences between the mentioned values are 

negligible. The dimensionless value of the structural 

damping ratio is considered to be 0.31, and equivalent 

damping ratio ( eqξ ) is defined as: 

 
*

eq eq

β  c
ξ      ξ 0.155 

2 2k
     

(36) 

 

Finally, by converting the unit of the natural frequency 

of the damper to radians per second and using Equation 

(14), the equivalent damping ratio is obtained as 

Equation (37): 

 

  0.31  370000
        29.94 N.s / m    

3830
eq

k
c






    (37) 

 

Considering the 25 grams weighs of the damper, the 

value of Ceq is validated, thus the loss factor values are 

compared. For this purpose, using Equation (14), the 

value of 
* c is obtained as follows: 

 
*

eq c  c  ω 29.94 3830 1  14  kN.s / m     (38) 

 

Considering Eq. (38), the loss coefficient ( ) is 

determined as following: 

 
* 

         0.3   
c

k
     

(39) 

 

The obtained results are in good agreement with the 

results of previous researches mentioned in “Table 2”, 

and the amount of equivalent damping is validated. By 

obtaining the equivalent damping and stiffness, the 

values of the various parameters of the sled, which 

determine the design parameters of the sled in our 

present work, are described in “Table 4”. 
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Table 4 Values of different parameters of the designed sled. 

Parameter Value Unit 

Sled mass 14.69 kg 

Slipper mass 0.79 kg 

Equivalent stiffness 370 kN/m 

Second level torque 0.877 kgm2 

Equivalent Damping 29.01 N.s/m 

Sled length 810 mm 

Sled diameter 105 mm 

4 SLED MODELING 

Figure 14 represents the designed sled system and the 

dampers on the top of the slipper. The main body, which 

includes the propulsion and projectile engines, is 

considered as an integrated part, so two semi-circular 

rolled pieces, which are connected like a belt, are 

provided to restrain the main body. The dampers are 

connected from the bottom and top to the slipper and the 

belts, respectively. The belts are joined together with 

screws. 

 

 
Fig. 14 Sled model. 

 

4.1. Natural Frequencies and Shape of Modes 

Fig. 15 shows the sled modal analysis for the first mode 

of the system. The first mode is related to the torsional 

vibrations around the center of mass of the sled. The first 

mode of the natural frequency is equal to 12.49 Hz. Due 

to the rigidity of the sled body, the amount of torsional 

vibration is small. The present condition demonstrates 

that one of the dampers is stretched and the other is under 

pressure. 

 

 

 
Fig. 15 The first (torsional) mode of the sled. 

 

Fig. 16 shows the second mode of vibration which is 

related to the transverse vibration of the sled. In this 

case, the sled vibrates vertically without torsional 

motion, and the vibration rate of the two slippers is equal 

to each other. In this case, the second mode of the natural 

frequency is 19.56 Hz. The dampers are both stretched. 

 

 
Fig. 16 Second (transverse) sled mode. 

 

By examining the vibration modes and considering the 

rigidity of the sled body, the importance of the role of 

slippers in sled is determined that if the damper is not 

used, the vibrations will be transmitted to the sled body. 

Also, the use of elastomer dampers are the convenient 

choice because they can withstand pressure and tension, 

and do not transmit any displacement. 

5 CONCLUSION 

In this paper, the idea of using elastomer dampers to 

reduce the transmission of vibrations from the slipper to 

the sled body was investigated. First, by the relations 

governing the problem, equivalent stiffness and 

equivalent damping of the system were extracted from a 

combination of analytical, numerical, and experimental 

methods. So the stiffness values of 370500 and 391000 

N⁄m were obtained numerically and experimentally. The 

difference between values was less than 5% so the 

results were confirmed. Then, by locating the damper 

and designing an example of a sled system, natural 
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frequencies and system modes were obtained. The first 

and second modes of the natural frequency are equal to 

12.49 and 19.56 Hz. The results showed the highest 

tension and pressure is applied on the dampers and 

elastomeric dampers prevent the transmission of 

vibrations and displacement of the sled body. 
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