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Abstract 

Before implementing a mechanical capturing/coupling process between structures, collision 

occurs inevitably and the motion characteristics of a system may be significantly affected. The 

short time duration and the large force generated by impact leads to make the motion instability as 

well as to keep some probable embedded subsystems unprotected. To do this, it is aimed to propose 

an effective  probe-cone buffering mechanism with capacity of impact energy dissipation in this 

article. To reduce the impact force and to provide the required protection of systems, probe 

including spherical tip mass is mounted on the active structure by the proposed buffer and cone on 

the passive one, as well. The kinetic effect of the tip mass is also investigated as an effective 

parameter on the proposed mechanism. By an example problem, the theoretical impact model is 

verified by data reported in the literature. Then, a virtual model is built by a commercial multibody 

dynamics analysis software to verify theoretical results and develop the proposed buffer. It will be 

shown herein that the proposed mechanism takes some advantages such as providing a remarkable 

decreasing effect on impact compared to the traditional rigid probe and performing the successful 

capture process in different coupling scenarios. 
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Multibody dynamics analysis 

  

1. Introduction 

Capturing process, exactly before making a rigid connection between two systems, is known as an 

essential function which is widely used in mechanical and aerospace applications. Constructing a 

new structure by assembling some components, stable connection and crashworthiness of rail 

vehicles, repairing malfunctioning components by the active vehicle and refueling aircraft by 

another tanker aircraft are examples in which capture process should be firstly and successfully 

executed. With the development of computer technology, the process of grasping or capturing a 

active object/structure become an important part of robotics task. Owing to this challenging 

mission, more and more research studies are required to create an accurate dynamic model before 

implementing in the real-world environment. Nowadays, the attention of researchers in capturing 

objects in many fields,  from rail transportation to robotics and space industry, is significantly 

increasing. Here, some literatures related to applications of such mechanisms are reviewed. The 

various robotic locking mechanisms presented in literatures are investigated and compared to each 

other [1]. A self-locking mechanism which improves  significantly the traction ability of robots is 

introduced [2]. The ability of damping impact energy can be critical in the rail vehicles coupling.  
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Therefore, a comprehensive study on passive railways crashworthiness has been conducted [3]. 

The stability of a high-speed rail vehicle under crosswind is investigated as well [4]. The dynamic 

analysis of a high-speed train collision with an obstacle is studied and an allowable maximum 

velocity has been proposed to ensure the safety of the occupants [5]. A case study on a city 

passenger train has been investigated using a multi-body dynamic formulation of a rigid body train. 

The observation showed that the proposed crashworthiness system can considerably reduce the 

impact energy [6]. In the same matter, a train collision state score is proposed which is capable to 

provide enough safety under the different impact conditions. Meanwhile, the influence of the 

energy absorbing was studied with respect to some important collision parameters. The results 

depict that the parameters such as initial height difference and pitching angle remarkably grow the 

train collision state score [7]. There are some literatures in which the dynamic behavior of the 

coupler during railways integration have been studied [8-10]. Recently, a novel method called 

Dynamic Coupling that permits physical coupling and decoupling of railway vehicles at cruising 

speeds was introduced [11]. The main factors noticed in capturing concept include: the location of 

contact point, the required internal force of manipulator gripper, the capturing mechanism 

connector torques and the stability of a passive vehicle. For these cases, there are some papers in 

which a number of objective functions have been optimized [12-14]. However, the main problem 

of such optimization processes is the long convergence time [15]. 

Impact force models can be classified into two main approaches. First, a continuous model where 

impact can be expressed by a function of indentation between the impacting objects. Second, a 

discrete model in which the dynamic analysis is divided into two parts namely before and after the 

collision. In fact, in this approach, the configuration of contacting bodies does not change 

obviously. Therefore, the first model takes advantage of simpler modeling because there is no need 

for calculations of impulse-momentum dynamics [16]. Also, impact force can be easily added to 

the equations of motion of the system [17]. To model a realistic impact force including the 

correlative terms such as energy dissipation during impact, many researchers have developed the 

Hertz contact law known as the first nonlinear continuous contact model [17-19]. Recently, some 

new continues contact model based on Hertz theory is introduced. The model is efficient for  

regular or irregular contacting surfaces [20] or even random surfaces [21]. Some extensive 

continues contact model is developed in different value of velocity and penetration [22]. The 

readers may consult the work [16,23] for more detail of other dissipative contact force theories.  

The dynamic behavior of mechanisms, space structures and systems, railways coupling, vehicles 

and robotics are several examples of mechanical systems which can be modeled by constrained 

multibody dynamics. The numerical solution of the differential-algebraic equations (DAEs), due 

to their computational inefficiency in forward dynamics of multibody systems, is prone to errors 

[24] particularly for higher index systems and therefore, they are commonly converted to the set 

of ordinary differential equations (ODEs) and solved by a commonly used numerical integration 

algorithm [25]. Some useful details on the impact dynamic modeling in multibody systems can be 

found in [26]. Another capturing system based on probe-cone mechanism has been studied for 

spacecraft docking process in which the probe was rigidly mounted on active vehicle [27]. 

Compared to traditional capture systems [27], this part of the paper points out some advantages of 

the proposed buffer implementing successful capture process. First, by considering the suitable 

DOF for probe equipped with shock absorbers, not only lateral and rotational alignment of active 

vehicle with respect to the passive structure can be achieved but the equivalent mass of colliding 

objects can be passively controlled to decrease the maximum magnitude of impact force and to 

increase safety probability in the structure of two vehicles. Second, the proposed mechanism 
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resolves the difficulty of motion planning for a robotic arm connected to a passive vehicle. Third, 

to reduce the collision force and relative velocity between end point of the manipulator and contact 

point of the passive object, the proposed system does not require to an active controller design. 

In this paper, an easy-to-install and effective buffering mechanism is proposed to successfully 

accomplish the capture process for two vehicles. The main advantage of this mechanism is in its 

efficiency during capture process where possible misalignment caused by manufacturing or other 

reasons. Furthermore, the present mechanism can remarkably reduce the impact force acting upon 

two vehicles. So, it can prevent the probable dangers or damages such as derailment phenomena. 

During capture process, the impact occurs and the nonlinear Lankarani-Nikravesh method is 

applied here to reflect an acceptable display of impact phenomenon with hysteresis damping. The 

active system is equipped with axial and torsional springs as shock absorbers that is more 

convenient mechanism performing the capture process and reducing the impact force without 

dependence on a control system. Owing to rotational symmetry of probe and cone, the problem is 

reasonably formulated as planar constrained multibody dynamics leading to the set of DAEs. A 

new technique is introduced to convert DAEs into ODEs by means of computer program. The 

correctness of the theoretical model will be verified by those reported in the literature. Also, a 

virtual model is built by a commercial multibody dynamics analysis software to verify results and 

develop the proposed buffer. To show the capability of proposed buffer, some coupling scenarios 

with different typical values are investigated. It will be demonstrated that the proposed buffering 

system not only has a remarkable decreasing effect on impact during collision but provides the 

successful capture in different misalignment angles and some other operation parameters. At the 

end, more decreasing effect of the mechanism in impact values has been investigated by 

considering the rotation of the tip mass with respect to the probe. 

 

2. Proposed mechanism description 

Capture process needs a physical contact between at least two objects, named active and passive 

vehicles. Figure 1 shows detail view on how all parts assembled together in the active vehicle. The 

probe is supposed to approach to the inner surface of the cone. For the restraint of the active vehicle 

with respect to passive one, some pre-loaded spring latches are mounted on the probe head, which 

can be engaged with corresponding catch on the cone’s inner cylinder. Exerting compressive load 

by these pre-loaded spring latches leads the passive vehicle to be initially interlocked with another 

one to constraint their translational and rotational motions  relative  to each other. Here, the probe-

cone system consists of an axial spring as a shock absorber located between the main body of the 

active vehicle and the end of probe. In this study, for the reason of stability, it is necessary to 

connect the base and active structure to each other using a torsional shock absorber. The 

conjunction between probe and active vehicle is created by two kinds of kinematic pairs. The 

motion of cylinder with respect to the active structure and the motion of probe relative to the base 

are limited by revolute joint and prismatic joint, respectively. Obviously, a 2-DOF probe can 

experience translational and rotational motions simultaneously with respect to the active vehicle 

during impact. Remarkable aspect of this proposed mechanism embedded into the active vehicle 

is to provide improvement regarding to the reduction of peak value of collision force as well as 

the equivalent colliding components prior to capture process. In fact, to gradually increase the 

equivalent mass instead of its rapid increasing in the impacting structures and to overcome the 

misalignment are the two main reasons for considering this type of mechanism.  
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3. Impact force model 
Non-zero relative velocity in the case of collision leads to impact. Physically, the kinetic energy of body is 

suddenly lost during the impact and abrupt changes of the system state variables lead to discontinuities in 

the overall system velocities. Energy loss during impact, observed in the forms of heat, sound and others 

[28],  depends on the damping properties of the  materials involved in the collision. Here, the  Lankarani and 

Nikravesh contact model, which is based on the Hertz contact theory, is applied to analysis the problem 

interactions. Equation 1 shows a parabolic distribution for collision force based on a continuous impact 

force model [18]: 

3/2 ( )nF K = +  (1) 

Where K is defined as the total stiffness. 𝛿 is the penetration depth evaluated by the problem 

geometry and �̇� is the time derivative of penetration depth  which is defined as the approaching 

velocity of the bodies in normal direction. The friction force  due to normal force is assumed as 

𝐹𝑡 = 𝜇𝐹𝑛 where 𝜇 is sliding friction coefficient and 𝜒 is the hysteresis damping factor which is 

defined as below [16]: 

23 1

4 ( )

K( e )


 −

−
=  (2) 

Where e is restitution coefficient and �̇�(−) is initial impact velocity in the normal direction, 

respectively. As can be seen from Figure 1, in the capture process, impact phenomenon happens 

between a ball head probe a cone. For this situation, the stiffness of the contact is obtained from 

the following relation [29]: 

4

3

tip

tip Cone

R
K

( ) 
=

+
 

(3) 

Where 𝜎𝑡𝑖𝑝 and 𝜎𝐶𝑜𝑛𝑒 are the material parameters, as [30]: 

2 21 1tip cone
tip cone

tip cone

,
E E

 
 

− −
= =  (4) 

In which E and ν are the  modulus of elasticity and Poisson’s ratio of the bodies, respectively. 

 

4. Multibody dynamics for capture process 

In the planar analysis, it is observed that the most typical mechanical pairs used in the multibody 

systems are the revolute and prismatic joints. Accurate modeling of the multibody dynamic 

problems is created by coordinate systems placed on each object. For problem at hand, figure 2 

shows all coordinate frames to describe the position of the system components. The body-fixed 

coordinate [ 𝑢𝑘, 𝑣𝑘, 𝜃𝑘]𝑇 is located at the k-th body center. Here, subscripts S, C, P and T denote 

coordinates related to the passive structure, cylinder, probe and active vehicle, respectively. The 

vectors 𝑟𝑆, 𝑟𝐶, 𝑟𝑃 and 𝑟𝑇 may be simply written as:  

k k ku v for k S,C,P,T= + =r i j  (5) 

Although simple, the total kinetic energy of the constrained system can be written as: 
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( ) 
4

2 2 2

1

0 5 k k k k k

k

T . m u v I 
=

= + +  (6) 

Where, 𝑚𝑘 and 𝐼𝑘 denote the mass and principal moment of inertia respectively. Figure 2 shows 

the coordinates frames during the capturing process. The parameters that involved in the capture 

process of two flying structures, are listed in Table 1. In the following, the theoretical model of the 

revolute joint and prismatic joint will be briefly described. According to the items in Table 1 and 

the iteration equation, two constrained equations for hinge and prism connectors  are written. At 

each time step, the base and probe motion relative to each other should be restricted. For this, an 

auxiliary unit vector 𝒏 = {− sin 𝜃𝐵, cos 𝜃𝐵}𝑇, which must remain perpendicular to the line of 

translation, is introduced to eliminate relative translational motion. The above description gives 

four independent algebraic equations as below: 

0 5 0

0 5 0

S S B C C

S S B C C

u a cos u . L cos

v a sin v . L sin

 

 

+ − − =


+ − − =
 

0C P − = ,  

0P C( ) − =n r r . 

(7-a) 

(7-b) 

(7-c) 

(7-d) 

For the sake of evaluation of the axial shock absorber performance, the auxiliary vector (𝑫) is 

defined to formulate the elastic potential and dissipative energy. In fact, this vector indicates the 

axial shock absorber length mounted between the end point of probe and an arbitrary point in the 

cylinder. Equation (8) defines 𝑫 vector. 

 

0 5

0 5

S S C CP P P

S S C CP P P

u a cos L cosu . L cos

v a sin L sinv . L sin

 

 

         
= − − + −         
          

D  (8) 

 

The summation of potential energy of linear and torsional shock absorbers is defined as below: 

 

( )
0

2
2

0 5 0 5A T C SV . k l . k ( ) = − + −D  (9) 

  

In the above equation, ‖∗‖ indicates the two-norm operation. Additionally, 𝑘𝐴, 𝑘𝑇 and 𝑙0 are 

respectively the axial and torsional spring stiffnesses, and the equilibrium position of axial shock 

absorber. The Rayleigh dissipation function for the system under consideration can be written as: 

 

20 5 0 5A T C SP . c . c ( ) =  + −D D  (10) 

  

In which, 𝑐𝐴 and 𝑐𝑇 are the viscous damping coefficients. It can be seen from Figure 3 that during 

the contact between two vehicles, two main forces, namely the normal force 𝐹𝑛 in the direction 

perpendicular to the plane of cone and the tangential force 𝐹𝑡 along the cone will occur. A suitable 

function for penetration depth seems to be defined in order to evaluate the impact force at each 

time step. For the reason of collision detection, first, the position of points A, B and C is written in 
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the global coordinate system and then, the penetration values are found by measuring the distance 

from point A to a specified line BC. The physical criteria to occur contact between two vehicles is 

negative values of the penetration depth during dynamic analysis procedure.  

 
 

5. Problem formulation and computational strategy 

The configuration of a dynamic constrained system in general form, with k generalized coordinates 

together with m constraints, may be formulated by the Lagrange’s equation as: 

1

m

j jk k n k t

jk k k k

d T T V P
a F F

dt =

    
− + + + = + 

    
 λ n m

q q q q
 (11) 

Where, 𝝀𝑗 and 𝑎𝑗𝑘 are the Lagrange’s multipliers vector concerned with reaction forces/moments 

between interconnected components and the constraints equation coefficients, respectively. Also, 

𝒏𝑘 and 𝒎𝑘 are the collision force coefficients. For simplicity, a similar expression of Eq. (11) is 

given here to rewrite corresponding equations of motion in the form of Newton’s law of motion 

as below: 

k n k t k

k

d T
F F

dt

 
= + − 

 
n m Re

q
 (12) 

As can be seen, without considering the minimal set of coordinates, the system of Eq. (12) consists 

of k differential equations in k+m unknowns. Therefore, m additional equations are required to be 

augmented into the system of equations. Generally, when the constraint acceleration equations are 

appended to Eq. (12), the motion of multibody system can be written in matrix form as follows:  

     
     
      

T

q

q

qM F
=

0 λ γ




 (13) 

Where q is the Jacobin matrix obtained by taking the derivative of the constraint equations and 

also γ defined as follows [18]: 

2q q qt tt( )  = − − −γ q q q  (14) 

Due to the difficulties in the solution of a DAE system such as obtaining analytically inverted 

expression for equivalent mass matrix observed in the left side of Eq. (13) and violating the results 

caused by the set of inaccurate initial conditions in the integration process, this type of equations 

is commonly converted into a set of ODEs. Here, it is used an effective index-1 DAE solver, known 

as ode15s, taking advantage of automatically adjustment of step size in order to meet user-defined 

error as well as numerical stability during integration process. In general, the ode15s solver can 

evaluate the DAEs with the standard form given as )t , ẏ( ) ( t ,=M y F y . Therefore, it is necessary 

to use an alternative reformulation to rewrite Eq. (13) into this general form. To specify the 

topology of system at hand, all involved coordinates have been assembled into the vector 

 
T

S S S B B B P P P T T T .u ,v , ,u ,v , ,u ,v , ,u ,v ,   =q Typically, in a system with k generalized 

coordinates, reducing the order of initial state variables leads to a new set of state variables by 

means of the standard change of variables as follows: 
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1 2i i ,i , ,...,k= =q x  (15) 

Reformulating Eq. (13) in view of Eq. (15) leads to: 

2 2
2 1 2 1

k k k ( k m )

*

( k m ) k ( k m ) ( k m )

( k m ) ( k m )
( k m ) ( k m )

  +

+  +  +

+  +
+  + 

   
     

=    
     

   

*

*

q x
I 0

x F
0 M

λ γ

 
(16) 

Where I is the identity matrix. The superscript ‘*’ is given here for presenting the problem 

reformulated with reduced-order state variables. Obviously, one can replace the vector λ by an 

arbitrary vector   in the system of Eq. (16) to get general form of problem evaluated by the ode15s 

solver. By this technique, Eq. (16) can be expressed in the following simple from, as: 

D(y)y = F(y)  (17) 

In summary, the solution strategy for impact phenomenon is shown in Figure 4. Clearly, in this 

planar constrained model, the number of generalized coordinates and of constraint equations are, 

respectively, k=12 and m=4. So, the equivalent mass matrix has the dimension of 28 28 . Also, 

the symmetric matrix *
M in the reduced form can be written as: 

3 13 3 14

4 16

5 16

6 13 6 14 6 16

7 16

8 16

1 0 0 00 0 0 0 0 0 0 0 0 0 0

0 1 0 00 0 0 0 0 0 0 0 0 0 0

0 00 0 0 0 0 0 0 0 0 0 0

1 0 00 0 0 0 0 0 0 0 0 0 0

0 0 00 0 0 0 0 0 0 0 0 1 0

0 0 00 0 0 0 0 0 0 0 1

0 0 00 0 0 0 0 0 0 0 0 0 0

0 0 00 0 0 0 0 0 0 0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0

C

C

, ,C

,B

B ,

B , , ,

R ,

R ,

m

m

M MI

Mm

m M

I M M M

m M

m M

 





  







−

−

=M

13 3 13 6

14 3 14 6

16 4 16 5 16 6 16 7 16 8

0 0 00 0 0 0 0 0 1 0

0 0 00 0 0 0 0 0 0 0

0 0 00 0 0 0 0 0 0 0

0 0 00 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 01 0 1 0 0 0

0 0 0 0 0 0 0 00 1 0 10 0 0

1 0 0 0 0 0 0 00 0 0 0 0 1 0 0

0 0 0 0 0 0 0 00 0 0

R

T

T

T

, ,

, ,

, , , , ,

I

m

m

I

M M

M M

M M M M M

 

 

    

 
 
 
 
 









−





 −


−
 −

 






















 

(18) 

Where, 

3 13 3 14 4 16 5 163 3 6 6, , , ,M a sin y( ),M a cos y( ),M sin y( ),M cos y( )   = − = = =  

6 13 6 146 6
2 2

C C
, ,

L L
M sin y( ),M cos y( ),    

= = −   
   

 

6 16 7 164 7 6 5 8 6 6* *

, ,M ( y( ) y( ))cos y( ) ( y( ) y( ))sin( y( )),M sin y( )= − + − = −  

8 16 6*

,M cos y( )=  

(19) 
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In view of Eq. (12), the force vector *,F  as given in the right-hand side of Eq. (16), can be 

represented as: 

*

k n k t kF F= + −F n m Re  (20) 

In which, kn  and km  are given as: 

6 1 6 1

12 12

12 12

12 9 12 9

12 12

12 12

2 2

P P
k k

T c c T

sin( y ) cos( y )

cos( y ) sin( y )

L L
,cos( y y ) sin( y y )

sin( y ) cos( y )

cos( y ) sin( y )

b L cos( ) R sin( ) R cos( ) L sin( )

 

 

 

 

 

   

   
  

− + − +
  
  + − +
  
  = =+ − − + −
  
 + +
 

− + + 
 
+ + −  

0 0

n m









 
 
 
 



 (21) 

 

Because of inordinately long expressions for 𝐹𝑛 and 𝐹𝑡, they have not been given here, kRe which 

is concerned with k-th generalized coordinate (i.e., 𝑅𝑒1, 𝑅𝑒2, … , 𝑅𝑒12) together with m-th 

constraint acceleration equation (i.e., 1 2 12, ,. ,e e .. eR R R ), can be written in the reduced form, as 

below: 

2 10 11 11 2 15 0Re Re Re Re Re Re ,= = = = = =  

3 3 6 15 18T TRe k ( y( ) y( )) c ( y( ) y( )),= − + −  

( )( )

( )

0

4

0 5 6 0 5 9 4 7

0 5 2 16 2 19 6 18 9 21

A C P

A C P

k . L cos( y( )) . L cos( y( )) y( ) y( ) l A
Re

A

. c y( ) y( ) L sin( y( ))y( ) L sin( y( ))y( ) ,

− − + − +
= −

+ − + −

 

( ) ( )

( )

0

5

0 5 6 0 5 9 5 8

0 5 2 17 2 20 6 18 9 21

A C P

A C P

k . L sin( y( )) . L sin( y( )) y( ) y( ) l A
Re

A

. c y( ) y( ) L cos( y( ))y( ) L cos( y( ))y( ) ,

− − + − +
= −

+ − − +

 

( )

( )

0

6 0 25
6 3 18 15

0 25 2 6 16 19 2 6 17 20 18

6 9 21

A C

T T

A C C

P

k L B l A
Re .

A k ( y( ) y( )) c ( y( ) y( ))

. c L sin( y( ))( y( ) y( )) cos( y( ))( y( ) y( )) L y( )

L cos( y( ) y( ))y( ),

− +
=

+ − + −

+ − − − +

− −

 

(22) 
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( )( )

( )

0

7

0 5 6 0 5 9 4 7

0 5 2 16 2 19 6 18 9 21

A C P

A C P

k . L cos( y( )) . L cos( y( )) y( ) y( ) l A
Re

A

. c y( ) y( ) L sin( y( ))y( ) L cos( y( ))y( ) ,

− − + − +
=

− − + −

 

( )( )

( )

0

8

0 5 6 0 5 9 5 8

0 5 2 17 2 20 6 18 9 21

A C P

A C P

k . L sin( y( )) . L sin( y( )) y( ) y( ) l A
Re

A

. c y( ) y( ) L cos( y( ))y( ) L cos( y( ))y( ) ,

− − + − +
=

− − − +

 

( )
( )

0

9 0 25 0 25 2 9 19 16

2 9 17 20 21

6 9 18

A P

A P

P

C

k L B l A
Re . . c L sin( y( ))( y( ) y( ))

A

cos( y( ))( y( ) y( )) L y( )

L cos( y( ) y( ))y( ),

− +
= − + −

+ − +

− −

 

2 2

13 6 18 3 15
2

CL
Re cos( y( ))( y( )) acos( y( ))( y( )) ,= −  

2 2

14 6 18 3 15
2

CL
Re sin( y( ))( y( )) a sin( y( ))( y( ))= −  

16 18 2 6 16 19 2 6 17 20

18 6 7 4 18 6 5 8

Re y( )( cos( y( ))( y( ) y( ))) sin( y( ))( y( ) y( ))

y( )sin( y( ))( y( ) y( )) y( )cos( y( ))( y( ) y( ))

= − + −

+ − + −
 

 

In which A and B are defined as: 

 

( )

( )

2

2

0 5 6 0 5 9 4 7

0 5 6 0 5 9 5 8

C P

C P

A . L cos( y( )) . L cos( y( )) y( ) y( )

. L sin( y( )) . L sin( y( )) y( ) y( ) ,

= − − +

+ − − +

 

6 9 2 6 4 7 2 6 8 5PB L sin( y( ) y( )) sin( y( ))( y( ) y( )) cos( y( ))( y( ) y( )).= − + − + −  

(23) 

  

6. Capture process simulation using commercial dynamics software 

Dynamics evaluation can be carried out by simulation and/or alternatively by real experiments. In 

the case of capture process, the computer dynamic simulation can be used as an advantageous tool 

in testing the mechanical systems due to the low-cost need for components to be manufactured. 

Hence, the aim of this section is to establish a virtual model for capture process of two 

impacting/capturing structures based on the dynamic analysis software which can create and 

analysis a wide range of the multibody mechanical systems. To simulate the capture process, a 

three-dimensional solid model, as depicted in Figure 5, is established and then, the impact between 

the active and passive vehicles is simulated through software. Whether the capture process is 

successfully performed or not can be identified by employing a distance sensor located between 

the tip mass and the inner edge of the concave area. Evidently, the zero value of the sensor indicates 

the successful capture mission. The simulation time step is set to 
51 10t s −=   and the sliding 

friction coefficient is assumed as 0.33. 
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7. Numerical scheme and discussion 

To ascertain the efficiency of the simulated and numerical models, the verification is performed 

using the available data reported in the literature and the software simulation. Required parameters 

for capture simulation, are summarized in Table 2 and also, material of both the active and passive 

vehicles are assumed  to be aluminum alloy. Young's modulus, density and Poisson's ratio are 
9 2 ,71.7 10 N/m 32740kg/m  and 0.3, respectively. To examine the validity of the calculated 

results, it is applied available impact data reported in the literature [27]. Due to lack of any data on 

impact analysis during capture process, we have paid our attention to special case related to space 

docking process. To do this, the coefficients of the proposed buffer are postulated high enough to 

prevent translational and rotational motions of the probe with respect to active vehicle (i.e. rigid 

connection). Figure 6 indicates the impact force of two vehicles in the absence of the proposed 

mechanism. As observed from Figure 6, there is a very good agreement between the presented 

model and those yielded theoretically and experimentally in the literature. For the sake of 

comparative study between numerical results obtained by theoretical model and the dynamics 

analysis software, the axial and torsional shock absorber coefficients are set to be

500N/m, 5Ns/mA Ak c= =  and, 300Nm/rad, 2Nms/radT Tk c= =  respectively. Also, 0l  (the initial 

length of the buffer) and 𝑀𝐵, as the cylinder mass are assumed to be 0.1365m and 1kg. The relative 

velocity between the active and passive vehicles is considered as 0.1m/s. Figure 7 illustrates impact 

force with the presence of the present mechanism based on theoretical model and software 

simulation. It can be concluded that the buffering mechanism performs a drastic cut in impact 

intensity during the collision phenomena. Comparing the data obtained by multibody dynamics 

model and those simulated by dynamics analysis software, a satisfactory similarity is observed.  

The proposed buffering system causes the mass of colliding objects to increase slowly and 

therefore, enhances the collision time during the impact process. The computed time history 

velocity components are shown based on the theoretical model and software simulation for both 

vehicles in Figure 8. There is an excellent agreement between results calculated by the numerical 

model and those simulated by the multi-body dynamic analysis software.  
 

The performance of axial and torsional buffers during the impact is plotted in Figure 9. The buffer 

is unstretched at initial time and during impact, they are compressed and then came back to its 

initial length at the end of contact. As observed in Figure 9, the results simulated through the 

dynamics analysis software are consistent with those yielded by theoretical model formulated in 

this study.  

8. Parametric study on efficient factors 

This section is related to the study of effective factors showing whether the proposed buffer is able 

to implement successful capture process or not. To present the efficiency of mechanism, each 

proposed capture system should be able to successfully implement process for typical values of 

capturing, which are: the approach velocity of the active vehicle, the passive vehicle angular 

velocity, relative angular misalignment and friction coefficient. Keeping in mind that upon 

entering the  probe head into capture area, the latches will engage the corresponding catch installed 

on passive vehicle (see Figure 1). A distance sensor as a distance criterion has been located 

between the tip of the probe and the inner edge of the cone. Provided that this criterion approaches 

to zero during simulation, the capture process will be successfully performed. The capability of 

the proposed mechanism in successful capture process is depicted in Figure 10. As observed, the 

higher the approach velocity is, the shorter the contact duration is. Note that the proposed buffer 
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not only has a remarkable decreasing effect on impact force but provides the successful capture 

mission for operational values of approach velocity. Another parameter to be evaluated in capture 

process is angular velocity of the passive vehicle. As shown in Figure 11, the proposed mechanism 

is able to reach capture area for different values of the passive vehicle’s angular velocity (0, 0.05, 

0.1deg/s). Because the angular misalignment of two capturing vehicles is an evident factor, each 

proposed coupling mechanism should be able to implement capture process correctly. The 

efficiency of proposed system in capture process for different values of angular misalignment is 

illustrated in Figure 12. With a suitable mass and spring system installed on the active vehicle, 

probe head can easily slide on the cone surface without perfect rebound and consequently, the 

distance criterion approaches to zero. One the main parameters to guarantee the successful capture 

execution is friction coefficient between head of probe and cone surface. To study this, five cases 

with the same initial approach velocity of 0.1m/s are modeled to investigate the effect of friction 

coefficient on contact duration. As plotted in Figure 13, the proposed system can achieve the 

capture area for various friction coefficients. The obtained results clearly indicate that increasing 

the value of friction coefficient leads to increase the total contact duration. The rotation of tip mass 

with respect to the probe is the next factor considered here. Let us consider the tip mass is rigidly 

connected to the end of probe according to above theoretical formulation (first case) and it is 

allowed to be freely rotate during contact with inner surface of the cone based of multibody 

dynamics software (second case). As depicted in Figure 14, in the second case, the maximum 

impact force decreased by 7% compared to the first case. In the second case, the tip mass 

experiences both sliding and rolling motions while it has just sliding motion in the first case. 

Because of rolling motion, the friction force generated at the area of contact decreases and 

consequently, the contact duration, penetration depth and resultant impact force decrease. In the 

second case, it will be studied some factors which directly show the efficiency of the proposed 

buffer in the capture process based on software simulation. 

              
 

The capture process is successfully accomplished for different approach velocities of active 

vehicle, as depicted in Figure 15. According to Figure 16 and Figure 17, the present buffer is able 

to correctly perform capture process at different angular velocities and the misalignment angles of 

the passive vehicle. It is noteworthy to mention that, based on the obtained results, the capture 

process has been accomplished faster while tip mass experiences rolling-sliding motion instead of 

traditional pure sliding motion. As a consequence, the proposed buffering mechanism includes a 

compact structure with capacity of significant decreasing effect on impact and easy installation on 

a wide range of mechanical systems to be captured by each other. 

 

 

 

 

 

9. Concluding remarks 

An effective buffering mechanism was proposed based on probe-cone system for capture process 

of two impacting structures in this study. The constrained multibody dynamics model was used to 

derive equations of motion as the set of DAEs. To overcome the difficulties in evaluating DAEs, 

an easy-to-handle index-1 DAE solver was applied to solve the corresponding equations. The 

theoretical impact model is first verified by data reported in the literature. Second, the capture 
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process was built in the virtual prototype environment through commercial multibody dynamics 

analysis software in order to verify theoretical model and to develop proposed buffer. As shown, 

the numerical results obtained by theoretical model were in a very good agreement with those 

yielded through the dynamic simulation software. Compared to the traditional rigid connection of 

probe to the active vehicle, the simulation example indicated that the proposed buffer can greatly 

reduce the impact force and successfully perform the coupling of two vehicles for different values 

of effective factors arising from the capture process.  
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Table 1 

Parameter Description  

a Distance between CG point of active vehicle and clamped end of probe 

𝐿𝐶 Cylinder length 

𝐿𝑃 Probe length 

𝐿𝑇 Distance between cone and CG point of passive vehicle 

b Distance between cone and initial contact point 

𝑅𝑐 Radius of  cone 

𝑅𝑡𝑖𝑝 concentrated mass radius 

𝐿𝑐 Cone length  

𝛽 Angle of cone area 

𝑟𝑃 Ball radius  

 

 

 

 

 

Table 2  

active vehicle passive vehicle 

𝑚𝑆 = 21.9706 𝑘𝑔 𝑚𝑇 = 23.5731 𝑘𝑔 

𝐼𝑆 = 0.445 𝑘𝑔. 𝑚2 𝐼𝑇 = 0.5206 𝑘𝑔. 𝑚2 

𝑟𝑃 = 0.009 𝑚 𝐿𝑇 = 0.096 𝑚 

𝑅𝑡𝑖𝑝 = 0.015 𝑚 𝑅𝑐 = 0.015 𝑚 

𝑎 = 0.1365 𝑚 𝐿𝑐 = 0.0735 𝑚 

𝐿𝑃 = 0.2 𝑚 𝑏 = 0.0435 𝑚 

𝐿𝐶 = 0.1365 𝑚 𝛽 = 𝜋 4⁄  𝑟𝑎𝑑 

 

 

Axial shock absorber 

Torsional shock absorber 

Cone Probe 

Tip mass 
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𝑰𝑘×𝑘 𝟎𝑘×(𝑘+𝑚)

𝟎(𝑘+𝑚)×𝑘 𝑴(𝑘+𝑚)×(𝑘+𝑚)
∗    ] {

�̇�
�̇�
𝝀

} = {

𝒙
𝑭∗

𝜸∗
} 

  

Apply ode15s solver and solve the 

equations of motion for 𝑡 = 𝑡𝑖: 𝑡𝑖+1 

{𝒙𝑖+1 �̇�𝑖+1 𝝀𝑖+1}𝑇 

𝛿 ≤ 0 
Yes 

No 

Solve the equations of motion 

with 𝐹𝑛 = 0 for 𝑡 = 𝑡𝑖: 𝑡𝑖+1 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 9 
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Figure 10 
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Figure 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 0.1 0.2 0.3 0.4 0.5
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Time(s)

D
is

ta
n

ce
 c

ri
te

ri
a(

m
)

 

 

0 deg/s

0.05 deg/s

0.1 deg/s



28 

 

 
Figure 12 
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Figure 13 
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Figure 14 
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Figure 15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Time(s)

D
is

ta
n

ce
 c

ri
te

ri
a(

m
)

 

 

0.1m/s

0.2m/s

0.3m/s

0.03m/s



32 

 

 

Figure 16  
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Figure 17  
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