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Abstract 

A new technique of docking of a space tug with spent non-cooperative orbital stage by using a deployable elastic 

probe is proposed. The developed mathematical models demonstrate the proposed method and cover primary stages 

of the relative motion of the space tug and debris, including docking stage and the probe retraction stage. The 

simulation results demonstrate decreasing the contact-impact forces resulting from the collision of the probe with the 

debris and increasing the probability of successful docking. 
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1. Introduction 

To lower the risk of avalanche-like growth in the 

debris population, it is necessary to actively remove 

large-size objects from near Earth orbits. There are a lot 

of papers proposing active debris removal methods 

(ADR) [1–6].  

One the important phase of the ADR is a capture 

phase after the final rendezvous of the space tug with 

the target. The capture technique depends on the target 

type and its attitude motion. Often, orbital stages are 

utilizing jet nozzles to create additional forces (with the 

forces produced by separation devices like spring 

pushers) for the safe separation from the main payload. 

This separation procedure can lead to the tumbling of 

the orbital stage at the end of its lifetime, which makes 

it difficult for gripping during ADR mission [7,8]. 

Traditional methods using manipulators are less suitable 

for such types of debris [9–11] due to possible high 

dynamics effects during the contact of the space tug 

gripping mechanism with the tumbling debris. Non-

rigid capture techniques can be used to grip tumbling 

target debris, using for example nets or  harpoons [12–

14], but these methods require sophisticated control 

system for the space tug. 

One of the proposed methods for gripping spent 

upper stages involves the use of well-known probe-cone 

type mechanism [15,16]. In this case, the probe is 

mounted on a space tug [17] and the nozzle of the upper 

stage type debris can be used as the “cone” part of a 

probe-cone docking mechanism [18,19] (Fig. 1).  

Docking with tumbling debris using probe-cone 

mechanism can cause high dynamic loads in the 

construction of the docking devices [20–22]. It will 

require an increase in the mass of the mechanisms and 

complexity of the tug’s control system.  

 
Fig. 1. Probe-cone docking  [23] 

 

We suggest that using retractable flexible high-

aspect-ratio (long) docking probe reduces the reaction 

forces caused by the interaction between the elements of 

the docking device and the nozzle of the debris. 

  

 
Fig. 2. Docking using long flexible probe 

 

Docking with tumbling debris object using a probe-

cone mechanism requires high docking speed to 

increase the probability of successful docking. It is 

anticipated, that the long flexible probe is more suitable 

to the tumbling space debris and to the possible control 

error of the relative motion of the space tug relative to 

the debris. The long flexible probe also increases the 

safety of the gripping process for the space tug due to a 

greater distance between the space tug and debris. 

This paper is devoted to the preliminary analysis of 

two stages of the ADR using proposed technique 

including the stage when the tip of the probe slides 

along the surface of the debris nozzle, and the probe 
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retraction stage when the tug retracts the beam with the 

gripped debris. 

 2. Description of the docking process 

The docking process consists of five stages.  

1) At the first stage, the space tug approaches to the 

debris and deploys the flexible probe (Fig. 3a).  

2) At the second stage, the flexible probe contacts 

with the surface of the nozzle. The tip of the probe 

slides along the nozzle of the space debris (Fig. 3b). 

3) At the third stage, the tip of the probe crosses the 

critical section of the nozzle (Fig. 3c). Successful 

docking refers to the passage of the probe’s tip throw 

the nozzle throat which initiates the triggering of the 

latches to fix the tip of the probe in the nozzle. 

4) At the fourth stage, the space tug retracts the 

flexible probe. The distance between the space tug and 

debris object decreases (Fig. 3d). During this stage, the 

possible angular motion of the whole system should be 

stabilized.  

5) At the fifth stage, the space tug docks with the 

debris and the whole system is deorbited or transferred 

to a graveyard orbit.   

 

a) Terminal rendezvous and probe deployment 

 

 
 

b) Docking 

 
 

c) Locks the probe tip in the nozzle 

 

 
 

d) Retracting the probe 

 

 
Fig. 3. Docking stages 

 

3. Models 

3.1 Docking stage 

It is supposed that the docking process is very rapid, 

that allows us to neglect the influence of the 

gravitational field and other forces. The scheme of the 

system is shown in Fig. 4. The space tug and debris are 

considered as rigid bodies. 

 

 
Fig. 4. Model of docking stage 

 

The probe is considered as a chain of rigid bodies 

connected by elastic joints. The stiffness of k-th joint is 

    
  

  
  (1) 

In a first approximation, we neglect energy losses and 

assume that there is no damping in the system. 

The contact interaction between the tip of the probe 

and the nozzle surface is modelled using contact force 

which depends on the penetration depth   (Fig. 4) 

   
         

                
  (2) 

where    is the unit vector perpendicular to the surface 

of the nozzle,         is the contact force 

                  (3) 

where    and    are the contact stiffness and damping. 

The nozzle is represented as a conical surface. The 

model of the considered system during docking is built 

using MSC.ADAMS simulation software. 
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3.2 Probe retraction stage 

After successful docking and locking of the probe 

tip in the nozzle of the space debris, we get two bodies 

connected with the flexible probe. This system is 

considered as an uniform Euler–Bernoulli beam with tip 

masses and inertia [24]. We suppose that the retraction 

speed is slow so the dynamic effects due to shortening 

of the probe is neglected. To preliminary analysis of the 

motion of the probe during the retraction phase, we 

trace the variations of the frequency and shapes of the 

probe oscillations when the length of the probe is 

decreasing. 

The equation of motion for undamped free 

vibrations of a uniform Euler–Bernoulli beam is 

obtained as [24] 

  
   

   
  

   

   
   (4) 

where        is the transverse displacement of the beam 

(at point   and time t) due to bending, EJ is the bending 

stiffness (it is the product of the young's modulus E and 

the second moment of the area J of the beam), and m is 

the mass per unit length of the beam (Fig. 5). 

 

 

 
 

Fig. 5. Probe deformation 

Boundary conditions for      and     are [25]:  

for     (attached mass and inertia) 

 
   

    
      

   

       
 

   

 

   
   

    
     

   

    
 

   

 

(5) 

for     (attached mass and inertia) 

 
   

    
      

   

       
 

   

 

   
   

    
     

   

    
 

   

 

(6) 

where  

    
  
  

     
  

  
 (7) 

and 

    
  
  

     
  

  
 (8) 

  ,    are masses of the space tug and debris 

respectively,   ,    are moments of inertia of the space 

tug and debris.  

The deflection of the probe is represented as [24] 

           (9) 

where       is the shape function 

          
 

 
         

 

 
 

      
 

 
        

 

 
  

(10) 

and  

                   (11) 

where  

     
   

  
 (12) 

  is the beam oscillation frequency. From the first two 

boundary conditions (5) we can express the unknown 

constants   ,     

   
          

      

 
           

 

       
 (13) 

   
          

      

 
           

 

       
 (14) 

After substituting (13) into (6) we get the system of 

linear equation for    and     

 
      

      
  

  

  
   

 
 
  (15) 

where 

    
 

          

              

       

                 
        
            

                  
       

              
        

               

(16) 
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(19) 

To obtain non-trivial solution for    and    the 

determinant of the coefficient matrix should be equal to 

zero 

 
      

      
    (20) 

For given system parameters m, l,   ,   ,   ,     and 

  , one can solve for the roots of Eq. (20) and get the 

eigenvalues of the system 

          …   (21) 

For each eigenvalue    the undamped frequency of free 

oscillations can be obtained using (12) 

   
  

    
  

  (22) 

Shape function is obtained for each eigenvalue   within 

constant factor      

              
  

 
          

  

 
 

       
  

 
 

    

   

   

     
  

 
  

(23) 

where the constants     ,     are obtained from (13) and 

(14) as functions of     and    , taking into account that   

        

   

   

 (24) 

Deformation of the probe is expressed as a linear 

combination of the contributions from all vibration 

modes: 

                        

 

   

           

(25) 

The unknown constants    and    can be solved for 

using the initial conditions 

                  

 

   

 (26) 

and 

 
        

  
 

   

               

 

   

 (27) 

 

4. Simulation result 

4.1 Parameters of the system and initial conditions 

Here we consider docking process with two probe 

length:  

1) Short and stiff probe 

                   
2) Long and flexible probe 

                   
Parameters of the space debris and space tug are 

presented in Table 1. 

Table 1. Parameters of the system 

Parameter Value 

  , kg 150 

  , kg 1500 

J1, kgm
2
 100 

J2, kgm
2
 3000 

Initial length of the probe,   , m 10 m 

Initial angular velocity of the 

debris,   , deg/s 

10 

EJ, Nm
2
 1900 

  , N/m      

 

4.2 Docking stage 

The integration process starts when the tip of the 

probe crosses the section of the nozzle of the debris. 

The axis of the tug is parallel to the axis of the space 

debris and the distance between the axes of the debris 

and space tug is      m. Initial velocity    of the 

space tug relative to the debris is 2 m/s. The angular 

velocity of the debris relative to the transverse axis is 

   10 deg/s (Fig. 6). 
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Fig. 6. Initial condition of the system 

 

Fig. 7 shows the time history of the angular 

acceleration of the space tug during the first contact of 

the probe tip with the nozzle of the space debris.  The 

angular acceleration of the space tug with the short and 

stiff probe is much higher than the angular acceleration 

of the space tug with long flexible probe (dashed lune). 

Angular acceleration of the tug with 10 m probe is less 

than 50 deg/s
2
. Angular acceleration of the space tug 

with 5 m probe is 520 deg/s
2
.  

 

 
Fig. 7. Angular acceleration of the space tug during 

docking process for case 1 and 2 

 

The obtained results confirm the assumption of less 

load on the tug construction when docked using a long 

probe for docking. 

 

4.3 Probe retraction stage 

At the third stage, the space tug retracts the flexible 

probe to dock with the debris. First four frequencies 

obtained from (20) are presented in Table 2. Note the 

obvious increasing of the frequencies with shortening 

the probe length. 

Table 2. Natural frequencies of the probe 

i l=5 м l=6 м l=7 м l=8 м l=9 м l=10 м 

1 0.321 0.395 0.412 0.411 0.403 0.392 

2 27.15 18.80 13.79 10.55 8.34 6.75 

3 89.21 61.45 44.95 34.33 27.08 21.92 

 

Fig. 8 and Fig. 9 show the first three shape functions 

of the probe when its length is equal to 10 m and 5 m. 

Note that the shape functions for     m and for 

     m differ slightly from each other.  

 

 
 

Fig. 8. First three shape functions of the flexible probe 

for length      m 

 

 
Fig. 9. First four shapes of the flexible beam for length 

    m 

 

Fig. 10 shows deformation in the middle of the probe 

when its length is equal to 10 m.  

 

 
Fig. 10. – Deformation of the middle of the probe 

(     m) 

 

Fig. 11 shows deformation of the probe in the 

middle of the probe when the length of the flexible 

probe is equal to 5 m.   
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Fig. 11. – Deformation of the middle of the probe 

(    m) 

Acceleration of the probe points results in dynamic 

inertia loads. It is quite expected that the frequency of 

the probe oscillations is increased with the decreasing of 

the probe length. Fig. 12 demonstrates how the 

acceleration of the middle of the probe depends on the 

probe length.  

Increasing the acceleration of the probe during the 

retraction phase can led to the destruction of the probe 

so the oscillations of the probe should be damped.  

 
Fig. 12. – Acceleration of the middle of the probe  

for     m and      m 

 

5. Conclusions  

It is shown that using long flexible probe to dock 

with the tumbling debris object can decrease the contact 

impact force on the space tug. Here we pointed out the 

problems of using long flexible probe to dock with an 

uncooperative orbital stage type space debris object. 

Future investigations will continue to improve the 

mathematical model of the docking process and the 

beam retracting process. It is planned to develop a 

universal mathematical model based on FEM method 

suitable for the describing the docking process and the 

stage of retraction of the elastic probe of varying cross 

section area and for solving the problem of stabilizing 

the relative transverse and torsional vibrations of the tug 

and debris with decreasing the length of the probe. 
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