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СБОР КОСМИЧЕСКОГО МУСОРА С ПОМОЩЬЮ 
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Аннотация. Предмет исследования – технологии решения актуальной проблемы удаления космического мусора. В 
работе рассмотрены возможности технологии использования механического захвата с четырьмя гибкими пальцами, 
размещенного на борту орбитального космического аппарата – сборщика мусора. В качестве характерного образца 
космического мусора выбран миниатюрный швейцарский искусственный спутник SwissCube (2009, построен на уни-
версальной платформе малых искусственных спутников CubeSat в форме куба с размером ребра 0,1 м и массой 1,0 кг). 
В работе использовались методы линейной алгебры путем построения матриц собственных и угловых моментов 
количества движения каждого пальца захвата и SwissCube с учетом одновременного вращения спутников с малыми 
угловыми скоростями. Для упрощения модели использовалось предположение о нулевой силе гравитации между объ-
ектами. В общем случае, модель системы захвата учитывала наличие жестких и упругих компонентов, для описания 
которых, в свою очередь, был использован метод конечных элементов. Для оценки результативности модели при раз-
личных вариантах удержания проводилось имитационное моделирование процессов захвата SwissCube с использованием 
пакета программ виртуального моделирования кинематических процессов в системе нескольких тел MSC ADAMS. 
Рассмотрено два варианта возможных последующих ускорений и вращений спутников в зависимости от величины 
трения в зоне контакта каждого манипулятора со SwissCube и степени жесткости пальцев захвата. Показано, что 
расчеты по матричной модели и результаты имитационного моделирования не противоречат друг другу. Выявлены 
факторы, влияющие на процесс удерживания: величина трения в зоне контакта и гибкость пальца захвата.

Ключевые слова: Космический мусор, Многопальцевый захват, Процесс захвата, Гибкость, Контактное трение, 
Проектирование и разработка, Робототехника, Виртуальное моделирование прототипа, Низкая околоземная орбита, 
SwissCube.

Abstract. With the massive launching of spacecraft, more and more space debris are making the low Earth orbit (LEO) much 
more crowded which seriously affects the normal fl ight of other spacecrafts. Space debris removal has become a very urgent issue 
concerned by numerous countries. In this paper, using SwissCube as a target, the capturing of space debris with a spaceborne 
four-fi ngered gripper was studied in order to obtain the key factors that affect the capturing effect. The contact state between 
the gripper fi ngers and SwissCube was described using a defi ned contact matrix. The law of momentum conservation was used 
to model the motion variations of the gripper and SwissCube before and after the capturing process. A zero-gravity simulation 
environment was built using ADAMS software. Two typical kinds of capturing processes were simulated considering different 
stiffness of fi ngers and different friction conditions between fi ngers and SwissCube. Comparisons between results obtained with 
the law of momentum conservation and those from ADAMS simulation show that the theoretical calculations and simulation 
results are consistent. In addition, through analyzing the capturing process, a valuable fi nding was obtained that the contact 
friction and fi nger fl exibility are two very important factors that affect the capturing result.

Keywords: Robotics, Design and Development, Contact Friction, Flexibility, Capturing process, Multi-fi ngered Gripper, Space 
Debris, Virtual Prototype Development, Low Earth orbit, SwissCube.
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1 Introduction

Space debris is the collection of defunct man-
made objects in orbit around the Earth, 
which includes old satellites, spent rocket 
stages, fragments, erosion, and collisions, et 

al [1]. A lot of space debris has been generated during 
the past 60 years of human space activities. Most 
of the space debris spreads within the Low Earth 
Orbit (LEO) region, resulting in the density of space 
debris on orbit is approaching the safety threshold 
[2,3]. It is well recognized that the existence of 
space debris seriously threatens the safety of human 
space activities and the orbiting spacecrafts, so it 
is essential for the whole world to remove the LEO 
space debris.

The space environment is very complex with 
micro-gravity, high vacuum, strong radiation and 
weak illumination. Space debris belongs to non-
cooperative target and has different shapes and 
sizes.

It’s signi icantly challenging to capture and 
remove space debris. Space agencies in many 
countries have proposed some projects and plans 
on space debris removal, which can be broadly 
categorized as follows: 1) “Robotic Arm & Gripper”, 
such as the FREND project [4], the DEOS and the EPOS 
project [5] and the e.Deorbit project [6]; 2) “Flexible 
Net”, such as the e.Deorbit project [6]; 3) “Harpoon”, 
such as the e.Deorbit project [6]; 4) “Electro-dynamic 
Tether”, such as the ProSEDS plan [7]. Some other 
methods have also been proposed and studied, such 
as the laser method [8], etc.

Although many studies have been done on space 
debris removal, however, to ind a safe, reliable and 
ef icient method still has a long way to go.

In order to explore and verify the key technologies 
of the LEO space debris removal, EPFL (École 
Polytechnique Fédérale de Lausanne) and Swiss 
Space Center proposed the “CleanSpace One, CSO” 
plan [9,10]. Based on the information communicated 
with EPFL, we have studied the capturing of target 
SwissCube with a four- ingered spaceborne gripper in 
order to check the reliability and factors in luencing 
the grasping scheme.

2 Spaceborne gripper capturing scheme

2.1 Brief introduction of SwissCube
The capturing target SwissCube was launched 

in 2009 by Swiss Space Center. Some of its main 
characteristic parameters are provided in Table 1. 
It was originally designed working for 4-12 months, 
however, it has been working for over 7 years to date. 
Some components have begun to age and therefor it 
is chosen as the experimental target to remove from 
the orbit [9].

2.2 Spaceborne gripper capturing system
In this paper, we studied a spaceborne gripper 

system that regards SwissCube as the target for 
capturing. Compared with the f lexible net and 
other removal methods, this gripper capturing 
system can conduct the capturing and releasing 
process more easily, and it can repeat the removal 
tasks.

Table 1
Characteristics of SwissCube

Parameters Values

Dimensions (Length ˣ Width ˣ Height) / mm ˣ mm ˣ mm 113.50 ˣ 100.00 ˣ 100.00

Mass / kg 1.00

The maximum rota  on speed / deg·s-1 50.00

The maximum moment of iner  a / kg·m² 2.45 ˣ 10-3
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According to the robot grasping theory, the 
number of ingers is typically greater than or equal to 
three. Because the cracks between ingers are larger 
of the three- ingered gripper, the possibility of target 
escape is larger. The structure of the ive- ingered 
gripper is complex and dif icult to control.

Therefore, considering factors such as structural 
complexity, grasping stability and others, we select 
four- ingered gripper as the spaceborne capturing 
device scheme. The gripper is composed of a base 
and four arc-shaped ingers. The gripper can adjust 
its own posture according to the moving state of 
SwissCube by controlling the closing and opening 
of the ingers, the gripper can realize the capturing 
and releasing of the target. As we mainly focus on the 
capturing process, we just consider the system model 
comprising mother-satellite, spaceborne gripper, and 
SwissCube.

3 Modeling and analysis of the capturing process

The spaceborne capturing system will be nearly 
on the same orbit as the SwissCube after completing 
the tracking and closing steps. The angular velocity 
diff erence around the Earth could be ignored.

When the distance between the capturing 
system and SwissCube is small, the linear speed 
diff erence between the two objects could be also 
neglected. Therefore, the inal capturing process 
could be simpli ied as one where a spaceborne gripper 
captures SwissCube in a zero gravity environment.

3.1 Description of the contact status
Fig. 1 shows the grasping model. SwissCube has 

two antennas, six feature planes, and twelve diff erent 
edges. When the ingers contact with SwissCube, 

Figure 1. The grasping model 
of spaceborne gripper capturing SwissCube.

contact forces will be applied on SwissCube through 
the contact points and a group of point contact 
constraints will be formed. The maximum number 
of contact points between one inger and one edge 
of SwissCube is two.

We de ined a contact matrix M Fi, Lj to describe the 
contact status among ingers and SwissCube

      (1)

Where,  represents the ith inger of the gripper, 
=Fingeri;  represents the jth edge of SwissCube, 

     
     
   denotes the contact status 

between the ith inger and the jth edge. If the ith 
inger contacts with the jth edge,  else, 

 When SwissCube is moving in the envelope 
region, diff erent contact points will be formed and 
contact matrix  will be diff erent.

3.2 Theoretical analyses of the capturing process
The complex contact and collision can be seen as 

an impulse eff ect. We de ined a contact force matrix 
 to describe the contact forces between the 

ingers and SwissCube,

       (2)

Where,  denotes the contact force between 
the ith inger and the jth edge of SwissCube. If the ith 
inger contact with the jth edge,  and  

else,  and 
In t he space env ironment , on t he l inear 

momentum and angular momentum of the whole 
system are both constants. We can utilize the law 
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of momentum conversation to analyze the motion 
variation of the system before and after the capturing 
process. The initial linear momentum and the angular 
momentum of the whole system are shown in Eq. 4 
respectively.

           (3)

  (4)

Where  and  denote the linear and angular 
momentum of the mother –satellite  with gripper 
respectively, ,  and  denote to mass, the line 
speed, and the radius vector of each corresponding 
components. , , ,  and  denote the linear 
momentum, the angular momentum, the mass, 
the line speed and the radius vector of SwissCube 
respectively.

The initial line speed and angular velocity of 
the mother-satellite are both set to 0. the initial line 
speed and angular velocity of each inger are set to 0 
and .Thus,  and 

 
, 

where,  and  denote the inertia moment of each 
inger and that of SwissCube respectively. Since the 

four ingers are even-distributed along one circle, so 
, and .

We use  and  to denote the inal linear and 
angular momentum of the whole system respectively. 
According to the law of momentum conversation, the 
following equation is obtained, 

                     (5)

The inal linear speed is zero, , and the 
inal angular velocity  is shown in Eq. 6.

  
(6)

Where ,  and  denote the angular 
velocity about the axes x, y and z respectively,  
denotes the inertia moment of the whole system 
including SwissCube.

We use t he fol low ing values to w x plane 
t he changes before and af ter t he c apt ur ing 
pr o c e s s ,  n a mel y,  ,   , 

 (s h o w n  i n  Ta b l e  1) , 
,  .  Thus, we 

can obtain the following results,  and 
.

It indicates that if the gripper can capture 
SwissCube successfully, the gripper, the mother-
satellite and SwissCube will rotate about their 
common axis at a same small angular velocity 
together.

4. Simulation and analysis of the capturing 
process

ADAMS software was used to build a zero-
gravity simulation environment, some parameters 
are set as follows: the mass of the mother-satellite 
and SwissCube are 30kg and 1kg respectively, the 
initial angular velocity of SwissCube is 50 deg/s. If 
the contact belongs to frictionless point contact, it is 
dif icult to capture SwissCube successfully. We mainly 
focus on the other two typical capturing cases with 
diff erent stiff ness of ingers and diff erent friction 
conditions. In order to display the simulation results 
conveniently, we adopt the following abbreviations: 
MS-Microsatellite, SC-SwissCube, PPosition, V-Velocity, 
A-Acceleration, AV-Angular Velocity, AA-Angular 
Acceleration.

4.1 Simulation and analysis of “Rigid ingers & 
Contact friction”

Fig. 2 and Fig. 3 show the motion variations of 
the mother-satellite and SwissCube after capturing 
when the acting force is a force with friction. From 
these igures, we can ind that when the ingers irst 
contact with SwissCube, the mother-satellite has a 
notable acceleration, its line speed reaches a high 
value in a short time and then gradually decreases 
to zero. The mother-satellite deviates from its 
initial position slightly and then gradually returns 
to the initial position. The inal angular velocity 
of SwissCube and the mother-satellite will be a 
same smaller one (≈0.2 deg/s) about their common 
equivalent axis. These results are consistent with 
those obtained from the theoretical analysis. Finally, 
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Figure 2. Motion variations of mother-satellite

Figure 3. Motion variations of SwissCube

(a) Initial state     (b) After capturing

Figure 4. Capturing result with contact friction and the ingers are rigid
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Figure 5. Motion variations of mother-satellite

Figure 6. Motion variations of SwissCube

the angular acceleration will eventually be zero. The 
gripper can capture SwissCube successfully.

Fig. 4(a) shows the initial state of the whole 
system before capturing. When the contact belongs 
to point contact with friction, some kinetic energy of 
SwissCube could be “consumed” and converted into 
other forms of energy. SwissCube moves and rotates 
in the envelope region formed by the ingers and it 
gradually reaches a stable state (see Fig. 4(b)). As there 
exists motion coupling between the mother-satellite 
and SwissCube, the inal angular velocity of SwissCube 
and the mother-satellite will be not zero, but a same 
smaller one about their common equivalent axis.

4.2 Simulation and analysis of “Flexible ingers & 
Contact friction”

In this section, we’ll explore the capturing 
characteristic of the system when the ingers are 
lexible bodies and there exists contact friction 

between ingers and SwissCube. It means that the 
rigid ingers are converted to elastic bodies using 
FEA software and replaced by lexible ingers in 
ADAMS software. Thus, a whole system consists 
of rigid parts and lexible ingers is built. Flexible 
ingers can deform under force. The contact between 

the ingers of the gripper and SwissCube also belongs 
to point contact with friction.
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When the simulation is completed, we get 
the motion variations of the mother-satellite and 
SwissCube (shown in Fig. 5 and Fig. 6). Because 
there exists motion coupling between the ingers 
and SwissCube, the mother-satellite deviates from 
its initial position slightly at a small line speed and 
it rotates about its own axis. Through comparing 
with the motion variations of the mother-satellite 
and SwissCube when the ingers are rigid bodies, 
we can ind that the lexible ingers can make the 
capturing process more smooth and continuous 
than the rigid ingers, and the whole system can 
reach a stable state more quickly. This is because 
when the ingers are lexible bodies, some kinetic 
energy of SwissCube could be «consumed» and 
converted into other forms of energy, so the 
mothersatellite and SwissCube can reach the co-
speed (≈ 0.2 deg/s) rotation state more smoothly 
and quickly.

5 Conclusions

In this paper, we studied the capturing process 
and its in luencing factors when a four- ingered 
spaceborne gripper captures a target space debris 
SwissCube. We can conclude the following:

1. Considering the structural complexity, control 
dif iculty, grasping stability and other factors, the 
four- ingered gripper is an ideal capturing device 
scheme. If this spaceborne gripper can approach the 
approximate capturing region, it can capture the 
space debris target successfully.

2. Contact friction is an important and essential 
factor aff ecting the space debris capturing eff ect. It’s 
helpful to “consumed” the kinetic energy of the object 
and converted it into other forms of energy. When 
designing a capturing device, the contact friction 
should be considered.

3. The lexibility of inger is another signi icant 
factor aff ecting the capturing eff ect. Flexible ingers 
have better performance than rigid ingers, it’s helpful 
to make the capturing more smooth and quickly. 
When designing a capturing device, the lexibility of 
the gripper should be taken into account.
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