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ABSTRACT
The ESA-funded ASSIST project is an activity to
develop a European standard for enabling
geostationary satellites to be grasped and refueled in
orbit. The standard describes both, the grasping and
maintaining tool typically mounted on a robotic arm of
the servicing spacecraft as well as the berthing fixture
mounted on the client spacecraft’s outer surface.
The design process of this docking mechanism is
supported by extensive simulation campaigns. They
are performed using a Matlab/Simulink-based
kinematics and dynamics simulator, originally
developed for GNC purposes and now extended by
multi-body simulation capabilities. The included
contact dynamics model is utilizing the docking tool’s
CAD design data for providing docking simulations at
highest level of fidelity. The preliminary system
design process was supported by simulation-based
guidelines and the latest design version is verified by
Monte Carlo simulations regarding robustness.

Thus, the standard shall describe both, the docking and
maintaining tool typically mounted on a robotic arm of
the servicing spacecraft and the corresponding
berthing fixture to be mounted on the serviced
spacecraft’s surface. A preliminary design of the
docking mechanism is shown in Figure 1.
The design principle of the ASSIST docking
mechanism is based on a so-called “drogue cavity” at
the berthing fixture side and a “probe” at the docking
tool side. In the so-called soft-docking phase the probe
will be inserted into the drogue cavity while a
pantograph at the tip will be spread inside for
capturing the client spacecraft. Once the client is
grasped, a clamping collar is extended to establish a
rigid link between probe and adapter (hard-docking)
and to enable the probe to turn the client for final
retraction. In the final stage a well-established linkage
of mechanical, electrical and fluid couplings is carried
out. In Figure 2 the sequence of the docking steps is
illustrated.

1 INTRODUCTION
Within the project ASSIST (Harmonized System
Study on Interfaces and Standardization of Fuel
Transfer, [1]) ESA is pushing the development of a
European standard for enabling geostationary satellites
to be serviced in orbit. The readiness for servicing
implies that the client satellite is prepared to get
grasped, refueled and electrically linked for power
supply and data exchange.

Figure 1: ASSIST Docking Mechanism Design

Figure 2: Sequence of ASSIST docking procedure:
Probe Insertion (top), Hard Docking (middle), Fluid
Plane Translation (bottom)

In the current project phase a design aspect of
particular interest is the system’s capability to perform
the docking in a passive manner. In this context
passivity is considered as the ability of the system to
exclusively utilize the kinetic energy stored in the
approaching servicer spacecraft to perform the soft
docking without any further control intervention,
neither by thrusters nor by reaction wheels. This can
be an issue if the approach velocity is too low to
trigger the soft-docking action or if the approach of
the servicer spacecraft is not perfect due to lateral and
angular misalignment of the probe axis with respect to
the drogue cavity axis. In the latter case the probe tip
will hit the conical inlet of the drogue cavity and the
entire system has to provide sufficient self-guiding
capabilities in order to let the probe pass the drogue
cavity throat and to successfully finish the probe
insertion.
The provision of design guidelines and the verification
of the docking mechanism regarding its capability for
passive docking are the major goals of the
accompanying
simulation
campaigns.
The
corresponding modeling activities and simulation
results are introduced in the following chapters.

2 SYSTEM SIMULATOR
The simulator used for system design verification is a
Matlab/Simulink-based development environment for
GNC (GNCDE) [2] that provides models for guidance,
navigation and control as well as models for relevant
space environmental disturbances on the orbiting
satellite systems. An overview of the simulator is
given in Figure 3.

Figure 3: Overview of the ASSIST system simulator
Inside the GNCDE a multi-body dynamics system
kernel is implemented that provides
•
the equation of motions for the mechanical parts
implemented in the ASSIST docking mechanism,
•
the connecting joints for defining the kinematics
tree of the docking mechanism,
•
the springs and dampers, for representing the
mechanical compliance as needed and
•
the contact dynamics models to consider the
dynamics interaction when body surfaces get in
physical contact during docking.
Figure 4 gives a comprehensive overview of the multibody system considered for ASSIST system
verification. It shows in particular

•
•
•
•
•

the bodies, respectively the rigidly linked body
assemblies involved (red),
the locations of joints and their respective
degrees of freedom (blue),
the locations of spring suspensions (orange),
motorized body actuators (gray) and
the locations of potential contact dynamics
interactions during system operation (green).

Figure 4: Overview of the ASSIST Simulator’s MultiBody Dynamics System

3 CONTACT DYNAMICS MODEL
The contact dynamics models are key elements for
realistic docking simulations with physical contact of
the docking mechanism’s surfaces. They compute
contact forces and torques to be fed back into the
multi-body system’s equations of motion in order to
enhance the fidelity of motion prediction and system
verification capabilities. For each pair of surfaces that
are potentially contacting each other during the
docking operation, an independent contact dynamics
model is implemented within the multi-body system.
The contact surface pairs of the ASSIST docking
system (Figure 1) are listed in Table 1.
Servicer Side
Pantograph
Bumper
Collar
Alignment pins at
end-effector head
Fluid couplings at
end-effector head

Client Side
Drogue cavity
Drogue cavity
Drogue cavity
Alignment holes at
client adapter
Fluid couplings at
client adapter

Quantity
1
1
1
3
3

Table 1: Contact Surface Pairs of the ASSIST System
In order to provide a seamless integration of the
contact dynamics model into the overall system
simulator the model algorithm is implemented as a
regular force routine. This type of routines computes
forces and torques to be applied at both bodies
involved as function of a) these bodies’ motion states
and b) a set of dynamics parameters.

3.1 Contact Model Interfaces
Taking into account that the model has to work in 3D
within systems of six degrees of freedom, the routine’s

input arguments (Simulink block input port signals)
are the two motion states S of the contact body
reference frames according to (1).
=
Si {r, v, ω, A}i ; i ∈ {1, 2}
(1)

A full motion state is described by the position
vector r, the linear velocity vector v, the vector of the
angular rate ω and the attitude matrix A. The output
arguments (Simulink block output port signals) are the
bodies’ contact dynamics descriptors C according to
(2).
=
Ci {T, F}i ; i ∈ {1, 2}
(2)
A contact dynamics descriptor includes the contact
torque vector T and force vector F to be applied to the
same body reference frames as used for the description
of the corresponding motion state S .

3.2 Contact Model Parameters
The parameters of the contact dynamics routine can be
grouped in two blocks: The description of the contact
surface topology and the description of the contact
dynamics properties.
Contact Surface Description
According to the design verification task the contact
model has to be able to consider the actual shape of
the body surfaces as precise as possible. This is
particularly important for assessment of small design
changes and their impact on the docking performance.

Therefore, a substitution of the surface shapes by
surface primitives for fast computations is not possible.
For the ASSIST project the contact surfaces are
directly derived from the CAD drawings. A general
method for using CAD data in contact dynamics
context is introduced in [3]. However, taking into
account that all contact surfaces of the ASSIST system
can be classified as rotationally symmetric, an
approach that was successfully applied in [4] and [5]
is considered to be more appropriate and finally
applied with minor modifications for ASSIST as well.
In the selected method the contact detection is based
on a point cloud to profile mapping principle,
implying that
•
one body surface description is given by the axial
cross-section profile (Figure 5, step 3), denoted
by Body A and
•
the other one by a point cloud of surface vertices
(Figure 5, step 5), denoted by Body B.
In practice for each body surface both, the profile and
the point cloud is computed in order to avoid
restrictions at contact model setup. In Figure 5 the
sequence of generating the contact surface
descriptions from CAD data is illustrated for the inner
surface of the drogue cavity. The CAD data (1) are
typically given in STEP format. After rendering the
surface (2) one obtains the surface given as collection
of triangular facets with vertex positions expressed in
Cartesian coordinates. By transformation from
Cartesian to cylindrical coordinates (3) the surface
appears as its own axial profile. In Figure 5 only the
individually relevant part of the surface profile is
highlighted. In this stage the profile can be
interpolated (4) according to the required resolution.
In the last step (5) the point cloud (mesh vertices) of
the surface can be generated by rotating the profile
around its axis. In this step the angular resolution,
respectively the density of the surface point cloud, can
be also individually adjusted.
For completeness sake, each cloud point p which is
representing a discrete part ΔA of the surface is
associated with a local surface normal vector n.
Moreover, the entire surface is classified as convex or
concave, which is relevant for correct handling at
contact dynamics computation.
Contact Surface Properties
The dynamics properties for a surface contact are
basically described by three parameters:
1) the areal stiffness coefficient c,
2) the nominal areal damping coefficient d0 and
3) the nominal Coulomb friction coefficient μ0.
Applying the approach of the elastic surface layer
theory, c is described by
1 −ν
E
=
c
⋅
(3)
−
ν
−
ν
1
1
2
( )(
) b

Figure 5: Derivation of Contact Surface Profile and
Surface Point Cloud from CAD Data

where E denotes the Young’s modulus of the surface
material, ν the Poisson ratio and b the effective elastic
surface layer thickness, respectively.

In practice two further parameters are added: The first
one is the damping transition depth threshold s0. It
splits the ranges where the actually applied damping
coefficient d is a function of the surface penetration s
and where it is kept constant according to (4).
s
 d 0 ; s < s0
d =  s0
(4)
 d ; s≥s
 0
0
The second one is the threshold v0 of the shear
velocity vt. It is required to compute the actually
applied friction coefficient μ for the regularized
friction model, given in (5).
 vt
 µ 0 ; v t < v0
µ =  v0
(5)
 µ ; v ≥v
t
0
0


3.3 Contact Dynamics Algorithm
The algorithm of the contact dynamics model consists
of three major parts executed at simulation runtime.
The collision detection together with definition of the
contact patches on the contact surfaces, the
computation of the relative kinematics at the contact
patches and finally the computation of the contact
forces that are generated at the contact patches and to
be applied at the contact bodies for updating their
equations of motion.
Collision Detection
Within the collision detection part the algorithm
analyzes if the surfaces provided as model parameters
are locally interpenetrating, respectively are in contact.
If yes, the algorithm identifies the possibly multiple
patches where contact exactly takes place (see Figure
6, left). For this purpose the point cloud vertex
positions of Body B are mapped onto the profile of
Body A. Therefor the reference frames of both bodies
are first transformed according to their individual
motion states (1) at simulation runtime. Since both
motion states are given in the same (inertial) reference
frame, they can consequently be used to compute the
relative motion state of Body B versus Body A. The
components of a relative motion state are the same as
the components of the absolute motion state
introduced in (1). The relative position r and the
relative attitude A are then used to transform the point
cloud vertex coordinates p into the profile reference
frame by
p′= r + Ap
(6)
in order to make both surfaces geometrically
comparable. For collision detection the point cloud
coordinates p´ are transformed from Cartesian (x,y,z)
to cylindrical reference frame coordinates (r,ϑ,z) as
shown in Figure 6, right. Using just the r- and zcomponents of the cylindrical coordinates, a cloud
point’s radial distance dr to the profile function can be
computed by
dr= r − profile ( z )
(7)
and its location can be categorized by “inside” or

“outside” of the profile which is equivalent to “in
contact” or “not in contact” (or vice versa depending
on the convexity of the surface described by the
profile).

Figure 6: Collision Detection Using Point Cloud-toProfile Mapping Technique
All point cloud vertices that are classified as “in
contact” (see marked vertices in Figure 6, right) form
the contact patches in the Cartesian space. Further
computation steps of the algorithm are then only
applied to these parts of the body surface.
Contact Kinematics
For computation of the contact dynamics details the
kinematics conditions at each individual contact vertex
of the contact patch need to be known. From contact
detection the quantities, which are functions of the
contact bodies’ relative motions, are already known:
•
The radial penetration distance dr between
contact vertex and profile,
•
the relative velocity vector v of the contact vertex
and
•
the azimuth angle ϑ of the cylindrical
coordinates.

Figure 7: Relative Kinematics Conditions at an
Individual Contact Point
Since the surface normal vector of the contact vertex
and implicitly the attitude of the corresponding
tangential plane are known model parameters (see
Figure 7, red items), all further kinematics details
needed (see Figure 7, black items) for contact
dynamics computation, i.e.
•
the normal component of the contact velocity vn,
•
the tangential component of the contact velocity
vector vt and

•
the contact vertex penetration depth s
can be derived in a straight forward manner according
to (8).
vn =
n ⋅ v; n =
1

n × (n × v)
vt =
t ⋅ v; t =
n × (n × v)

(8)

s= n ⋅ ( dr cosϑ dr sin ϑ 0 )
In these equations t denotes the projection of the
velocity vector onto the tangential plane and defines
the shear velocity direction.
T

Contact Forces
The local contact force at a contact point of a surface
is a function of the normal stress σ and the shear stress
τ. Using the model parameters and kinematics
variables introduced above, σ and τ yield:
s= cs + dvn
(9)
τ = µs
Then, the discrete contact force vector f applied to the
contact vertex is given by (10):
f = (σ n + τ τ ) ∆A
(10)
The total contact force F and torque T to be applied to
the body reference frame of Body B is computed as
sum of all n discrete components on the contact patch
according to (11):

=
F

n

n

; T ∑(p
∑f =

i
=i 1 =i 1

i

× fi )

4.1 Overall System Design Verification
Even if a completely rigid design of the end-effector
head would be advantageous from the robustness point
of view, a mechanical compliance is inevitable to
provide shock attenuation if servicer and client get in
contact and to let the tip of the end-effector
successfully be inserted into the drogue cavity, even
under misaligned approach conditions. From the
construction point of view the preferred integration
location for the compliance components would be at
the tip of the end-effector. Then the actuation concept
for all driven components could remain the same.
However, the results of extensive simulation
campaigns have guided the design evolution process
in a different direction, in particular with one crucial
design guideline:
•
The probe, i.e. the part of the end-effector that
has to grasp the drogue cavity for soft-docking,
shall be mechanically separated from the rest of
the end-effector by a joint.
•
The type of joint, its location and its room to
move shall provide enough compliance to let the
probe compensate at least the maximum expected
lateral approach misalignment.
•
For definition of the probe position the joint shall
be suspended by a soft spring.

(11)

On Body A the corresponding cut-reaction forces and
torques have to be applied. F and T are the
components of the contact dynamics descriptor C
introduced in (2).

4 DOCKING SIMULATION RESULTS
The docking simulations of the latest ASSIST project
phase are performed using the system simulator
introduced in paragraph 2 for verification of the
passive docking method. In particular, the simulations
shall support the assessment if the proposed docking
mechanism is appropriate to successfully finalize the
soft-docking (see Figure 2, top) using just the initial
kinetic energy of the approaching servicer system.
Criterion
Servicer mass
Client mass
Lateral approach misalignment
Angular approach misalignment
Approach velocity

Variation Range
2000 – 4000 kg
1800 – 4200 kg
0 – 0.02 m
0° - ± 11.3°
0.005 – 0.05 m/s

Table 2: Variation Ranges of System and Operational
Parameters
The desired robustness is defined by the expected
variation ranges of system and operational parameters
as given in Table 2. The simulation activities are split
in two parts: the overall docking tool design and the
tuning of the parameters at the selected design.

Figure 8: Latest ASSIST System Design of the Probe
Used for Dynamic Testing
This guideline prevents that significant energy
exchange will take place between servicer and client
systems during the probe insertion phase and that the
servicer will just bounce back from the client in a
billiard-like manner. Springs and dampers only at the
tip would just extend the time of the “billiard game”
and would dissipate the kinetic energy required to
finalize the probe insertion. The latest ASSIST endeffector design considers the simulation results by
separation of pantograph and pantograph shaft by a
2 DoF universal joint that is suspended by a
corresponding spring. This solution provides the
lateral compliance needed and following the shock
attenuation system at the tip can be reduced to an
axially movable bumper. In Figure 8 the probe
manufactured for the ASSIST dynamic model is
shown.
In Figure 9 the sequence from one of the docking
simulations utilized for design verification and system
parameter tuning (see next paragraph 4.2) is shown,

exemplarily. Figure 10 gives an impression of the
corresponding contact forces applied to the bumper
and the pantograph during this simulation.

1

2

4.2 System Tuning and Robustness Tests
After definition of the general structure of the docking
mechanism design the tuning of the system regarding
operational robustness gets in the focus of the
verification process. The particular tasks are
•
the tuning of the springs used to suspend the axial
bumper joint and the angular pantograph joint
(see Figure 4 and Figure 8) and
•
the estimation of the available time to open the
pantograph from the closed configuration used
for insertion (see Figure 2, top) to the spread
configuration used for soft-docking (see Figure 2,
middle).
The opening time range starts when the bumper hits
the first time the semispherical ground of the drogue
cavity (Figure 9, between step 3 and 4) and ends when
the center of the pantograph, i.e. the location where
the pantograph has its maximum diameter, enters the
drogue cavity throat in reverse direction (Figure 9,
step 5) after re-bouncing. Actually, steps 6 and 7 as
shown in Figure 9 will not appear with the real
ASSIST system at successful finalization of the softdocking phase.

3

4

5

6

Figure 10: Applied Contact Forces at Bumper and
Pantograph during Simulation
Criterion
Linear bumper spring stiffness
Angular pantograph spring
stiffness

7
Figure 9: ASSIST Docking Simulation Sequence
Total Simulation Time = 12 s, Sampling Step = 2 s

Variation Range
180 – 1800 N/m
0.1 – 10 Nm/rad

Table 3: Variation Ranges of Spring Parameters
Monte Carlo Simulations
For identification of suitable spring stiffness
parameters a Monte Carlo simulation campaign with
500 simulations has been conducted using the model

5

Exponent = 4

4

Exponent = 5
Exponent = 6

3

Linear Spring
Ref. Compression

2
1
0

0

0.2
0.4
0.6
0.8
Normalized Spring Compression [s/s 0]

1

Figure 11: Exponential Spring Characteristics at
Different Exponents

Available Pantograph Operation Time [s]

Since the real springs have to provide both, flexibility
around the equilibrium point and protection from
reaching the hard end stops of the corresponding
joints, the spring models used in the simulations have
exponential,
compression-dependent
stiffness
characteristics (see Figure 11) according to (12).
e
  s
 
Spring

cSpring=
(12)
 
( sSpring ) cSpring ,0 1 +  s

Spring , ref 



Here, cSpring,0 denotes the initially given spring
stiffness according to Table 3 at zero-compression,
sSpring the spring compression, sSpring,ref the user defined
compression where the stiffness has reached the
double of the initial value, and e the selected
exponent, respectively. For the ASSIST scenario an
exponent of e = 4 was found to be suitable to cover all
scenarios of the Monte Carlo simulation campaign.
8
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Figure 12: Sensitivity Regarding Approach Velocity
In Figure 12 to Figure 14 the results from the Monte
Carlo simulations are presented. Here, the 500
individual simulation results are post-processed
regarding sensitivity of the available pantograph
opening time (time for soft-docking) regarding
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Figure 13: Sensitivity Regarding Satellite Mass
(Top: Servicer Mass; Bottom Client Mass)
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variations of parameters given in Table 2. Apart from
the expected sensitivity regarding the initial approach
velocity (Figure 12) the available opening time does
not explicitly depend on any other parameter.

Available Pantograph Operation Time [s]

0

Normalized Spring Stiffness [c/c ]

introduced in paragraph 2. At simulation setup the
parameters listed in Table 2 as well as the spring
parameters according to Table 3 are randomly varied
within the given variation ranges. In this stage, where
the tuning of the spring parameters is one of the tasks
to be solved, the definition of the spring stiffness
parameter in Table 3 is a first estimated solution.
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Figure 14: Sensitivity Regarding Approach
Misalignment (Top: Lateral; Bottom: Angular)
Nevertheless, in Figure 13 to Figure 14 one can easily
identify a band between 1 s und 2 s over the entire

variation ranges where the majority of simulations
results belongs to. This band is equivalent to the
results in Figure 12 in the velocity range greater than
0.02 m/s. Thus, another system design guideline that is
derived from simulations (in addition to 4.1) is the
requirement to make the pantograph control fast
enough to open the device within at least one second
up to a diameter that prevents the probe from reversely
entering the drogue cavity throat after passing it.
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ASSIST docking system design process are described.
The results of the simulations are utilized as design
guidelines for the kinematics of the docking tool, for
integration and sizing of flexible components within
the tool and for operational and control considerations.
In the next phase of the ASSIST project a down-scaled
breadboard of the docking mechanism will be built
and experimentally tested and verified at the air
bearing table facility of NTUA Department of
Mechanical Engineering (Prof. E. Papadopoulos),
Athens. The experimental results will also be utilized
to update and validate the models introduced in this
article. After validation the models will again be used
for advanced dynamics predictions of the originally
sized space system.
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Figure 15: Mapping of Spring Energy to Linear
Spring Stiffness at given Compression Range.
Top: Bumper Spring, 12.7 mm Compression Range;
Bottom: Pantograph Spring, 5° Compression Range
Further useful outputs from Monte Carlo simulations
are the guidelines for realistic spring stiffness
estimation. Even if the characteristics of the spring
models used in simulation (see Figure 11) do possibly
not correspond to the real ones, one can take the
maximum energy stored in the springs during docking
as a measure to select a spring with different
characteristics that is able to store the same amount of
energy at their maximum possible compression.
Figure 15 shows the maximum spring energy recorded
at each individual simulation in the left diagrams for
bumper and pantograph springs. In the right diagrams
the required spring stiffness parameters supposing
linear spring characteristics are plotted. These springs
would be appropriate to store the expected energies at
design-given maximum spring compressions; in this
application 12.7 mm for the bumper spring and 5° for
the pantograph spring.

[1] Medina A., Tomassini A., Suatoni M., Avilés M.,
Solway N., Coxhill I., Paraskevas I.S., Rekleitis G.,
Papadopoulos E., Krenn R., Brito A., Sabbatinelli B.,
Wollenhaupt B., Vidal Ch., Aziz S., Visentin G.;
(2015) “Towards a Standardized Grasping and
Refuelling On-Orbit Servicing For GEO Spacecraft”;
66th Int. Astronautical Congress, 12-16 Oct 2015,
Jerusalem, Israel.
[2] Gandía F., Paoletti A., Tomassini A., Sagliano M.,
Ankersen F.; (2011) “GNCDE: Exploiting the
Capabilities of Development Environments for GNC
Design”; 4th Int. Conference On Spacecraft Formation
Flying Missions & Technologies (SFFMT), 18-20
May 2011, St. Hubert, Quebec, CA.
[3] Hippmann G.; (2003) “An Algorithm for
Compliant Contact between Complexly Shaped
Surfaces in Multibody Dynamics”; ECCOMAS
IDMEC/IST 1-4 July, Lisbon, Portugal.
[4] Krenn R., Landzettel K., Kaiser C., Rank P.;
(2008) Simulation of the Docking Phase for the SmartOLEV Satellite Servicing Mission; 9th International
Symposium on Artificial Intelligence, Robotics and
Automation in Space, 25-29 Feb 2008, Los Angeles,
CA, USA.
[5] Krenn R., Landzettel K., Blommestijn R.; (2006)
Contact Dynamics Simulations for ConeXpress
Docking Maneuvers; 9th Int. Workshop on Simulation
for European Space Programmes - SESP 2006, 6-8
Nov 2006, Noordwijk, The Netherlands.

