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ABSTRACT This paper proposes an adaptive control scheme for capturing uncooperative space debris
having uncertain inertial parameters. Debris parameters may be unknown or uncertain due to limited data or
changes in orbit due to collisions. To address this challenge, the proposed scheme integrates an inertial
parameter identification law with the impedance control strategy of FlexeS (Flexible Capture System).
During the pre-capture phase, motion data is utilized to identify the debris’ center of mass (CM), leading
to the optimal capture point that minimizes impact moments. During contact, the impedance-controlled
actuator(s) is(are) activated while the scheme concurrently provides accurate estimates of the debris mass
and inertia, enabling the updating of controller gains and thus ensuring sufficient contact time for successful
capture. Hence, the proposed adaptive scheme allows FlexeS to handle the debris parameter uncertainties.
The simulation study demonstrates the scheme’s effectiveness and necessity. The performance of the
proposed adaptive scheme is compared with a non-adaptive scheme. The results affirm the superiority of
the adaptive scheme in achieving successful soft capture of uncooperative debris in the presence of mass and
inertia uncertainties and highlight its potential for future space debris mitigation missions.

INDEX TERMS Orbital robotics, active space debris removal, robotic capturing mechanism, uncooperative
debris, gecko adhesive pads, CubeSat, FlexeS.

I. INTRODUCTION
In the vast expanse of the space environment, the number
of space debris of various origins have been dramati-
cally increasing [1], [2], [3], [4], [5]. Space debris an
escalating threat to Earth’s orbital sustainability [4], [6],
[7], [8], [9], [10], [11], [12], [13], [14], [15]. Active
Debris Removal (ADR) missions have emerged as a pivotal
strategy to counteract this imminent hazard [16]. Capturing
mechanisms employed can interact differently with the
debris; an Energy-Transfer Classification (ET-Class) of them
was presented in [17]. For instance, the Impact Energy
Dissipation (ET2) class implies a capture with a decrease
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of energy at the first impact. In this class, among the
different strategies, the rigid [18], [19] and flexible [20],
[21], [22], [23], [24] robotic capturing mechanisms stand
out as the most promising ones for their reliability [25].
In our previous work [26], we propose the integration of
these two strategies into a unique concept. The proposed
hybrid-compliant system is custom-built to fit a CubeSat.
It incorporates active (with linear actuators and impedance
controller) and passive (revolute joints with torsional springs)
compliance to dissipate the impact energy, ensuring sufficient
contact time, and successfully capturing a broader range of
space debris.

An ADRmission consists of a succession of several crucial
phases, being the capturing phase the most crucial one.
In our previous work [26], we proposed a concept for the
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Capturing Phase. It includes three sub-phases: Pre-Capture
(Approach Guidance & Control), Soft-Capture, and Hard-
Capture; these are in charge of the approach preparation,
the impact absorption and stabilization, and the securing of
the debris attachment. During the soft capture phase, the
servicer satellite’s thrusters are turned on to approach the
debris and achieve the first contact. This first interaction
between FlexeS’ tip and the debris can potentially generate
substantial interaction forces. These forces may consequently
lead to an unsuccessful soft capture, primarily attributed to
the unintended separation of the systems. Hence, the first
impact between the capturing mechanism and the debris must
occur softly.

To address this challenge, our previous work [26] pro-
posed an impedance-controlled hybrid-compliant FlexeS.
Impedance Control (IC) stands out as a widely employed
control strategy, regulating the relationship between the
mechanism’s tip position and the impact force [27], [28].
IC gains can be calculated based on the contact time required
for soft capture and based on the knowledge of debris
mass. As it was shown, to target a vast range of debris
masses, FlexeS’ compliance, and thus, the IC gains, must be
adaptive.

Moreover, debris inertial parameters may be uncertain
due to limited data or changes in orbit due to collisions
with other debris causing fragmentation. To address this
additional challenge and perform the capturing task with high
accuracy, adaptive schemes are required. In [29], a strategy
for parameter identification and detumbling of a tumbling
target by a space manipulator is developed. The contact
force is utilized for identifying the target’s inertia parameters
and detumbling the target, and a unified hybrid impedance
control framework is applied to the space robot to track
the desired contact force and motion trajectory. In [30],
a methodology for online inertia parameters estimation for
space debris captured by a tethered system is presented.
It includes mass estimation during the post-capture phase,
mass estimation during the first half of retrieval, and
offsets and moments of inertia estimation during the middle
part of retrieval. In [31], an adaptive control algorithm to
produce manipulator motion with minimum disturbance to
the base after the capture of an unknown tumbling target,
and momentum-based inertial parameter identification, are
proposed. Hence, although references exist for adaptive
approaches in ADR missions, the current literature, to the
authors’ knowledge, lacks of adaptive schemes specifically
designed to ensure the successful soft-capture of space
debris employing a robotic capturing strategy, as defined by
ET-Class [17].
The novelty of the paper is based on the development of

an adaptive control scheme for capturing uncooperative space
debris in the presence of debris inertial parameter uncertainty.
The proposed scheme integrates the IC control strategy
employed by the ADR robotic mechanism presented in [26]
with an identification law that estimates the required debris
inertial parameters. From this point of view, the proposed

controller is tailor for FlexeS oriented ADR robotic mecha-
nism. During the pre-capture phase, the debris’ center of mass
is estimated using motion data, allowing the calculation of
the optimal capture point that minimizes impact moments.
During the contact, the impedance-controlled actuators of
the robotic mechanism are activated while accurate debris
mass is concurrently estimated. Controller gains are updated
during the capture phase, ensuring sufficient contact time
for the successful completion of soft capture using gecko-
adhesive pads. Gecko-adhesive pad’s adhesive property is
sensitive to contact time, so that the estimation of mass and
adapting the stiffness and damping coefficients accordingly
has crucial importance. Thus, the proposed adaptive scheme
allows FlexeS to handle debris with uncertainties in their
inertial parameters.

The structure of the paper is given as follows; The
capture phase, hybrid-compliant robotic capturing system,
soft capture process and system modeling are mentioned
in Section-II. Impedance control law, adaptive controller
gains and parameter identification law are given in Section-
III. Identification and adaptive control results are shown in
Section IV, and finally the conclusion is stated in Section-V.

II. SPACE DEBRIS CAPTURE
A. THE CAPTURING PHASE
An ADR mission consists of several phases, the capturing
phase being the most crucial. Mission failure and debris
generation can occur more easily during that phase, and the
consequences can be dramatic.

The Capturing Phase includes three sub-phases: Pre-
Capture, Soft-Capture, and Hard-Capture [26]; these are in
charge of the approach preparation, the impact absorption
and stabilization, and the securing of the debris attachment.
This paper focuses on the Soft Capture sub-phase. In this
sub-phase, the servicer satellite’s thrusters are turned on to
approach the debris and achieve the first contact. The first
impact between the capturing mechanism and the debris must
occur softly to ensure that the debris is not pushed away and
give enough contact time for the capture.

B. HYBRID-COMPLIANT ROBOTIC CAPTURING SYSTEM
The high demand for reliability while capturing uncooper-
ative debris requires compliant robotic systems. This paper
employs a hybrid-compliant robotic system for Soft Capture
developed at a conceptual level and presented in [26].
With passive and active compliance while fitting into a
CubeSat architecture, as displayed in Figure 1, this robotic
capturing system considers the capturing of uncooperative
small box-shaped debris in LowEarth Orbit (LEO). As shown
in Figure 1, the robotic system combines passive and active
compliant units, denoted as Passive Compliance Unit (PCU)
and Active Compliance Unit (ACU), respectively, to reduce
shocks, hard contacts, and residual vibrations and actively
control the contact time to avoid motion-reaction effects.

• The PCU has two main functions: to ensure a softer
impact with the debris and to adhere to the debris
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FIGURE 1. (a) FlexeS folded inside a 3U CubeSat. (b) Closeup of the system, including the ACU and the PCU.

surface, both preventing it from moving away. This unit
consists of flexible legs, spherical joints, and adhesive
pads.

• The ACU is directly linked to the PCU with a plate.
This unit consists of four linear actuators, all linked
with their base to a Force/Torque (F/T) sensor. Active
compliance is ensured thanks to the active control of the
linear actuators along the capture axis. Details about the
controller are presented in III-A. By actively changing
the stiffness of the ACU, it is possible to ensure a
sufficient contact time to actuate the other parts of the
ADR capturing process. This allows the system to target
a wider range of debris without fundamentally changing
its conceptual design.

C. SOFT CAPTURE PROCESS
The robotic system approaches the debris, translating in the
target’s axis. At this moment of the mission, the system is
fully deployed and ready to impact the debris as softly as
possible. The PCU is the part that arrives in contact with the
flat surface of the debris first, with its gecko adhesive pads
parallel to the debris surface.

As the contact is made, the flexible legs articulate naturally,
providing the first damping of the impact’s vibrations and not
being close to an elastic collision between the two entities

(where both momentum and kinetic energy are conserved).
The fixed stiffness of the PCU lets the legs articulate
while keeping in contact with the debris surface. The gecko
adhesive pads are not yet activated at the exact moment of the
impact. At this time of the process, the PCU is not the only
one acting; the ACU is also activated at the impact.

As soon as there is contact between the Soft Capture Unit
(SCU) and the debris, a force is exerted in the axis of the
capture on the ADR system’s tip. That force is fed into the
controller of the ACU. As a result, the electromechanical
linear actuators are put into action accordingly, reducing their
length, and thus providing another set of virtual springs and
dampers based on the contact’s force.

The amount of time in which the debris is in contact
with the tip of the capturing system, tc, of the Soft Capture,
can then be controlled. The action of passive and active
compliance is done within that time frame of tc seconds,
also giving the required theoretical time for the Adhesive
Activation to occur, which is essential to the mission’s
success. As the bond is created, the Hard Capture Unit
(HCU) is activated to reliably secure the debris to the servicer
satellite, ready for deorbiting. A too-short contact time will
not allow the gecko adhesive pads to activate themselves,
and the hard capture would not happen, leading to a mission
failure.
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FIGURE 2. Model of the hybrid-compliance.

D. SYSTEM MODELING
The robotic capturing system, consisting of a main body
(CubeSat) and the hybrid-compliant FlexeS for soft capture,
is modelled as a three-body equivalent system with masses
ms,me, and mc, as represented in Figure 2. ms is the mass
of the satellite, its position is denoted by xs. As the moving
part of the ACU’s actuators, the plate that separates ACU and
PCU, and the PCU’s upper legs are lumped into a second
rigid body with mass me; while the lower legs and the gecko
adhesive pads are lumped to a third rigid body having mass
mc. The CM positions of ms and me are denoted by xs and
xe, and the position of the mechanism’s tip is denoted by xc.
The debris is modelled as a rigid body of mass md, and the
position of the point on the debris that comes into contact with
the mechanism’s tip is denoted by xd.
Masses me and mc are connected through passive

compliance, with stiffness ks of physical length ls and
damping bs. Masses ms and me are connected through
impedance-controlled linear actuators that apply the com-
manded force Fa on the capture unit, allowing a translation
degree of freedom to be controlled. The impact force between
themechanism’s tip and the debris is denoted by Fi. All forces
are shown in Figure 2. The system equations of Figure 2 are
given in Eq. 1, Eq. 2, Eq. 3 and Eq. 4.

msẍs = –Fa (1)

meẍe = Fa + ks(xc – xe – ls) + bs(vc – ve) (2)

mcẍc = –Fi – ks(xc – xe – ls) – bs(vc – ve) (3)

mdẍd = Fi (4)

The state-space representation of the system given in Eq. 5.

dx
dt

= Ax + B1u + B2w (5)

A∈Rn×n is the statematrix in Eq. 6,B1∈Rn×r is the control
input matrix in Eq. 7 and B2∈Rn×p is the exogenous input
matrix in Eq. 8. Fi is modelled as the disturbance input, Fa is
modelled as the controller output.

A =


0 0 1 0
0 0 0 1

–ks/me ks/me –bs/me bs/me
ks/mc –ks/mc bs/mc –bs/mc

 (6)

B1 =


0
0

–1/me
0

 (7)

B2 =


0
0
0

1/mc

 (8)

where

x =


xe
xc
ẋe
ẋc

 (9)

u = Fa (10)

w = Fi (11)

III. ADAPTIVE CONTROL SCHEME
To effectively clear space debris, a servicer CubeSat must
execute a sequence of crucial tasks: final approach, FlexeS
deployment, and the capture phase of the ADR mission.
Having a hybrid-compliant robotic system demands the
development of the appropriate controller, particularly in
the presence of uncertainties. In this section, the aim is to
precisely control the interaction between the FlexeS’ tip and
contact force during the soft-capture phase. This is achieved
by implementing an impedance controller, which proves
valuable when dealing with uncertain or unknown debris
masses. To meet this challenge, the control law that relies
on model information, here the debris mass, is utilized in
conjunction with an identification law, ultimately resulting in
an indirect adaptive controller [32].

A. IMPEDANCE CONTROL LAW
For successful capture, the required contact time between
the FlexeS’ tip and the debris must be ensured; thus,
its adjustment is required. This adjustment is achieved
by altering the robotic system’s impedance. Therefore,
an impedance controller with tunable gains is employed.

Subsequently, the controller needs to be informed which
is the desired relation between the robotic system’s vari-
ables during impact i.e. the desired system’s behaviour.
The equation selected to describe this behaviour is called
impedance filter and is shown in Eq. (12), [33], [34].
It consists of three terms: one for the desired inertia mf to be
seen at the tip, one for the desired damping bf, i.e. the desired
relationship between contact force and tip’s velocity, and
one for the desired stiffness kf, i.e. the desired relationship
between contact force and tip’s displacement [27].

mf(ẍc – ẍs) + bf(vc – vs) + kf(xc – xs – lm) = –Fi (12)

The desired contact time of the FlexeS with the debris and,
thus, the success of capturing directly, can be realized by
tuning the mass, spring, and damper impedance parameters
mf, bf, and kf, respectively. Parameter lm in Eq. (12) is the
initial distance between mc and ms.

Combining the system equations of motion and the
impedance filter, then solving for the applied actuator force
by the impedance controller Fa required to achieve the desired
impedance behaviour, and selecting the impedance parameter
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FIGURE 3. Block diagram of the impedance control strategy for the soft capture of space debris.

mf equal to mc so that the actuator force Fa does not depend
on the impact force Fi [34], yields

Fa = kp(xs – xc + lm) + kd(vs – vc)

+
ms

mc
ks(xc – xe – ls) +

ms

mc
bs(vc – ve) (13)

where the controller’s gains kd,kp are given by

kp =
ms

mc
kf, kd =

ms

mc
bf (14)

The impedance control loop is shown as a block diagram
in Figure 3.

B. ADAPTIVE CONTROLLER GAINS
To calculate the gains based on Eq. (14), the impedance
parameters kf, and bf of Eq. (12)must be selected. The desired
spring and damper parameters of the impedance filter kf and
bf can be calculated as

kf =
mf

μef
km, bf =

mf

μef
bm (15)

where the desired mass parameter mf is equal to mc,
as Section III-A mentions, and μef is given by

μef =
mcms

mc + ms
(16)

The desired stiffness and damping coefficients km and bm
of the hybrid system’s equivalent compliance to ensure a
specific minimum contact time with a debris of specific mass
are selected based on the authors’ previous work [26]. Since
the debris mass may be uncertain for several reasons, the
parameter identification law in Section III-C identifies the
debris mass.

Using the impedance parameters mf, bf, and kf derived
based on the identified debris mass, the IC gains kp and kd
can be calculated based on Eq. (14).

C. PARAMETER IDENTIFICATION LAW
The proposed identification law is developed for implemen-
tation during the pre-capture and soft-capture sub-phases.
This method will focus on the observation of debris motion
and contact force. It employs a kinematic equation for
velocity and the impulse-momentum equation and collects
measurements before and during contact from a perception
system and a force sensor. Both are assumed to be part
of the robotic system. Using a least-squares algorithm, the
knowledge of the required debris inertial parameters is
obtained to become available to the control strategy for safe
and reliable capture of the debris.

1) IDENTIFICATION OF CENTER OF MASS
In this stage, FlexeS is already deployed. While it is
approaching the debris, it is assumed that a perception system
mounted on the robotic system tracks the 3D position of a
feature point on the surface of the debris.

An observation frame p is attached to a feature point P on
the debris, shown in Figure 4. For short experiment times and
neglecting microgravity and orbital mechanics effects, a local
frame that rotates at the orbital speed can be considered an
inertial frame i.
In this identification step, the required measurements to be

employed by the identification law are the linear velocity vp,
the attitude εp, ηp, and the angular velocityωp of frame p, i.e.,
the frame on the debris that the Servicer’s perception system
tracks, see Figure 4.

The linear velocity vp can be represented by the following
kinematic equation

vp = vcm + ωp×Rp
prp/cm (17)

where vcm is the debris CM velocity, which remains
constant when the debris is free-floating. Normally
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FIGURE 4. Debris’ feature point and observation frame schematically.

distributed Gaussian random signal having 0.1 magnitude
variance is added to vcm. rp/cm is the vector from debris CM
to frame p, Rp(εp, ηp) is the rotation matrix, which represents
the orientation of frame p with respect to the inertial frame,
expressed as a function of the Euler parameters εp, ηp, and
(·)× stands for the cross product skew-symmetric matrix of
(·). Vector rp/cm is considered as an unknown parameter to be
estimated by the identification law; once estimated, it renders
the debris CM known.

While the debris is rotating in free-floating mode during
the pre-capture phase, N measurements are used at time
instants t1, t2, . . . , tN of frame’s p position rp and attitude
εp, ηp. The position can differentiated to obtain linear
velocity vp. The quaternions εp, ηp can be differentiated,
and the angular velocity can be calculated by solving the
following equation for ωp [35],[

ε̇p
η̇p

]
=

1
2

RT
p

[
εp× + ηpI3

–εT
p

]
ωp (18)

where I3 is the 3 × 3 identity matrix. Hence, the following
system of equations arises, written in a matrix form as

Āx̄ = b̄ (19)

where

Ā =


I3 ωp(t1)×Rp(t1)
I3 ωp(t2)×Rp(t2)
. . . . . .

I3 ωp(tN)×Rp(tN)

 (20)

x̄ =
[

vcm
prp/cm

]
(21)

b̄ =


vp(t1)
vp(t2)
. . .

vp(tN)

 (22)

To solve for x̄, a nonzero angular velocity i.e. rotating
debris, and measurements of at least two-time instants, are
required. In the presence of noise, more measurements are
required and as informative as possible. The system in
Eq. (19) is overdetermined and can be solved using a least-
squares algorithm. Thus, the object’s CM and CM velocity
can be estimated at any time while the system is free-floating.

Based on the identified debris CM, the optimal point for
contact can be determined by aligning the contact force
to traverse through the debris CM, thereby minimizing the
impact moment, ideally reducing it to zero.

2) IDENTIFICATION OF MASS
This identification step takes place during the soft-capture
phase. It is assumed that a perception system is mounted
on the robotic capturing system and tracks a debris’s feature
point’s linear velocity. The debris CM velocity can be
identified at each time step by solving Eq. (17) and using the
identified parameter vector rp/cm in Section III-C1. The soft-
capture phase starts with the pad applying a small impulse
to the debris. A force sensor is mounted either on the
robotic system’s base (CubeSat) or the robotic system’s end-
effector (FlexeS’ pad) and measures the impact force. During
the contact, the impulse is calculated for each time step;
the impulse that acts on the debris is the opposite one. The
estimation of the mass is based on the impulse-momentum
equation

mdvcm(t1) +
∫ t

t1
Fi dt = mdvcm(t) (23)

where md is the debris mass, and Fi is the impact force
applied on the debris. The debris CM velocity is constant
before the application of the impulse by the FlexeS’ pad and
is represented in Eq. (23) as vcm(t1). The debris CM velocity
during the application of the impulse by the pad is represented
as vcm(t) and can be calculated by solving Eq. (17) and using
the identified parameter vector rp/cm.

Eq. (23) can be written for the axis of contact, e.g. the y-
axis, and solved for md,

md =

∫ t
t1 Fi,y dt

vcm,y(t) – vcm,y(t1)
(24)

Based on the identified debris mass, the controller’s gains
are updated to ensure sufficient contact time for successful
capture. The adaptive control strategy is shown as a block
diagram in Figure 5.

IV. SIMULATION RESULTS
A simulation study was conducted to illustrate the proposed
adaptive control strategy employed by FlexeS during the soft-
capture phase. This study aims to validate the identification
law employed and to demonstrate the necessity of its
concurrent use with the IC to ensure the required minimum
contact time with the debris.

The simulations were run in MATLAB/Simscape. Figure 6
shows the Simscape model consisting of FlexeS mounted
on the Servicer CubeSat and the space debris. The FlexeS
incorporates a linear actuator. The debris is modelled as a
box shape, as predominant shape in LEO [26].To model
the contact, the Spatial Contact Force block is used. The
simulation is conducted with a 1 ms sampling time and a total
duration of 15 seconds.
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FIGURE 5. Block diagram of the adaptive control strategy.

FIGURE 6. Simscape model of FlexeS’ simplified visualization and debris.

Equivalent robotic systems’ point masses ms, mc, and me
are 12.0012 kg, 0.024 kg, and 0.016 kg, respectively. These
values come from the CAD model of the presented hybrid-
compliant system. To showcase the necessity of the debris
mass identification and the implementation of an adaptive
control scheme, a use case is considered with a debris mass
of 4 kg.

The FlexeS is already deployed. The pre-capture phase
starts with the robotic system approaching the debris with a
small non-zero relative velocity equal to 10 mm/s. The debris
is tumbling with angular velocity ωp = [0 30 0]T deg/s, i.e.
30 deg/s about the y-axis shown in Figure 6. The robotic
system also rotates about the y-axis; here, at 2 deg/s. Hence,
the motion of the two systems is considered synchronized so
that the pad’s surface is parallel with one of the faces of the
box-shaped debris; here, the front face of the debris that lies
along the x-z plane, as shown in Figure 6.
While the robotic system is approaching the debris, it is

assumed that a perception system mounted on the robotic

system provides the pose of an observation frame p attached
to the debris. Frame p is chosen to be at one of the debris’
corners, as shown in Figure 6, to enhance the identification
of its CM. This selection is crucial because, as an observation
frame moves farther from the CM, its linear velocity due
to rotation increases and subsequently, a higher signal-to-
noise ratio is achieved. Based on the perceived motion data
while the debris is free-floating in the pre-capture phase, the
constant vector prp/cm and thus, the location of the debris CM,
is identified by solving the system of equations (19) using the
least-squares algorithm. To pinpoint the optimal contact point
given the parallel faces along the x-z plane of the debris and
the pad, only the identified -x and -z components of prp/cm
are required.

The soft-capture phase starts with the FlexeS’ pad inter-
acting with the debris, applying a small impulse to it. Once
the systems come into contact, the FlexeS’ linear actuator
is activated and applies a commanded force Fa driven by
the proposed adaptive IC and given by Eq. (13). During

38310 VOLUME 12, 2024



O.-O. Christidi-Loumpasefski et al.: Adaptive Control Scheme for Space Debris Capture

contact, the perception system provides the debris motion
data, and a force sensor mounted on the FlexeS provides
the impact force measurements. The impulse that acts on the
debris is calculated, and the debris mass is identified using
Eq. (24) at each time step and employing the recursive least-
squares algorithm. Based on the identified debris mass, the
controller’s gains are updated to ensure sufficient contact time
for successful capture, as depicted in Figure 5.

A. IDENTIFICATION RESULTS
To obtain more realistic identification results, sensor noise
is introduced into the contact force and debris orientation,
linear, and angular velocity signals. The noise is modelled
as an additive zero mean white Gaussian noise. Considering
that in Gaussian distribution, 99.7% of measurements fall
within the first three standard deviations (3σ) of the mean,
σ was carefully selected to achieve a meaningful signal-to-
noise ratio for identification purposes. Specifically, the 3σ
was selected to correspond to 10% of the signal’s peak value;
thus, a meaningful percentage of noise was used to ensure
informative data. Before inputting the noisy measurements
into the identification law, measurements undergo filtering
via a low-pass Butterworth filter.

In this simulation study, 20 runs with random seed numbers
were conducted. Table 1 compares the true inertial parameters
(Second column) with the sample mean of the parameters
estimated by the identification law (Third column). The
corresponding sample Standard Deviation (STD) of the
estimated parameters is also presented in the table (Fourth
column). The fifth and sixth columns display the sample
mean and standard deviation of the estimated parameters’
relative error, respectively. The identification results for the
debris mass are derived for each time step by the recursive
least-squares. The mass identification results in this table
correspond to the time instant t=3 s. The results indicate
that the identification law produces accurate estimates, with
relative errors (sample means) below 5%, in the case of
recursive mass identification only after a few seconds of
contact, well within acceptable error margins, for all required
debris inertia parameters.

TABLE 1. Identification Results.

Figure 7 illustrates the estimated value of debris mass
and the corresponding relative error, derived using the debris
motion data and contact force during the soft-capture phase.
From Figure 7, it can be seen that when the soft-capture sub-
phase starts, at 2.7 seconds, the algorithm requires a period
to collect the necessary amount of sensor data and estimate
accurately the system parameters. Nevertheless, within 2 s,
the identification error is less than 5%. For 20 runs with
random seed numbers, the sample mean time to obtain

FIGURE 7. Identification Results. (a) Estimated mass, (b) Relative
Error (%).

FIGURE 8. Range of debris masses for different stiffness coefficients.

relative errors less than 5% is 1.56 s, and the sample Std is
0.68 s. This fast convergence demonstrates that the method
can be used during the operation as long as some minimal
motion exists, even a quite slow one.

B. ADAPTIVE CONTROL RESULTS
To demonstrate the improvement of the system response
due to the integration of the parameter identification process
in the control scheme, the same impedance controller is
used, without, though, gains tuning through identification,
constantly using the initial and inaccurate debris mass
value.

Consider the use case where the initial guess of debris mass
value is 12 kg. Assuming that the minimum contact time
required for complete capture is 10 s in Figure 8, to target
a range of debris masses 12-100 kg, the gains should be kp =
0.5 N/m, and kd = 0.42 Ns/m for critical damping.
However, the actual debris mass is 4 kg. The non-

adaptive control, which lacks updated knowledge through
identification, retains the inappropriate gain values kp =
0.5 N/m and kd = 0.42 Ns/m throughout the entire contact
phase. In contrast, upon implementing the adaptive control
scheme, an accurate estimation of the debris mass is
promptly achieved within the initial 2 seconds of contact,
as demonstrated in Figure 7. Based on the updated knowledge
of debris mass to be 4 kg and using Figure 8, the gain kp is
adjusted to 0.2 N/m, and kd to 0.17 Ns/m for critical damping,
after the first 2 seconds of the contact.
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FIGURE 9. Comparison of contact forces of the adaptive and
non-adaptive system.

FIGURE 10. Comparison of adaptive and non-adaptive
impedanced-controlled actuator forces.

The non-adaptive and adaptive cases were compared.
For both non-adaptive and adaptive cases, the responses
were measured, and the corresponding contact times were
calculated and compared. Figure 9 shows the impact forces
generated at the FlexeS’ tip with a non-adaptive (light-
purple line) and the proposed adaptive control strategy
(turquoise line). Figure 10 shows the commanded force by
impedance-controlled actuator by a non-adaptive and by the
proposed adaptive controller to be less than 80 mN in both
cases.

By examining Figure 9 and utilizing the corresponding
noiseless contact force signals, we can deduce that in the
non-adaptive scenario, the contact initiates at 2.7 seconds
and terminates at 9.7 seconds. In contrast, in the adaptive
case, the contact lasts until 13.7 seconds. This comparison
reveals a substantial increase in contact time, from 7 seconds
to 11 seconds, when employing the parameter identification
law. Consequently, the adaptive control strategy effectively
extends the contact duration between the FlexeS’ tip and
the debris, ensuring it meets the minimum requirement
of 10 seconds. A contact time of 7 seconds would lead

to a failure in the mission, as it wouldn’t allow for
successful capture. However, with an extended contact time
of 11 seconds, the robotic mechanism gains ample time to
complete the debris capture successfully. This validates the
necessity of an adaptive control scheme during the critical
capturing phase of an ADR mission.

V. CONCLUSION
This study introduced an adaptive control scheme designed
for a robotic capturing mechanism, aimed at ensuring
sufficient contact time for the successful capture of space
debris characterized by uncertain inertial parameters. The
proposed scheme integrates an inertial parameter identi-
fication law and an impedance control law, strategically
applied during different phases of the capture process. In the
pre-capture phase, aligning the contact force to traverse
through the debris center of mass (CM) optimally determines
the contact point, minimizing the impact moment. Ideally,
this reduces to zero with an accurate CM estimate. In the
simulation study conducted using MATLAB/Simscape, the
CM identification law effectively utilized debris motion
data from a perception system mounted on the robotic
system, achieving accurate identification of the unknown
debris CM with relative errors below 5%. In the soft-capture
phase, the adaptive control strategy activates the impedance-
controlled actuator(s) while concurrently providing estimates
of debris mass using the recursive least-squares algorithm.
The controller gains are dynamically updated based on the
mass estimate, ensuring sufficient contact time with the
debris. The simulation results demonstrated the identification
law’s ability to accurately estimate debris mass, with relative
errors below 5% within a few seconds of contact (sample
mean time: 1.56 s, Std: 0.68 s). This fast convergence enables
FlexeS to effectively handle debris parameter uncertainties.
Comparative analysis including adaptive and non-adaptive
strategies highlighted the effectiveness and necessity of the
proposed adaptive approach. The adaptive control strategy
significantly extended the contact duration between FlexeS’
tip and the debris, meeting the minimum required contact
time, in constrast to non-adaptive strategy. The results
validate the superiority of the adaptive scheme in achieving
sufficient contact time and, consequently, the successful soft
capture of uncooperative debris using gecko-adhesive pads in
the presence of uncertainties.

VI. FUTURE STUDIES
Future studies will include the experimental validation and
verification of the proposed controller using FlexeS in Zero-G
Lab of SnT, University of Luxembourg [36]. The proposed
controller will be integrated to ROS (Robot Operating
System) infrastructure of Zero-G Lab.
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Laboratory has been designed and built to emulate scenarios
such as rendezvous, docking, capture, and other various
interaction scenarios between separate spacecrafts. It is
equipped with high-tech infrastructure, consisting of nearly
space-representative lightning conditions, motion capture
system, floating platforms [37], epoxy floor, rails with
robots, and capability to integrate onboard computers and
mount large mock-ups. These abilities allow researchers from
both industry and academy to conduct a wide variety of
experiments for unique orbital scenarios.
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