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Abstract

Space debris mitigation is a pivotal endeavor essential for sustaining human space explo-
ration. To address the challenges posed by irregularly shaped, variably sized, and dynam-
ically unpredictable debris in orbit, this paper proposes a mechanical design and motion
control strategy for an omniwheel-based driving system. The mechanical architecture and
kinematic principles of the system are elaborated in detail, complemented by the formu-
lation of tailored motion control algorithms. First, the fundamental architecture of the
driving subsystem is introduced, and the linear mapping between the uniformly distrib-
uted triad of omniwheels and the spherical drive is derived. Building upon this founda-
tion, the kinematic transmission from the three evenly spaced driving subsystems to the
contact sphere is established. This leads to the derivation of the overall linear mapping
relationship between the nine uniformly distributed omniwheels and the contact sphere’s
motion, thereby enabling precise trajectory tracking of the contact sphere via omniwheel
actuation. Finally, comprehensive experimental validation was conducted in two phases.
The first phase evaluated the fidelity and stability of the driving subsystem’s simulation
model, as well as the accuracy of the kinematic mapping. Results demonstrate that the
simulation model is highly stable and reliable. Under identical desired trajectories, the
Root Mean Square Error (RMSE) between theoretical calculations and simulations was
4.082 x 104, while the RMSE between theory and physical prototypes was 0.0032. These
results confirm that the motion errors remain within acceptable tolerances and the kine-
matic mapping is accurate. For the spherical end-effector, under the same trajectory con-
ditions, the RMSE values among theoretical calculations, simulations, and physical proto-
types were 0.0929 and 1.62, respectively. These findings validate the derived linear kine-
matic mapping, demonstrating its efficacy in precise motion control, which lays the foun-
dation for future on-orbit detumbling tasks.

Keywords: space debris mitigation; active detumbling; omniwheel; kinematic modeling;
motion control

1. Introduction

The exploration of the vast cosmos serves as a driving force for global development,
with the primary prerequisite for achieving this goal being the assurance of sustainable
human space exploration [1-3]. However, as humanity’s activities in the space environ-
ment expand, space resources, particularly orbital resources, are becoming increasingly
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constrained. This scarcity is primarily attributed to two factors. First, the number of pay-
loads in orbit has surged dramatically; the cataloged satellite population grew from 8892
in 2019 to an estimated 25,350 by 2026, representing a fourfold increase. Second, end-of-
life payloads and spacecraft that have disintegrated due to mission failures cannot be au-
tonomously removed from orbit. Over time, these defunct objects inevitably accumulate
into space debris, with the currently tracked on-orbit debris population reaching 42,593.
Consequently, there are two potential pathways to ensure the sustainable utilization of
space resources: reducing the frequency of payload launches or actively removing existing
space debris. Given that launch restrictions alone cannot fundamentally resolve this issue,
Active Debris Removal (ADR) has emerged as a critical research direction.

From the perspectives of robotics and systems engineering, a complete ADR mission
typically encompasses several sequential phases: launch, long-range rendezvous, close-
proximity approach, capturing, and subsequent deorbiting. Extensive research on this
technology has been conducted by various domestic and international institutions. Nota-
ble initiatives include:

1. DEOS (Deutsche Orbital Servicing Mission) [4]: This mission is primarily designed
for full-process on-orbit demonstration and validation. It aims to verify the entire
control chain for safely approaching, grasping with an end-effector, detumbling, and
deorbiting non-cooperative, tumbling satellites using a space robotic arm.

2. EPOS (European Proximity Operations Simulator) [5]: Established by the German
Aerospace Center (DLR), this Hardware-in-the-Loop (HIL) test facility utilizes two
large industrial robots. It is specifically dedicated to simulating the contact dynamics
involved when a robotic arm’s end-effector captures non-cooperative space debris.

3. FREND (Front-End Robotics Enabling Near-Term Demonstration) [6]: This project
focuses on developing a highly autonomous, high-stiffness robotic arm alongside
specialized universal end-effectors. Its objective is to enable fully autonomous grasp-
ing and locking of non-cooperative satellites without human teleoperation from the
ground.

Currently, prevalent ADR methodologies can be broadly classified into two catego-
ries. The first category comprises non-contact removal methods. These techniques alter
the orbital trajectory of the debris—ultimately directing it into the atmosphere for disin-
tegration —by remotely applying force fields or energy beams, thereby mitigating the risks
associated with direct physical contact.

Existing research on non-contact methods includes the following approaches: (1)
Gravitational Tractor: Lu and Love [7] proposed a concept that utilizes the spacecraft’s
own mass to approach the debris, slowly “towing” it out of its original orbit through mu-
tual gravitational attraction. In this scenario, the spacecraft hovers near the target (e.g., an
asteroid or debris object) with its thrusters oriented outward, gradually deflecting the tar-
get from its trajectory. (2) Electrostatic Tether: Similarly, the electrostatic tug method em-
ploys Coulomb forces to deorbit space debris. The servicing spacecraft approaches the
target debris and emits an electron beam toward it. The target accumulates excess elec-
trons and becomes negatively charged, while the emitting tug acquires a positive charge.
Consequently, the attractive force between these oppositely charged bodies is exploited
to initiate the deorbiting process [8,9]. (3) Laser Ablation: Laser ablation is also recognized
as an effective technique for space debris mitigation. This method involves irradiating the
surface of the debris with high-energy lasers to induce localized vaporization and gener-
ate plasma plumes. The resulting reactive thrust alters the orbital trajectory of the debris.
This approach primarily encompasses two configurations: Space-Based Lasers: Systems
such as L’ADROIT utilize ultraviolet pulsed lasers, making them particularly suitable for
removing small debris (<10 cm) that is difficult to capture using robotic arms. Ground-
Based Lasers: Projects like LightForce employ continuous-wave lasers integrated with
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adaptive optics systems, which are primarily intended for immediate collision avoidance
maneuvers [10-17].

The second category comprises contact-based removal methods, which can be further
classified into rigid and flexible connections. Rigid connection methods require physical
contact between the servicing spacecraft and the debris, typically achieved via robotic
arms or grippers for locking. The primary approaches include: (1) Tentacle Capture: This
method employs multiple flexible tentacles to grasp the debris from multiple points rather
than relying on a single-point lock, as demonstrated in the ClearSpace-1 mission [18,19].
(2) Throwing Mechanism: This technique utilizes a rotating long arm to capture the debris.
Centrifugal force is then used to fling the debris toward Earth’s atmosphere, while mo-
mentum exchange simultaneously propels the servicing spacecraft toward its next target
[20-23]. (3) Adhesion-Based Capture: Inspired by bionics, this approach uses micro-pat-
terned dry adhesives (MDAs) to adhere to debris in a vacuum environment [24-26]. (4)
Docking: For satellites equipped with docking ports or specific geometric features, direct
space docking can be performed. For instance, Astroscale’s ELSA-d mission utilizes mag-
netic or mechanical docking mechanisms to capture debris [26-28]. (5) Robotic Arm Cap-
ture: This method involves grasping debris using robotic arms and their end-effectors.
Due to the rigid nature of the contact and the inherent tumbling motion of most space
debris, pre-processing is generally required before engagement. Techniques include uti-
lizing retractable flexible rods to make surface contact—synchronizing and slowing the
debris rotation through friction and locking mechanisms or employing brushes to dissi-
pate rotational kinetic energy via surface friction. Additionally, multi-arm systems are
utilized where one arm performs the capture while another compensates for reaction
forces to enhance stability. Furthermore, continuum manipulator arms, inspired by octo-
pus tentacles or elephant trunks, offer infinite degrees of freedom, allowing superior ad-
aptation to the complex shapes of non-cooperative targets [29-35].

Flexible connection methods primarily include: (1) Net Capturing [36-39]: The chaser
satellite deploys a large net embedded with weighted blocks toward the debris using
spring or pneumatic gun systems, enveloping the tumbling target. While nets permit a
relatively safe standoff distance and exhibit high tolerance for unknown target geometries,
controlling the tether dynamics of the resulting combined body is highly complex. (2)
Harpoon Mechanisms [40,41]: This approach involves firing a barbed harpoon at high ve-
locity to penetrate the shell structure of the debris, followed by towing it via a tether. (3)
Tethered Robots/Tugs: These systems integrate tether technology with robotics. A repre-
sentative example is the ROGER project, which uses a tether to connect to the target and
tow it to a graveyard orbit [42,43].

Given that safety and reliability are paramount for on-orbit operations, capture meth-
ods involving rigid contact warrant further investigation. Existing research indicates that
while robotic arm capture is a flexible and reliable approach, space debris typically exhib-
its complex motion and high angular velocities. Directly capturing such targets with a
robotic arm risks collision; thus, pre-detumbling the target to reduce its angular velocity
can significantly enhance the success rate of the capture operation. Current detumbling
methodologies include: (1) Flexible Brush Detumbling [44]: This method involves mount-
ing high-toughness, flexible brushes on the end-effector. As the robotic arm guides the
effector against a non-cooperative target, continuous flexible micro-contacts and mechan-
ical friction dissipate the target’s rotational kinetic energy as heat, thereby decaying sin-
gle- or multi-axis spin rates. (2) Mechanical Impact/Push Detumbling [45]: This technique
equips the end-effector with impact buffering mechanisms to perform multiple intermit-
tent, active light touches or pushes against the tumbling target. Each impact absorbs en-
ergy through the buffer while applying a reverse impulsive torque, gradually halting the
target through repeated micro-collisions. (3) Electromagnetic Eddy Current Detumbling:
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Since most space debris contains conductive materials like aluminum and titanium alloys,
bringing electromagnetic coils from the servicing spacecraft near the rotating target in-
duces eddy currents within the metallic shell. The relative motion generates an eddy cur-
rent drag that exerts a non-contact detumbling torque on the target. (4) Electrostatic/Cou-
lomb Force Detumbling: This approach utilizes onboard discharge devices to charge both
the servicing spacecraft and the target with opposite polarities, thereby controlling the
target’s attitude via Coulomb forces.

In contrast to the aforementioned non-contact and contact-based detumbling meth-
ods, this paper proposes a novel omniwheel-based active detumbling device. Unlike non-
contact methods that rely on field-induced forces with limited control authority, and un-
like contact-based methods such as flexible brush detumbling [44] and mechanical im-
pact/push detumbling [45] that depend on passive energy dissipation through friction or
intermittent contact, the proposed system achieves active, continuous, and precisely con-
trollable rotational motion of a contact sphere through direct omniwheel actuation. By
regulating the angular velocities of nine uniformly distributed omniwheels according to
a derived closed-form kinematic mapping, the motion trajectory of the contact sphere can
be commanded in real time, enabling adaptive detumbling strategies based on the target’s
dynamic state. This represents a fundamental shift from passive energy dissipation to ac-
tive motion control, directly addressing the low efficiency and lack of pronounced active
capabilities inherent in existing approaches. To address this issue, this paper innovatively
proposes a novel device that can be mounted on the end of a robotic arm to actively de-
tumble the target. A critical analysis of existing detumbling methodologies reveals three
principal limitations that motivate the proposed approach. First, non-contact methods ex-
hibit low efficiency due to the rapid spatial decay of induced forces and the inability to
generate sufficient torque for targets with high moments of inertia. Their control authority
is fundamentally constrained by physical field propagation, precluding real-time adapta-
tion to unpredictable target tumbling. Second, contact-based passive methods lack deter-
ministic control: the detumbling rate depends on uncontrollable friction coefficients, sur-
face roughness, and impact restitution, leading to highly variable outcomes and potential
surface damage from repeated contact. Third, neither category provides trajectory-level
motion control —existing methods cannot command a specific rotational trajectory for the
target, which is essential for synchronized capture operations. The proposed omniwheel-
based system directly addresses these limitations: (i) rigid rolling contact ensures deter-
ministic force transmission without spatial decay; (ii) the closed-form kinematic model
enables precise, real-time trajectory tracking of the contact sphere; (iii) motor-driven om-
niwheels provide active, modulated torque generation adaptable to target dynamics. The
remainder of this paper is organized as follows: Section 2 introduces the structural com-
position and kinematic principles of the proposed detumbling device, deriving the kine-
matic transmission relationships and dynamics. Section 3 presents experimental valida-
tions, including comparative tests among theoretical derivations, simulation models, and
physical prototypes, to verify the correctness of the derivations and lay the foundation for
subsequent motion control. Section 4 provides a discussion of the results. Finally, Section
5 concludes the paper.

2. System Architecture and Kinematics
2.1. System Architecture

As illustrated in Figure 1, the on-orbit detumbling robotic system primarily consists
of a controllable spacecraft, four robotic arms, a spherical end-effector mounted at the arm
tips, and the space debris (hereafter uniformly referred to as non-cooperative targets
throughout this paper). During operation in the space environment, the controllable
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spacecraft first approaches the non-cooperative target using its four robotic arms. Subse-
quently, the position and attitude of the spacecraft are stabilized while the robotic arms
are actuated until the spherical end-effectors make contact with the target. Finally, the
spherical end-effector is actively engaged to eliminate the target’s spin motion, after which
the four robotic arms proceed with the capture task. The primary focus of this research
lies on the spherical end-effector.

Spherical Non-Cooperative
Manipulation Target

Spherical Manipulation
Manipulator Prototype

Subsystem

Figure 1. Composition of the detumbling robotic system.

As shown in Figure 1, the spherical end-effector primarily comprises a driving sub-
system and a contact sphere. Three uniformly distributed driving subsystems maintain
tight contact with the contact sphere without any relative slip. By actuating these driving
subsystems, the motion of the contact sphere can be precisely controlled. The following
section will first introduce the driving subsystem.

2.2. Driving Subsystem
2.2.1. Composition

As illustrated in Figure 2a, the driving subsystem primarily consists of three compo-
nents: a drive assembly, a driven sphere, and a constraint unit. The drive assembly is com-
posed of four main parts: an omniwheel, a motor flange, a motor, and a motor bracket.
Drum-shaped rollers are alternately mounted around the outer periphery of the om-
niwheel hub, allowing them to rotate freely and independently. The rotation of the hub
provides the primary driving force, while the passive rotation of the rollers facilitates lat-
eral sliding. This mechanism effectively reduces lateral friction and enhances overall mo-
tion efficiency. During operation, the motors actuate the three uniformly distributed om-
niwheels along their axes, thereby governing the motion of the driven sphere.

The constraint unit mainly comprises universal bearings and fastening brackets. One
end of the fastening bracket is mounted on the bottom connecting flange, while the other
end supports the universal bearing. These bearings make gentle contact with the spherical
end-effector, exerting a downward-inclined constraint force to prevent it from escaping
during the detumbling process. Due to their low coefficient of friction, these bearings min-
imize energy dissipation caused by frictional resistance, ensuring that the driven sphere
maintains its positional stability without deviation.
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Figure 2. Driving subsystem: (a) 3D model; (b) Front-view schematic; (c) Side-view schematic.

Figures 2b,c illustrate the geometric relationships of the driving subsystem. The geo-
metric center of the driven sphere is defined as point O, which serves as the origin of the
coordinate system. The X-axis is perpendicular to the current view and points outward;
the Y-axis is parallel to the horizontal direction of the view, pointing to the right; and the
Z-axis points vertically upward. The line connecting the universal bearing to point O de-
fines the direction of the pressing force f , which points towards O. Furthermore, the in-

tersection point of the axes of the three omniwheels in the drive assembly is defined as
O,

As shown in Figure 2¢, the translational velocities of the driven sphere along the X,
Y, and Z axes are denoted as v,,v,,v, respectively, while its angular velocities about these
axes are denoted as Wy Wy, W The radius of the driven sphere is R. In terms of kinematics,
the omniwheel can be modeled as an equivalent sphere, represented by the blue dashed
lines in Fig. 2(c) with its center at O, and a radius of r,. The contact points between the
driven sphere and the equivalent spheres are denoted as C;(i=1,2,3). Points O,0,,C; are
collinear. Additionally, the angle between the motor axis 0,0, and the horizontal plane

is a, and the line 0,0, is strictly perpendicular to the line OO;.

2.2.2. Kinematic of the System

The translational velocity of the driving subsystem is defined as % € R3, and its angu-
lar velocity is denoted as @ € R?, which are expressed in Equation (1) and Equation (2),

respectively:
¥=[0x Uy VT 1)
O=[wx @y @]T )
where 0y, 0,0, represent the translational velocities along the X, Y, and Z axes of the

driven sphere’s coordinate system, respectively; w,,»,,@, denote the angular velocities
about the corresponding axes.

Figure 3a presents a top view of the driving subsystem, where the drive assemblies
are sequentially numbered 1, 2, and 3 in a counterclockwise direction. Figure 3b illustrates
the kinematic schematic. The angular velocities of omniwheels 1, 2, and 3 are defined as
w1,w,,ws, respectively, with their corresponding contact points on the driven sphere de-
noted as Cy,C,,C3. During motion, both the sphere and the omniwheels are assumed to

https://doi.org/10.3390/machines14070754



Machines 2026, 14, 754

7 of 24

be rigid bodies operating under a no-slip condition. Furthermore, the linear velocities gen-
erated by the omniwheels at the contact points C;(i=1,2,3) are defined as v4,v,,v3. As
shown in Figure 3b, the projections of the lines connecting the centers of omniwheels 1, 2,
and 3 to the coordinate origin O onto the XOY plane indicate that the omniwheels are
uniformly distributed about the Z-axis of the driven sphere’s coordinate system, with an
angular spacing of 6;(i=1,2,3).

Figure 3. Driving subsystem: (a) Top-view schematic; (b) Top-view kinematic diagram.

The angular velocities of the three omniwheels in the driving subsystem are defined
as w,€R3, which is expressed in Equation (3):

w,=[w1 @ ws]T ®3)

where wq,w,,w; represent the angular velocities of the omniwheels in drive assemblies 1,
2, and 3, respectively.

The position vector from the geometric center O of the driven sphere to an arbitrary
point on its surface is defined as #¢(i = 1,2,3). Obviously, the magnitude satisfies ||r?|| =R.
Therefore, with respect to the coordinate frame at the sphere’s center O, the linear veloc-
ities v.;(1=1,2,3) at the contact points C;(i=1,2,3) are given by:

Z)Cl‘=5£'+®x1’g 4)

For contact points C;(i=1,2,3), the position vectors #{(i=1,2,3) can be calculated us-
ing the spherical coordinate expression in Cartesian space, as given by Equation (5):
Rcos(6;)sin(m-a) cos(0;)sin(a)
r{ = | Rsin(0;)sin(nt-a) | = R | sin(6;)sin(a) (5)
Rcos(7t-ar) -cos(a)

where 0; represents the uniform distribution angle of the omniwheels, corresponding to
the elevation angle in the spherical coordinate system; and a denotes the angle between
the omniwheel axis and the horizontal plane, corresponding to the azimuth angle.

The cross product of vectors in three-dimensional space is calculated as given by

ik ] Gy
axb=[1 Y, zZif=(1z2-%20)f (6)
2 Y ay,ny Jk

Equation (6):

where a= 6<1,y1,21), b= ﬁz,yz,zz}
Combining the above equations yields Equation (7):
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-wycosa-w_sin(0;)sina
O x 1 = R | w,cos(0;)sina + w,cosa )

sina(w,sin(6;)-w,cos(6;))

Combining Equations (6) and (7) yields the linear velocities v,;(i=1,2,3) at the con-
tact points C;(i=1,2,3), with respect to the coordinate frame at the sphere’s center O:

Uy -a)ycosa—cuzsin(G,-)sina v-R(wycosar + w,sin(0;)sina)
Vi = [vy + R |w,cos(0))sina + wecosa | =|v,+R(w,cos(0;)sina + wycosa) (8)
Z)Z

sina(w,sin(0;)-w,cos(0,))]  |v+R(sina(w,sin(0;)-w,cos(6;)))

The direction vector #/ € R3(i =1,2,3) from the omniwheel i to the contact point
C;(i=1,2,3) is defined as:

t7 = |cos(6))

0

Since the points O,0,,C; are collinear, the following geometric relationship holds, as

-sin (Ql)l
©)

given by Equation (10):
T2 =0 (10)

where t?T denotes the transpose of matrix t{.
During the motion, the omniwheels maintain rolling contact with the rigid sphere
without relative slipping. Based on the non-slipping constraint equations, it can be readily

obtained that:
810 =1, (11)
Further, we can obtain:

10 =t (i + @ x 1) =tk + 17 (O x 1) (12)

Ux
1915 = [-sin(6;) cos(6;) 0] [Uy] = -sin(0;)vy + cos(0;)v, (13)

UZ
t?T(G) x 1)) = R(a)ysin(Gi)cosa + w,sina + w,cos(6;)cosa) (14)

Combining Equations (11) and (14):

-sin(0;)v, + cos(0;)v, + R(w,sin(0;)cosa + w sina + w,cos(6;)cosa)
;=

r(U

Due to the structural characteristics of the driving subsystem, the driven sphere does
not undergo translational motion under the constraint unit, satisfying the relationships
given by Equations (16) and (17):

v, =0 (16)

v,=0 17)
Equation (15) can then be further simplified into Equation (18):

_ R(wysin(B;)cosa + w,sina + w,cos(0;)cosa)

18
’ rCl) ( )

Equation (18) can be further rearranged as Equation (19):
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©= %w (B(Qi,a)TB(Gi,a)) B(O;,0) w= —B(sza)®(l 1,2,3) (19)

where B(0;,a)= [cos(0,)cosa  sin (O, )cosa  sina [, w, =
cos (03 )cosa  sin (B3 )cosa
Equation (19) fully illustrates the mapping relatlonshlp from the motion of the driven

s (01 )cosae  sin (O )cosa  sina [ l [a)x]

sphere to that of each omniwheel. Since the actual operation involves the inverse process
of this mapping, the Moore-Penrose method is employed to invert Equation (19), yielding
Equation (20):

6-v (B(Ql,a)TB(Ql,a)) B(0,0) w, (20)

Thus, the required velocity of each omniwheel corresponding to the desired motion
of the sphere’s center can be obtained:

[ 5-53 53-54 51-8, ]
cosa cosa cosa
o To | GG C-G GG o, 21
RA cosa cosa cosa
(r53-C3S5;  (C351-C1S3 (155-Gr54
L sina sina sinag

where A=C1 (82-83)+C2(S3'51)+C3 (81'82) ’ Sl is sin(@l) ’ Sz is Sin(e2); 53 is sin(93),
C; is cos(0;), C,is cos(0,), Cjis cos(03).

2.2.3. Dynamics of the Driving Subsystem

While the kinematic analysis in Section 2.2.2 establishes the velocity mapping be-
tween the omniwheels and the driven sphere, a dynamic model is required to determine
the relationship between the motor torque and the angular acceleration of the driven
sphere. Following the Lagrangian modeling methodology for space-contact operations
presented by Wei [46], the driven sphere is modeled as a rigid body with mass m;, and
principal moments of inertia as follows:

2
Lox = on =1y, = ngRZ (22)

where I, I,

passing through the sphere center O, respectively.

and I,, denote the principal moments of inertia about the x-, y-, and z-axes

The rotational motion of the driven sphere about its center O is governed by the Eu-

3 3
=Z Mi:z  xF, (23)
=1 =1

where M; is the torque exerted by the i-th omniwheel at the contact point Ci; #} is the

1

ler equation:

position vector given by Equation (5); F; =F;#] is the tangential friction force with magni-
tude F; = rT—’ and direction #/ given by Equation (9).

Substituting Equations (5) and (9) into Equation (23) and computing the cross prod-
uct yields:

¥ x 1] =R |sin 0; cos a (24)

cos 0; cos al
sina

Summing over the three omniwheels and expressing the result in matrix form gives
the dynamic mapping from motor torques to the driven sphere’s angular acceleration:
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L =—BT(9,,a)[ l (25)

where BT(Qi,a) is the kinematic mapping matrix defined in Equation (19).

Equation (25) represents the dynamic counterpart of the kinematic mapping in Equa-
tion (20). The motor torque command required to produce a desired angular acceleration
w, is obtained by inverting Equation (25):

T
T
T

e [BT(G,,a)] 'La, (26)

It should be noted that, because B is a 3 x 3 full-rank matrix for the uniformly dis-
tributed configuration, its inverse exists and Equation (26) is well-posed.

The preceding section has detailed the structural composition of the driving subsys-
tem and derived the kinematic mapping and dynamic relationship between the om-
niwheels and the driven sphere. Based on this mapping, the motion of the driven sphere
can be indirectly controlled by regulating the motion of the omniwheels. The next step
will focus on investigating the spherical end-effector to establish the kinematic mapping
and dynamic relationship between the driven sphere and the contact sphere, thereby fur-
ther deriving the kinematic mapping relationship between the omniwheels and the con-
tact sphere.

2.3. Spherical End-Effector
2.3.1. Composition

Figure 4a shows the prototype of the spherical end-effector, which primarily consists
of a contact sphere and three uniformly distributed driving subsystems 1,2,3. The geomet-
ric centers of these driving subsystems are defined as O;(i=1,2,3). Figure 4b presents the
simplified schematic of the spherical end-effector. The geometric center and radius of the
contact sphere are defined as Os and R, respectively. A coordinate system is established
with Og as the origin: the X-axis points outward perpendicular to the current view, the
Y-axis points horizontally to the right parallel to the view, and the Z-axis points vertically

upward. The contact points between the driving subsystems and the contact sphere are
denoted as P;(i=1,2,3).

Coutact -

Figure 4. Spherical end-effector: (a) Prototype; (b) Simplified schematic.

https://doi.org/10.3390/machines14070754



Machines 2026, 14, 754

11 of 24

Figure 5a presents an axonometric view of the simplified schematic of the spherical
end-effector. Coordinate frames O;(i=1,2,3) are established with the geometric centers of
the driven spheres as their respective origins. As shown in Figure 5a, the X-axis of each
0;(i=1,2,3) frame points toward the center of the contact sphere and forms an angle
yi(i =1,2,3) with a dashed line parallel to the downward direction of the current view.
The Z-axis of each O;(i=1,2,3) frame points vertically upward and is parallel to the Z-
axis of the Og frame.

Figure 5. Spherical end-effector: (a) Axonometric schematic; (b) Top-view kinematic diagram.

2.3.2. Kinematic of the System

With respect to the O, coordinate frame, the velocity vopi(i =1,2,3) of the contact
point P;(i=1,2,3) on the driven sphere O; is expressed as Equation (27):

Vopi = Xoi + O x (Ru,)(i=1,2,3) 27)

where ,; € R® represents the translational velocity of the driven sphere ii with respect to
the O, coordinate frame; G)Z,- €R® denotes its angular velocity about the coordinate axes
relative to the O, frame; and n,; € R® is the position vector from the geometric center
0;(i=1,2,3) to the corresponding contact point P;(i=1,2,3).

Similarly, with respect to the O, coordinate frame, the velocity v,s,i(i=1,2,3) of the
contact point P; on the large sphere O, is expressed as Equation (28):

Oospi = Xos + Gf)s x (Rynysi) (i=1,2,3) (28)

where %, € R® represents the translational velocity of the contact sphere with respect to
the O, coordinate frame; ®Zs €R3 denotes its angular velocity about the coordinate axes
relative to the O, frame; and n,,; € R® is the position vector from the geometric center O,
to the corresponding contact point P;(i=1,2,3).

Since the motion between the spheres involves pure rolling contact without relative
sliding, the relationship expressed in Equation (29) holds:

Oopi = vospi(i =1,2,3) (29)
That is, Equation (30) holds:
Foit@pi % (Rity) = os + @ x (Ryttes)(i=1,2,3) (30)

Constrained by the structural configuration of the spherical end-effector, neither the
driven spheres 1,2,3 nor the contact sphere undergoes translational motion. Therefore,
Equation (31) always holds:
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Xoi =X0s=01=1,223) (31)
Combining Equation (26), Equation (25) can be further simplified as Equation (32):
@i x (Ritg)) = Oy x (Rtos)(i=1,2,3) (32)
Since the points O;,P;,O; are collinear, Equation (33) is evidently satisfied:
N, =-Ny(i=1,2,3) (33)
Combining Equations (32) and (33) yields Equation (34):
O,,R=-O,.R(i=1,23) (34)

From Equation (34), the relationship shown in Equation (35) can be evidently ob-
tained:

®¢s)1 = ("‘)52 = ®§3 (35)
Equation (35) indicates that, within the same O, coordinate frame, the motion of
each driven sphere must remain consistent at all times. This fully demonstrates that, from
a kinematic perspective, the multi-driven spheres constitute an equal-angular-velocity
system with multiple inputs and rigid coupling. The advantages of this design are twofold:
First, the multi-support configuration can provide sufficient supporting force; Second, it
satisfies the requirements for redundant backup. In harsh space environments, spacecraft
surfaces are frequently subjected to impacts from space debris. Furthermore, the complex
and diverse radiation in space makes electronic components highly susceptible to single-
event effects, which can lead to functional failures.
Using the transformation matrix given in Equation (36), the angular velocities of the
driven spheres @Zi(i =1,2,3), with respect to the O, frame, can be transformed into their

corresponding angular velocities @g;(i=1,2,3) relative to the individual coordinate
frames O;(i=1,2,3), as expressed in Equation (32):

cos(yl.) -sin(yi) 0

ROtZ(V,-) = sin(yl.) cos()/z.) 0 (36)
0 0o 1
@i =Rot.(y,) @pi(i=1,23) (37)

Combining Equations (36) and (37), the kinematic mapping relationship between
each Omniwheel and the contact sphere can be obtained, as expressed in Equation (38):

-1 )
. s % (B(ei,a{)TB(Qi,a/)) B(@i,a)Twz
O, = = (i=1,2,3) (38)
Rotz(yi)

2.3.3. Dynamics of the Spherical End-Effector

The dynamic analysis of the spherical end-effector extends the kinematic coupling in
Section 2.3.2 to include torque transmission. For each driving subsystem j (j = 1,2,3), the
rotational dynamics of the driven sphere in its local coordinate frame O; is governed by

the Euler equation:

Loy =Ty, (39)
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where 77, ; is the net driving torque exerted by the three omniwheels on the j-th driven

]
sphere, and the gyroscopic term vanishes due to the spherical symmetry of the driven

sphere.
Transforming the torque to the O, frame via the rotation matrix in Equation (36):

Twj = ROL()) 7o, (40)

Owing to the constraint Equation (35), the angular velocities of all three driven
spheres in the O, frame are identical and kinematically coupled to the contact sphere by
Equation (34):

WS =2 Wy, =123 (41)

Differentiating with respect to time yields:
R
R

Substituting into Equation (39) and transforming via Equation (40) gives the driving

. S

wo,]' =- d)os (42)

torque of each subsystem expressed in the O, frame:
R
Tsw,j =- ES Lywos (43)

At the contact point Pj, the driven sphere exerts a tangential friction force on the
contact sphere. Because the contact points are collinear with the centers O; and O;, the

torque arm ratio between the contact sphere and the driven sphere equals %

Consequently, the torque transmitted from the j-th driven sphere to the contact
sphere is amplified by this geometric ratio:

R,
TS

R 2
R TwiT" (_> Lotoa &

M, .=
drive,j R

Summing over the three driving subsystems, the total driving torque applied to the
contact sphere is:

3 RN*
Mdrive: Z Mdrive,j =-3 (E) Iowos (45)
j=1

The rotational dynamics of the contact sphere, with inertia I =§msR§, is then:

Isd)s = Mdrive'Mcontact (46)

where M+ is the contact torque exerted by the non-cooperative target on the contact
sphere. Equation (46) establishes the dynamic balance between the driving torque gener-
ated by the nine omniwheels and the reaction torque from the target.

3. Experiments

In Section 2, the structural composition, geometric relationships, transmission pro-
cess, and coordinate system definitions of the driving subsystem and the spherical end-
effector were elaborated in detail. Based on the preceding content, this section primarily
aims to validate the correctness of the theoretical kinematic calculations and assess the
feasibility of motion control for such mechanisms through a comparative analysis involv-
ing theoretical calculations, simulation experiments, and physical prototype verification.

3.1. Experiment of the Driving Subsystem

Taking driving subsystem 1 as an example, a simulation model was established using
the CoppeliaSim 4.10 software, as shown in Figure 6. A prism is mounted on the surface of
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the driven sphere within the YOZ plane at an angle d from the positive Y-axis direction.
This prism can be utilized to measure variations in the motion of the driven sphere. Com-
bined with the contact monitoring function of the CoppeliaSim software, the positions and
contact states between the driven sphere and each OmniWheel are displayed in real time.
The contact points are represented by yellow dots enclosed within pink circles in Figure
6. By employing this contact monitoring mechanism, it is possible to determine whether
separation occurs between the sphere and the wheels during motion. If separation occurs,
it indicates discontinuous motion; conversely, the motion is considered normal.

Contact

Figure 6. Simulation model of driving subsystem 1.

Based on the MATLAB 2024a software, the equations in Equation (21) were formu-
lated. The input-output mapping relationship of the equations was compared with the
simulation results to verify the correctness of Equation (21). First, the feasibility and sta-
bility of the simulation model itself were validated. Within a time span of 0 to 25 s, the
OmniWheels were controlled to rotate at the angular velocities specified in Table 1. Dur-
ing this process, the rotational speeds of each wheel in the simulation model were rec-
orded and sampled at 1-s intervals. Finally, the variation curves of the theoretical rota-
tional speeds and the interval-sampled simulation rotational speeds were plotted, as
shown in Figure 7.

Table 1. Angular Velocity of OmniWheel Motion.

Timel(s) 0-5  5-10 10-15 15-20 2025
Wheel 1 velocity(rad/s) O—% g N % % . ncf;(t) nc;);(t) . 0 ns?(t)
Wheel 2 velocity(rad/s) 0—% % N % % . nc;);(t) nc;);(t) N 0 %n(t)
Wheel 3 velocity(rad/s) O—% g N % % . ncf;(t) nc;);(t) 0 0o ns1;1(t)
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Figure 7. Velocity Operation Curves.

In Figure 7, the x-axis denotes the operation time in seconds, while the y-axis denotes
the angular velocity of each omniwheel. The solid lines represent the theoretical trajecto-
ries computed from the inverse kinematic model, and the discrete markers represent the
simulation trajectories sampled at 1s intervals. As shown in Figure 7, the interval-sampled
simulation rotational speeds are in perfect agreement with the theoretical rotational
speeds. This demonstrates that the simulation results are reliable, confirming that the sim-
ulation model was correctly established and that the OmniWheels can operate at the ex-
pected angular velocities.

Next, the stability of the simulation model was validated. Specifically, the Om-
niWheels in the simulation model were driven to complete five full motion cycles accord-
ing to the angular velocity values specified in Table 1. The angular velocity of the driven
sphere rotating about the Z-axis, with reference to coordinate system O, was recorded for
each cycle, as shown in Figure 8. In Figure 8 the x-axis represents time in seconds, and the
y-axis represents angular velocity in radians per second. The five discrete marker sets de-
note the individual experimental runs (Group 1 to Group 5), and the blue solid line de-
notes the ensemble mean. In Figure 8, the five types of markers represent the angular ve-
locities of the driven sphere during the first through fifth rotations about the Z-axis, while
the blue solid line indicates the average value of these five sets of data.

Five Independent Runs with Ensemble Mean
T T

(] Group1 : : : :
o_og-flAGrouazL——f —————————— e i el — -1
Group3 i i i i

Time (s)

Figure 8. Rotation Angle of the Driven Sphere.
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Based on Equation (47), Equation (48), and Equation (49), the Mean SD, Mean CV,
and Mean SEM of the aforementioned data were calculated, respectively, and the results
are summarized in Table 2.

(47)

where SD; represents the standard deviation, reflecting the absolute fluctuation magni-
tude of the data; i denotes the i-th data point; j denotes the j-th data group; M represents
the total number of data groups; x;; represents the i-th data point in the j-th group; and

X; represents the mean value of the i-th data point.

1 N
Mean SD = — E SD; (48)
NL i

where Mean SD represents the average of the standard deviations, which can be used to
measure the absolute deviation of the data; ii denotes the standard deviation of the i-th
data point; and N is the total number of data groups.

SD;
CV;= == x100% (49)

Xi

where CV; represents the coefficient of variation, reflecting the degree of dispersion for
data with different magnitudes.

1 N
Mean CV=— E CV; (50)
NL i

where Mean CV represents the average of the coefficients of variation, which can be used
to measure the relative fluctuation of the data.
SD;
SEM,; = ﬁ (51)
where SEM; represents the standard error of the mean, reflecting the precision with

which the sample mean estimates the population mean.

1 =N
Mean SEM=— )~ SEM, (52)
i=1

where Mean SEM represents the average of the standard errors of the mean, which can
be used to measure the reliability of the mean values.

Table 2. Calculation Results.

Mean SD Mean CV Mean SEM
Value 2.71e-4 3.06% 1.22e-4

The mean standard deviation (SD) of the data is 2.71e—4, the mean coefficient of var-
iation (CV) is 3.06%, and the mean standard error of the mean (SEM) is 1.22e-4. These
results indicate that the simulated trajectory is in high agreement with the theoretical tra-
jectory, demonstrating a high level of reliability in the simulation.

Next, Equation (22) was validated through theoretical calculations, simulation mod-
eling, and physical motion control. Specifically, the positions of the prism under these
three conditions were recorded, as shown in Figure 9. In Figure 9, the horizontal axes
denote the X and Y positions in meters, and the vertical axis denotes the Z position in
meters. The blue solid line represents the theoretical trajectory, the orange solid line rep-
resents the simulation trajectory, and the green solid line represents the physical proto-
type trajectory.
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Three Types of Motion Trajectory
——— Theoretical trajectory
Z (m) 0.538— Simulation trajectory
e Physical trajectory
-0.15 0.05
0.15
Figure 9. Motion Trajectories of the Prism Under Three Conditions.
(53)

~

where n is the number of points; p, is the actual position of the i-th point; 7, is the esti-
mated position of the i-th point.

The root mean square errors (RMSEs) for the overlaps between the theoretical and
simulated trajectories, as well as between the theoretical and physical trajectories, are
4.082 x 10 and 0.0032, respectively. These results demonstrate that the simulated trajec-
tory is in high agreement with the theoretical one, proving that the established kinematic
model can accurately describe the ideal behavior of the system. The physical error is ap-
proximately eight times greater than the simulation error. This discrepancy may primarily
originate from sensor measurement noise, mechanical transmission backlash, and envi-
ronmental disturbances. Ultimately, this level of accuracy meets the requirements of prac-
tical engineering applications.

3.2. Spherical End-Effector Experiment

The previous section used Drive Subsystem 1 as an example to verify the reliability
of the kinematic modeling, the simulation model, and the feasibility of physical motion
control. This section will focus on validating the spherical end-effector. First, a simulation
model of the spherical end-effector was established, as shown in Figure 10a. This model
consists of three evenly distributed drive subsystems and a contact sphere. A prism is
mounted at the intersection of the Z-axis of the contact sphere’s coordinate system and its
surface to monitor its motion. Combined with the contact monitoring function of the Cop-
peliaSim software, the drive subsystem itself and the contact points between the driving
spheres and the contact sphere can be displayed in real time to detect any detachment
during movement. Subsequently, a physical prototype testing system was constructed,
primarily comprising a Leica Laser Tracker System and the spherical end-effector. As il-
lustrated in Figure 10b, the Leica tracker measures the position of the prism on the spher-
ical end-effector in real time to reflect the dynamic changes in the motion of the contact
sphere.

Equation (38) reflects the mapping relationship between the Omniwheel and the con-
tact sphere. Based on this mapping, the motion trajectory of the contact sphere is designed,
as shown in Figure 11. In Figure 11, the x-axis represents time in seconds, and the y-axis
represents the rotation angle in degrees. The motion sequence is divided into three phases:
Phase 1 (0-10 s), rotation about the X-axis (Roll) from 0° to 30°; Phase 2 (10-20 s), rotation
about the updated Y-axis (Pitch) from 0° to 30°; and Phase 3 (20-30 s), rotation about the
updated X-axis (Roll) from 30° to 90°. The trajectory in Figure 11 is represented by rota-
tions around the moving coordinate system of the sphere. Specifically, from 0 to 10 s, the
contact sphere rotates about its own X-axis from 0° to 30°. From 10 to 20 s, it rotates about
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the updated Y-axis from 0° to 30°. Finally, from 20 to 30 s, it rotates about the updated X-

axis from 30° to 90°.

Contact Points
Group4

Pn'smﬂ-
Contact Points

Contact Points
Group3

Contact Points
Group?2

(a)

(b)

Figure 10. Spherical end-effector: (a) Simulation model; (b) Experimental testing system.

The trajectory of the Spherical End-Effector Movement
T

T T T T
a0l Phase 1 Phase 2 Phase 3
—Roll (X)
Pitch (Y) X: 30°—>90°
—Yaw (Z2)
60~ =
Iy
W
=
<
30
X: 0°—30° Y=0=—=30°
o Il 1 Il il Il
] 5 10 15 20 25 30

Time (s)

Figure 11. Desired angular motion commands.

Both the simulation model and the physical prototype were commanded to execute
the aforementioned trajectory five times. The position of the prism was recorded for each
run, and the RMSEs were calculated to be 6.21 x 105 and 8.2 x 104, respectively. The results
indicate that the simulation model exhibits minimal motion fluctuation and high reliabil-
ity. Although the error of the physical prototype is approximately 13 times greater than
that of the simulation, with correspondingly larger fluctuations, it remains within an ac-
ceptable range.

The positions of the prism under the aforementioned motion conditions were rec-
orded and plotted for the theoretical calculation, the simulation model, and the physical
prototype, as shown in Figure 12. In Figure 12, the x-axis and y-axis, respectively, repre-
sent the X and Y positions in meters, and the z-axis represents the Z position in meters.
The blue solid line denotes the theoretical trajectory, the orange dash-dotted line denotes
the simulation trajectory, and the green dashed line denotes the physical prototype trajec-
tory. The green and red circles indicate the start and end points, respectively.
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Figure 12. Motion trajectories.

The RMSEs between the theoretical model and the simulation model, as well as be-
tween the theoretical model and the physical prototype, were calculated to be 0.0929 and
1.62, respectively. The results indicate that the simulated trajectory highly coincides with
the theoretical one, demonstrating that the established kinematic model can accurately
describe the ideal behavior of the system. Although the error of the physical prototype is
approximately 17 times greater than that of the simulation, which has increased compared
to a single drive subsystem due to the addition of transmission components, the overall
error remains relatively small and is still acceptable.

3.3. Engineering Significance of the Reported Errors

The RMSE values reported above should be interpreted in the context of practical
engineering requirements. For the driving subsystem, the RMSE of 4.082 x 10-* (theory vs.
simulation) and 0.0032 (theory vs. physical prototype) represent negligible deviations in
angular velocity. In precision drive systems, such error levels are well within acceptable
tolerances, considering inherent mechanical backlash, sensor noise, and motor control
quantization. The close agreement between simulation and physical prototype validates
both the kinematic model and the manufacturing fidelity. For the spherical end-effector,
the simulation RMSE of 0.0929 demonstrates that the derived kinematic mapping Equa-
tion (38) accurately describes the ideal system behavior. The physical prototype RMSE of
1.62, while larger due to accumulated tolerances across three cascaded driving subsystems
and measurement uncertainty from the Leica Laser Tracker, remains acceptable for the
intended application. In on-orbit detumbling operations, the objective is to attenuate the
target’s angular velocity from potentially high initial values to a stabilized state suitable
for robotic capture. The reported error magnitude is sufficiently small relative to the me-
chanical engagement tolerance of the end-effector and the dynamic scale of typical space
debris, thereby confirming the practical feasibility of the proposed system.

3.4. Sensitivity Analysis

To assess the robustness of the proposed kinematic model and motion control strat-
egy under practical conditions, a comprehensive sensitivity analysis was conducted
through numerical simulation based on the derived kinematic mapping Equation (38).
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The analysis evaluates three primary sources of uncertainty commonly encountered in
physical implementation: geometric parameter deviations due to manufacturing toler-
ances, friction-induced slip at contact interfaces, and measurement noise in the motor con-
trol loop.

Simulation Methodology. The nominal geometric parameters are established based
on the physical prototype dimensions: omniwheel radius r,, =15 mm, driven sphere ra-
dius R =45 mm, contact sphere radius R; =120 mm, and assembly angle a = 30°. The
desired trajectory for the contact sphere follows the same angular motion sequence de-
scribed in Section 3.2. For each perturbation scenario, the omniwheel angular velocities
are computed using the inverse kinematic mapping Equation (38) with the nominal pa-
rameters (representing the controller’s assumed model), while the actual contact sphere
motion is computed using the perturbed parameters (representing the physical system
with manufacturing deviations or operational variations). The RMSE is then calculated
between the desired trajectory and the actual trajectory under perturbation, following the
same definition as in Equation (53).

Parameter Uncertainties. Manufacturing tolerances of +2% were introduced to each
geometric parameter individually, while the controller retained the nominal values. The
resulting RMSE values are summarized in Table 3. The results indicate that the system
exhibits low sensitivity to radius variations (7, and R;), with relative errors below 2.1%.
Notably, the driven sphere radius R shows negligible sensitivity because the %’ ratio in
the control law Equation (21) remains approximately constant when the controller and
physical system deviate proportionally. The assembly angle o demonstrates the lowest
sensitivity (0.60-0.61%), attributed to the symmetric 120° distribution of the three om-
niwheels, which partially compensates for individual angular deviations.

Table 3. Sensitivity to Parameter Uncertainties (+2% deviation).

Parameter Nominal Value Perturbed Value RMSE Relative Increase

Tl 15 15.3 1.48 x 107 2%

Tl 15 14.7 1.48 x10° 2%

Ry, 45 459 ~0 <0.01%
R, 45 44.1 ~0 <0.01%
Ry, 120 122.4 1.45x 10 1.96%
Ry 120 117.6 1.51x 1073 2.04%
an 30° 30.6° 455x10* 0.61%
a 30° 29.4° 4.41x10* 0.60%

Friction Variations. The pure rolling assumption in the kinematic model was relaxed
by introducing velocity-dependent slip ratios d at the contact points, defined as follows:

_ Uwheel Usphere

o (54)

Uwheel
where vy, is the theoretical rolling velocity of the omniwheel and vg,p,. is the actual
tangential velocity of the sphere at the contact point.

The slip ratio was varied from 0% to 5%. For each slip ratio, the effective omniwheel
velocity was reduced by (1-6), and the resulting contact sphere motion was computed
using the forward kinematic model Equation (38). The RMSE values are presented in Ta-
ble 4. The results confirm a linear relationship between slip ratio and tracking error, with
a 5% slip producing a 5.00% relative error. This validates the critical importance of main-
taining adequate normal contact force through the constraint unit to prevent slip-induced
degradation.
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Table 4. Sensitivity to Friction Variations (Slip Ratio).
Slip Ratio RMSE Relative Increase
1% 7.40 x10™ 1%
3% 2.22x107 3%
5% 3.70x10° 5%

Measurement Noise. To simulate encoder quantization errors and sensor noise in
the motor control loop, Gaussian white noise with standard deviations of 0.1%, 0.5%, and
1.0% of the nominal omniwheel angular velocity commands was superimposed on the
velocity commands. The noise was generated using a fixed random seed to ensure repro-
ducibility. For each noise level, the perturbed omniwheel velocities were propagated
through the forward kinematic model, Equation (38), to obtain the actual contact sphere
motion, and the RMSE was computed against the desired trajectory. The results are shown
in Table 5. The system maintains high accuracy even at a 1.0% noise level (0.62% relative
error), demonstrating the inherent noise-averaging benefit of the multi-input redundant
architecture with nine omniwheels.

Table 5. Sensitivity to Measurement Noise.

Noise Level RMSE Relative Increase
0.1% 4.60x 107 0.06%
0.5% 2.31x10* 0.31%
1.0% 4.62x10* 0.62%

The sensitivity analysis, based on numerical simulation of the derived kinematic
model, confirms that the proposed system is robust against typical parameter uncertain-
ties, moderate friction variations, and realistic measurement noise encountered in preci-
sion engineering applications. The low sensitivity to geometric deviations is attributed to
the symmetric omniwheel distribution, while the linear slip-error relationship provides
quantitative guidance for contact force design. The noise analysis validates the effective-
ness of the redundant multi-input architecture. These findings provide practical guidance
for manufacturing tolerance allocation, constraint unit force design, and sensor selection
in the physical implementation of the proposed detumbling device.

4. Discussion

While this paper has established a comprehensive kinematic and dynamic modeling
framework for the proposed detumbling device, several practical issues remain to be ad-
dressed to facilitate future on-orbit implementation. Specifically, the following three as-
pects warrant further investigation:

(1) Rolling contact inevitably produces frictional heat. In space, where heat dissipation
is poor, accumulated thermal energy may cause material degradation or thermal de-
formation. Future work should investigate heat generation and dissipation mecha-
nisms under varying contact conditions.

(2) Although the dynamic model captures basic torque transfer, the actual impact, vibra-
tion, and fluctuating contact forces encountered with targets of unknown properties
require further study. This is important for refining control strategies and ensuring
stable contact.

(3) Actual detumbling experiments involving a freely rotating non-cooperative target
under simulated microgravity conditions. This is the highest-priority future work, as
it is essential for validating the complete detumbling performance of the proposed
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device in an orbital-representative environment. Our team has fabricated the physi-
cal prototype and is actively planning such experiments using an air-bearing plat-
form.

5. Conclusions

This paper proposes an omniwheel-based active detumbling device for space debris
mitigation. The kinematic mapping from nine omniwheels to the contact sphere is derived,
and a dynamic model following the Lagrangian methodology is established to describe
the angular momentum transfer mechanism. Experimental validation yields RMSE values
of 4.082 x 10™* (theory vs. simulation) and 0.0032 (theory vs. prototype) for the driving
subsystem, and 0.0929 and 1.62 for the spherical end-effector, confirming precise motion
control capability and the feasibility of the proposed device for capturing space debris.

Current limitations include the ideal pure-rolling assumption, unquantified thermal
effects from friction, and lack of microgravity validation. Future improvements will inte-
grate force/torque sensors for adaptive preload control, develop thermo-mechanical mod-
els for heat management, and implement slip detection algorithms. Planned research di-
rections include dynamic validation on an air-bearing platform with a freely spinning tar-
get, environmental adaptation for orbital conditions, and closed-loop system integration
for autonomous detumbling and capture missions.
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