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With the rapid increase in the number of spacecraft, the number of various non-cooperative targets
and failed spacecraft has risen sharply. Consequently, dealing with these targets requires the actuator to possess
high flexibility, high enveloping ability, and structural stability. Following bionic principles, this paper proposes
a multi-segment serial—parallel spatial closed-chain capture mechanism. The mechanism is formed by coupling
a single parallel capture mechanism composed of four-URU four-branch parallel mechanism and double-loop
folding expansion platform. First, the configuration design of the single parallel capture mechanism with the
core structure of the double-loop folding expansion platform plus the four-URU four-branch parallel mechanism
is carried out. Secondly, the motion screw system and screw-constraint topological diagram of the mechanism at
the initial position are obtained through the null-space method, and then the DOF of the mechanism is calculated.
Subsequently, a kinematic analysis of the capture mechanism is performed. Finally, simulations and a prototype
model are developed to verify the motion feasibility of the multi-segment serial—parallel spatial closed-chain

capture mechanism.

Spatial non-cooperative targets refer to spacecraft or de-
bris that lack communication response equipment, obvious
identifiers, cooperative beacons, and dedicated docking in-
terfaces and that cannot actively transmit attitude informa-
tion. Existing capture mechanisms have many problems in
handling such non-cooperative targets (Fallahiarezoodar and
Zhu, 2025). Currently, the international capture methods for
such non-cooperative targets can be divided into two cat-
egories: non-contact and contact. Non-contact capture in-
cludes methods of driving the target to move by using ex-
ternal forces such as ion jets and laser radiation; its principle
is to utilize external forces to cause its orbital decay. The ad-
vantages of non-contact capture lie in avoiding collision risks
and preventing secondary pollution, while it has drawbacks
such as low efficiency and an insufficient adaptability to tar-
get shapes (Bigdeli et al., 2025).

Contact capture is further divided into flexible connec-
tion capture and rigid connection capture. Flexible connec-

tion capture includes flying-claw capture and rope net cap-
ture. For example, tethered robots (Meng et al., 2019) use
tethers to expand the operation range, and the flying claws
can fly out collaboratively to surround the target. Rope net
capture envelops and tightens the target through a net cover,
such as the Remove DEBRIS project (Forshaw et al., 2016),
McGill University’s net cover device (Sharf et al., 2017).
Rigid connection capture includes single-manipulator cap-
ture, which uses an end effector to directly grasp specific
parts of the target, such as in the SMART-OLEV project
(Kaiser et al., 2008) and Europe’s ERA project (Flores-Abad
et al., 2014). Multi-manipulator capture achieves enveloping
grasping by increasing contact points through multiple-arm
collaboration, such as the US RSGS/RSV (Tsiotras et al.,
2023), Canada’s SSRMS/SPDM small dual-arm robot (Ma
et al., 2023).

Spatial closed-chain mechanisms possess both precise ma-
nipulation and stable grasping capabilities, such as the Hy-
brid Space Robot System (HSRS) proposed by An et al.



(2025) and the folding expansion gripper based on spatial
closed-chain rod mechanisms reported by Xu et al. (2023).
Building on this foundation, a series of hybrid serial—parallel
closed-chain capture mechanisms have emerged in recent
years, which achieve closed enclosures around the target
through deployable or foldable structures. Representative de-
signs include the rotary-actuated folding polyhedron (RAD)
proposed by Teoh et al. (2018), the deployable polyhedral
gripper developed by Xia et al. (2020) and Tang et al. (2024),
and the folding deployable mechanism by Gao et al. (2023),
all of which employ deployable polyhedral structures to real-
ize enveloping capture. In addition, bio-inspired and under-
actuated techniques have been introduced into capture mech-
anism design. The biomimetic octopus underactuated hand
proposed by Jia et al. (2017) adapts to targets through a com-
pliant multi-tentacle configuration. The three-limb deploy-
able mechanism (Wang et al., 2022), the truss-shaped de-
ployable grasping mechanism (Gao et al., 2019), and the de-
ployable grasping manipulator (Li et al., 2019) achieve de-
coupling and compatibility between deployment and grasp-
ing via mobility bifurcation or hybrid serial-parallel archi-
tectures. Furthermore, the snake-inspired swallowing robot
(Zhang et al., 2022) enables synchronous radial and axial de-
ployment, achieving continuous target capture and storage in
a swallowing-like manner.

Therefore, summarizing the advantages and disadvantages
of the aforementioned mechanisms, this paper proposes a
multi-segment serial—parallel spatial closed-chain capture
mechanism. Its core innovation lies in the unique configu-
ration that couples a four-URU four-branch parallel mech-
anism with a double-loop folding expansion platform, en-
dowing the mechanism with high flexibility, strong envelop-
ing capability, and structural stability, enabling it to meet
the requirements of non-cooperative targets. Furthermore,
the bionic configuration formed by series connection enables
more flexible spatial capture and manipulation. The struc-
ture of this study is as follows: first, we conduct the mech-
anism’s configuration design and calculate its DOF; there-
after, we establish the kinematic model, perform forward and
inverse kinematic analyses and singularity analysis, and ver-
ify the workspace; subsequently, we simulate the mechanism
and fabricate a prototype model to verify the capture mech-
anism’s motion feasibility; finally, we summarize the study,
discuss future research and application scenarios.

Snakes can compress their bodies to a great extent during
hunting, stretch after discovering non-cooperative targets,
and capture non-cooperative targets with their teeth. which
meets the needs of space saving, large-range capture, and
target capture. The corresponding relationship between the
snake’s spine and the multi-segment serial-parallel spatial
closed-chain capture mechanism is shown in Fig. 1, and the
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exploded view of the connecting components of each sec-
tion is also shown in Fig. 1. This design method can ensure
the normal operation of the rotating pair of the double-loop
folding expansion platform while ensuring the stability of the
fixed platform of the next segment. The muscles are designed
using a four-URU four-branch parallel mechanism scheme
that combines stability and a high DOF. The spine is designed
using a double-loop folding expansion platform scheme that
combines a single DOF and a large deployment ratio.

The design of the single parallel capture mechanism
adopts the core structure of a double-loop folding expansion
platform plus the four-URU four-branch parallel mechanism.
The four-URU four-branch mechanism adopts an all-revolute
(R) joint configuration for optimal structural layout. Adja-
cent vertical R joints are integrated into universal (U) joints,
equivalent to a four-URU four-branch parallel mechanism.
Moreover, the motion axes are rearranged, resulting in the fi-
nal schematic diagram of the parallel mechanism as shown in
Fig. 2a. The double-loop folding expansion platform adopts
a Hoberman mechanism with 1 DOF and a large deployment
ratio, and Fig. 2b is obtained after rod optimization.

The U joint at the upper end of the four-URU four-branch
parallel mechanism is arranged coaxially with the R joint lo-
cated on the inner loop of the double-loop folding expan-
sion platform to achieve motion coupling. The single paral-
lel capture mechanism forms a multi-segment serial—parallel
structure through series connection, as shown in Fig. 3a. This
connection mode enables the fixed platform of each segment
of the parallel mechanism to share the same coordinate sys-
tem with the moving platform of the previous segment of the
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Figure 2. Configuration design. (a) Four-URU four-branch parallel
mechanism. (b) Double-loop folding expansion platform.
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Figure 3. Multi-segment serial—parallel spatial closed-chain cap-
ture mechanism. (a) Coupling design. (b) Various motion attitudes.

parallel mechanism. Furthermore, each segment of the cap-
ture mechanism can be operated independently, as shown in
Fig. 3b.

3 DOF analysis

The mechanism is a coupled design of a four-URU four-
branch parallel mechanism and a double-loop folding ex-
pansion platform, and the null-space method is adopted to
conduct the overall DOF analysis of the mechanism (Wei
et al., 2010); the single parallel capture mechanism deter-
mines the DOF of the multi-segment serial—parallel capture
mechanism. A Cartesian coordinate system is established.
Four-URU four-branch parallel mechanism and double-loop
folding expansion platform coordinate systems are shown
in Fig. 4a. Based on the null-space method, the screw con-
straint topological diagram of the mechanism is constructed
as shown in Fig. 4b.

The straight lines represent the motion pairs, and the cir-
cles represent the connecting links. The dimensions can be
expressed as follows: A By, Ay By, A3B3, and A4 By are dj,
and B;C; =1;, CiDi =1, and DiEi =13 (i =1, 2, 3, 4).
The distance between A; and O, is R, and the distance be-
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Figure 4. (a) Overall coordinate system of the single parallel cap-
ture mechanism. (b) Constraint topological diagram of each loop.

tween E; and O3 is Ry, as shown in Fig. 4b. The spatial po-
sition coordinates of revolute joint A can be obtained as fol-
lows:

ra, =(R1 0 0). (1)

The axis direction of revolute joint A is given by the follow-
ing:

Sa, =(1 0 0). )

According to screw theory, the unit motion screw of joint A
is expressed as follows:

$4,=[1 0000 0] 3)

Similarly, the motion screw expressions of each joint can be
obtained (Eq. Al in the Appendix). Let w represent the angu-
lar velocity at each revolute joint. The screw constraint equa-
tion of the mechanism can then be written as follows:

wf$s +opSp+opSe +op$p, +oc, S,
+a)31 $Bl + WA, $A1 + wA2$A2 + w32$32 +wc $C2
+wp,$p, + wE, 8k, = 0w, $;, + wi,$;, + wE,SE,
+a)D4$D4 + a)C4$C4 + wB4$B4 + Cl)A4 $A4 - wAl $A1
—wp,$8, —wc,$¢c, —wp,$p, — wE, S, = 0wy, $p,
+p,$ny + wESE; +0py$p; + w3 8c; +wp, S,
+wa$4; —wa,$4, —0p, 88, —0c,$c, —wp,$p,
_a)E4$E4 = Owkl $k1 + a)kz $k2 + Cl)A4 $A4 + a)B4$B4
+owc,$c, +op,$p, + wE,$E, + wa,$4, + 0B, 85,
twc, 3¢, + ©p,Sp, + wE, Sk, =005, 8, + @) 81,
+wE3 $E3 + @WD; $D3 + [Ofe $C3 + WPRB3PB; + WAS $A3
_a)El $E1 - a)Dl $D1 - wcl $C1 - wBl $Bl - wA] $A1
= Owg, $g; + @g, 8¢, +®a,84, + @5, 85, + ©c, 8¢,
+a)D2$Dz + WE, $E2 + WES $E3 + Wp; $D3 + wC; $C3
+wB,$p; + @A, 845 = 0wg, 8¢, + 0,8, — 0y, 8
—0pnSp — i S — 0%, —on Sy — wop, S, =0

“4)
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The screw constraint equations in matrix form are as fol-
lows:

MN =0, &)
where the constraint matrix N is defined as

N= [a)Ala)Bla)cla)Dl~-a)klwk2a)glwg2]T, 6)
and M is given by

M = [M;, M3, M3, My, M5, Mg, M7, Mg, Mg, Mo, M1y,
M2, M3, M5, M6, M7, M3, Moo, Mo, M2, Ma3,
My4, Ms, Mg, Ma7, Mog, Mag, M4, M30, M31, M3z,
M ]. (7

In Eq. (7), the expressions of each symbol are shown in
Eq. (A2). The screw constraint matrix M is a 7 x 32 matrix.
The DOF of the mechanism corresponds to the dimension of
the null space of the constraint matrix. Numerical computa-
tion yields the following:

rank M =27, (8)
DOF =32 —-27=5. 9

The single parallel capture mechanism has 5 independent
DOFs. As the DOF of each module remains independent af-
ter series connection, the multi-segment serial—parallel cap-
ture mechanism possesses Sn DOFs, where 7 is the number
of segments.

Since the null-space method is a numerical approach, it
cannot directly identify the specific type of DOF of the mech-
anism. Its physical meaning is to determine the number of
drives required for the mechanism’s movement. Since the
double-loop folding platform can change its radial size, by
fixing the size of the double-loop folding platform and re-
ferring to Liu Yong’s paper on the kinematic performance
analysis and dimensional optimization of the fully symmet-
ric four-URU parallel mechanism (Liu et al., 2019), it is
known that, when the size of the double-loop folding plat-
form is fixed, the remaining 4 DOFs of the moving platform
are the translation along the x, y, and z axes and the rotation
around the z axis. In practical applications, the translational
DOF along the x, y, and z axes can effectively capture non-
cooperative targets in various directions. At the same time,
the translational DOF along the z axis can also send the cap-
tured non-cooperative targets back to the service satellite,
which is crucial for the operation of the capture mechanism.
The rotational DOF around the z axis enables the capture
mechanism to better perform despinning.

Forward and inverse kinematic analyses are performed on
the multi-segment serial—parallel mechanism. To simplify the
analysis, the number of segments of the serial-parallel mech-
anism is set to two, as shown in Fig. 5. The centers of the

universal (U) joints connected to the fixed platform are de-
notedas A,; (n=1,2) (i =1, 2, 3, 4), and the centers of the
U joints connected to the moving platform are E,;. The cen-
ters of the revolute (R) joints in the branch chains are Cp,;. All
branch chains of the serial-parallel capture mechanism are in
a centrally symmetric distribution. The fixed platform is cir-
cular, with a radius of 7p; the intermediate moving platform is
circular, with a radius of r1; and the end moving platform is
circular, with a radius of r;. In the branch chains, the length
of the link A,; Cp; is I1, and the length of the link C,; E;; is
b.

A fixed-coordinate system Op— xo Yoz is established with
the center Op of the fixed platform as the origin of coor-
dinates. The positive direction of the x axis is parallel to
A11A12, the positive direction of the y axis is parallel to
A13A13, and the 7 axis is perpendicular to the fixed platform.
A moving-coordinate system O —x1y;z] is established with
the center O of the intermediate moving platform as the ori-
gin of coordinates. The positive direction of the x axis is par-
allel to E11 E13, the positive direction of the y axis is parallel
to E13E13, and the 7 axis is perpendicular to the intermediate
moving platform. A moving-coordinate system Oz — x2y222
is established with the center O; of the end moving platform
as the origin of coordinates. The positive direction of the x
axis is parallel to E;1 E97, the positive direction of the y axis
is parallel to E2, E»3, and the z axis is perpendicular to the
end moving platform. Among them, the moving platform of
the first segment and the fixed platform of the second seg-
ment share the same coordinate system, which is uniformly
denoted as O — x1y121.

In the initial pose, Aj1Aj2 is parallel to Eq1Ej2 and
E>1 Eyp, while Ajp A3 is parallel to Ej2 E13 and Exp E»3. The
projections of points O; and O; on the fixed platform coin-
cide with Og. The links A,; Cy,; and C,; E,; are collinear, and
the driving angles are denoted by 61,,; and are 6,,;, as shown
in Fig. 5.

The position vectors OgAj; in the fixed-coordinate sys-
tem Op—x0Yo0z0, O1 E1; in the intermediate moving-platform
coordinate system Oj —x1y1z1, and O2FE3; in the end
moving-platform coordinate system O, — x>y2z> can all be
derived based on the respective coordinate systems.

The position vector Qg0 of the origin O; of the in-
termediate moving-platform coordinate system in the fixed-
coordinate system is (xi,y1,z1), and the position vector
010 of the origin O, of the end moving-platform coordi-
nate system in the intermediate moving-platform coordinate
system is (x2, 2, 22).

The pose transformation matrices of the intermediate mov-
ing platform relative to the fixed-coordinate system and the
end moving platform relative to the intermediate moving-
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Coordinate system and structural parameters of the four-
URU parallel mechanism.

platform coordinate system are as follows:

B coep —Soq 0 T
Ry =Rot(za;) = | soy; coq 0 |,
| 0 0 1 |
[ cay —soz 0 ]
R; =Rot(zop) = | soy  cop 0 |, (10)
| 0 0 1 |

where “c” denotes cos and ““s” denotes sin. The position vec-
tors O1E; and O3 E»; can be converted into the position
vectors OgA1; and OA»>; by means of the coordinate trans-
formation method. The coordinate transformation formula
obtained by the closed vector method is as follows:

00A1; =0001+R1-0E|t,
0143 = 0102+ Ry - 02E»;t. (11)

The position vector Q¢ E; is obtained. Its coordinates in the
fixed-coordinate system are as follows:

OoE11 = (r (—cay +say) +x1,r1 (=say —cap) + y1,21),
OoE12 = (r (cay +say) +x1,r1 (sap — cay) + y1,21),

OoE 13 = (r (cay —say) +x1,r1 (say +cap) + y1,21),

OpE14 = (r1 (—cay —say) +x1,r1 (=say +cap)+y1,z1). (12)

The position vector O E»; is obtained. Its coordinates in the
intermediate moving-coordinate system are as follows:

O1E21 = (r(—caz + saz) + x2, 12 (—saz — can) + ¥2,22),
O1E2 = (r(cay +saz) +x2,r2 (sa — can) + y2,22),

O1E23 = (ry(cap —sap) + x2, ra (sap + can) + y2,22),

O1E2 = (ry(—cap — san) +x2, 2 (—sax +can) + y2,22). (13)

The position vectors A; E1; and Ay; E; can be expressed as
follows:

AiE;i = 00E);; — OpAy;,

AiEr = 01Ey — 014 (14)
As shown in Fig. 6, in the triangles formed by Ay; Eq;Cy;
and A; E2;Coi, ApiCpi =11, Cpi Enj = Iz, A1 E1; = dy;, and
Ag; Eb;i = db;i. Thus, the inverse-position solution of the
mechanism can be obtained by means of the trigonometric

theorem.
The branch chain of the first segment is as follows:

2, 2 g2
Iy +di; =15

011; = arccos ———= or
2lydy;
?+d* 12
6y1; = 2 — arccos —1L 2
2I1dy;
?+12-d?,
6>1; = arccos —2 1L op
2011
P?+12—-d?,
6r1; = 2w — arccos L2 i (15)
2011,
The branch chain of the second segment is as follows:
P?+d? 12
012; = arccos ——2 2 or
2 doi
I +dy—13
619 = 2 — arccos ——2L 2
2l1dy;
P?+12—d?
Gy — 1772 T
hoi = arccos 2l or
+13—-d2
6y = 27 — arccos ——2 2L (16)
2011

The motions of each branch chain are independent of each
other. Each segment of the mechanism has four identical
branch chains, and the schematic diagrams of the four poses
of the driving rotation angle for each group of branch chains
are shown in Fig. 6. Thus, each configuration of the moving
platform corresponds to a total of 256 sets of inverse-position
solutions for eight branch chains.

The forward-position solution determines the coordinates of
the end moving-platform center O> (Xiotal, Viotal> Ztotal) i1 the
fixed-coordinate system, as well as the attitude rotation an-
gles a1 and «p about the z axis given the driving angles 0y,;
and 6,,,; of each actuated pair.

The driving angles 61,; and 6»,; are subject to the same
trigonometric function constraint. Taking 6y,; as the primary
input variable, the equations can be rearranged to obtain the
following:

l% +d12i —l% —2l1dy;cosb1; =0,
13 4 d3; — 13 — 211 daicosfra; = 0. (17)
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Schematic diagram of four poses of the driving rotation
angle of the branch chain.

The lengths of Ay; Eq; (denoted as dy;) and Aj; E; (denoted
as dp;) are solved as follows:

d],‘ = l]COS911,' + ,/l% — I%Sinzeni,
doi = l1cosOya; £ /13 — Psin®0y2;. (18)

When taking dy; =y cos6y; —i—,/l% —llzsinzéu,- and dp; =

[1 cosB12; +,/l§ —l%sinzelzi, the kinematic analysis of the
mechanism 1s performed. The solution method for other
cases is the same and, according to Egs. (14) and (18), can

obtain the following:

[r1(—car +sap)+ (x1 + R)>+
[ri(=sai —car)+ (i + R + 22 =d
[ri(car + s1) + (x1 — RDI*+
[ri(so1 —ca) + (1 + 1’?1)]2 +27=d},
[ri(car —se) + (x1 — R ’
+[ri(sar +ca)) + (i — R)]” + 22 = d%
[r1(—cay — sap) + (x1 + R1)I?
Hri(=sar +ca)+ (1 - RD + 2 =d%,
[ra(—ca + sa) + (x2 + Ry)]?
+[ra(—sa — ca)+ (y2 + Rz)]2 +25=d3,
[ra(ca + sa) + (x2 + Ro))?
+[ra(sa+ca)+(n+ R + B2 =d3,

19
rafcor=sa) + (2 = RF 1
+[ra(sa +ca) +(y2 — Ry +25 = dis
[ra(—ca —s@) + (x2 + Ro)I?
+[r2(—sa +ca)+ (2 — Rz)]2 + z% = d224
After rearranging Eq. (19), we obtain the following:
2 2 2 2
oy —arcsin diy —dip +djz —dj,
8rory ’
o [d]Zl — c1122 +4roricar] —4risaq - y1
1= 870 ;
[dlz2 —dlz3 +4rorisay] —4ricay - xq
y1= s
8ro
Z1 =\/d121 — [r1(—cay +sar) +x1 +rol?
—[ri(=sa1 —car) + y1 +rol?, (20)
2 2 2 2
oy =arcsin dy, —dy +dy; —dy,
8rir ’
o [d3, — d3, +4riracan] —4rasar - yo
2= 8}"1 9
[dzz2 — d223 +4rirysaz] —4rycan - x2
y2 = s
8}"1
22 =\/d221 — [r2(—caz +saz) + x2 +r1]?
—[ra(=saz — car) + y2 +r11%. (21

The intermediate moving platform rotates by «; relative to
the fixed platform, and the end moving platform rotates by
ap relative to the intermediate moving platform, with both
rotations around the z axis. The total attitude angle of the
end moving platform is «ra] = 1 + 2. Using the transfor-
mation relation OgO> = OyO1 + R; - O1 O3, one obtains the



following:

d}y —di, +di; — di,
8rori

Oltotal = arcsin (

2 2 2 2
+ arcsin d21 B d22 + d23 — d24
8rirm ’

Xtotal = X1 +COS a1 - X2 —sin &y - yp,
Ytotal = Y1 + sin aq - x2 +cos o - y2,
Ztotal = 21 + 22- (22)

A singular configuration refers to a special posture of the
mechanism in which, under given geometric parameters, the
constraint relationships degenerate, causing an instantaneous
increase in DOF or a loss in actuation capability. In order
to investigate the workspace boundary and motion perfor-
mance of the capture mechanism, the singular configurations
of a single four-URU four-branch parallel mechanism are
first analyzed. The pose of the moving platform of the first
four-URU four-branch parallel mechanism is expressed by
the generalized coordinate vector:

x| = [xlylzlal]T- (23)

Four independent actuated joint variables are selected to
form the joint generalized coordinate vector:

g1 = [0111611201136114]" . 24)

The vector r 4, g, is obtained in the fixed-coordinate frame,
where r 4, g,; is a function of the moving-platform pose xj.
Combined with the geometric relationships, the link lengths
satisfy the corresponding length constraints. Each branch
chain can then be written in the unified form:

D;(x1q1) =75, g, TAuEy —di (@) =0,i =1,2,3,4. (25)

Collecting the four branch chain constraints into vector form
yields the following:

d(x1q1) = [®1 P, D3 D417 =0. (26)

Differentiating the position constraint Eq. (26) with respect
to time gives the velocity constraint of the single four-URU
four-branch parallel mechanism:

d o ) 0D | n 0d | 0 27
—_— X = —X —_— = U.
3 Pnan P 8q141
Let
0d Lol
A1 (x1,q1) = —Bi(x1q1) = —, (28)
0xy 9q1

and then Eq. (27) can be rewritten as

Ax1+Bi1g1 =0. (29)

For a regular configuration within the workspace, A; is a
nonsingular matrix; i.e., det(A1) # 0. The instantaneous ve-
locity of the moving platform can be solved as follows:

%1 =J1(x1g0)q1 = —A7 (x191) Bi(x1g)g1 31 (x1q1)
=—A;'B. (30)

According to the singularity theory of parallel mechanisms,
when the rank of the Jacobian matrix J; is lower than the
number of DOFs, the mechanism is in a singular configura-
tion. From Eq. (30) it follows that, if

det(A;) =0, €2y

the mechanism loses its constraint capability in certain trans-
lational or rotational directions; if

det(B1) =0, (32)

an ineffective actuation combination exists.

Let ¢ denote the folding angle, and let p denote the equiv-
alent radius of the platform. According to the geometric re-
lationships, one has

p=f®). (33)

where f() is uniquely determined by the geometric con-
straints of the inner and outer scissor link sets of the double-
loop folding expansion platform. The velocity relationship of
the double-loop folding expansion platform is as follows:

p=Iu(@)dJu (@)= @, (34)
¢

where Jg(¢) is the scalar Jacobian of the double-loop fold-

ing expansion platform. When Jy(¢) = 0, a folding input ¢

cannot generate an effective radial output velocity p, and the

mechanism is in a singular configuration.

Let the generalized coordinates of the moving platform of
the  kth four-URU four-branch parallel mechanism be xy,
let the actuated joint variables be gy, and let the correspond-
ing velocity Jacobian be

Xk = JeCorgr) g - (35)

The singularity criterion for J, is consistent with the single-
segment analysis: if det(4,) = 0, the parallel part of the nth
segment is in a parallel singularity; if det(B,) = 0, it is in an
actuation singularity.

Meanwhile, the double-loop folding expansion platform of
the nth segment satisfies the following:

On = JH.n(Bn)bn- (36)

When Jy ,(¢,) = 0, the double-loop folding expansion plat-

form of the nth segment is in a singular configuration.
Although the singular configurations of the proposed

serial—parallel spatial closed-chain capture mechanism are



theoretically identified through Jacobian-based analysis,
their practical implications for on-orbit capture tasks require
further discussion. To mitigate these risks in practical ap-
plications, several singularity avoidance strategies can be
adopted.

At the structural design level, by introducing slight differ-
entiation in the design of the four-URU branches, including
adjusting the allowable rotation ranges of the revolute joints
and modifying the initial installation angles of the hinges,
the strict geometric symmetry of the mechanism can be in-
tentionally broken. As a result, the singular configurations of
individual branches no longer occur simultaneously, thereby
avoiding the emergence of global singularities. Meanwhile,
by keeping the introduced structural variations within rea-
sonable limits, the mechanism preserves its overall near-
symmetric characteristics, ensuring that the kinematic per-
formance of the end effector satisfies the requirements of
capture operations.

At the motion-planning level, singular configurations can
be avoided by restricting joint motions away from geo-
metric limits and excluding singular neighborhoods iden-
tified through workspace analysis. Capture trajectories can
be planned such that the Jacobian matrix remains well-
conditioned throughout the operation, ensuring smooth mo-
tion and stable force transmission during deployment, enclo-
sure, and retrieval phases.

At the control level, real-time monitoring of kinematic per-
formance indices, such as Jacobian condition numbers or ma-
nipulability measures, can be incorporated into the control
framework. This enables the capture mechanism to dynami-
cally adjust its motion and maintain safe distances from sin-
gular configurations during on-orbit operations.

Based on the forward- and inverse-position analysis results,
the input parameters are determined, and the workspace
of the capture mechanism is analyzed. The driving rota-
tional ranges are (7/3 > 6 >0) and (7 > 6 > 7/6). The
fixed platform has a side length of ryp =200 mm, and the
radius of the intermediate moving platform varies within
50mm < r; <250mm. The limb lengths are /{ =196 mm
and /p =208 mm. The rotational DOF is fixed at « = 0, and
configurations in which the limbs fall into singular positions
are excluded. Using MATLAB, the workspace of the moving
platform for a single-segment parallel capture mechanism is
first computed, as shown in Fig. 7a. Under the same basic pa-
rameters, the workspace of the end moving platform formed
by connecting two single-segment parallel capture mecha-
nisms in series is shown in Fig. 7b.

Z (mm)
o 8 8
>| |

2 (mm)

Workspace of the moving platform of a single-segment
parallel capture mechanism and workspace of the moving platform
of the two-segment parallel capture mechanism.

By comparing Fig. 7a and b, it can be concluded that
the serial-parallel configuration significantly expands the
workspace by increasing both the effective length and the
DOF.

The forward- and lateral-capture processes include target de-
tection, extension toward the target, closure of the double-
loop folding platform to achieve grasping, and finally bring-
ing the target back to the working satellite. Each single par-
allel capture mechanism is equipped with five drives, which
can be arbitrarily configured at the A,; and C,; joints of the
branch chains; the positions of A,; and C,; are shown in the
Fig. 5. Based on the previously obtained feasibility analysis,
a simulation model was established to verify the operability
of the mechanism. Forward-capture simulation is conducted;
in this simulation, the drive positions of each segment are
configured at A1, An2, A3, Ana, and Cy1. The simulation
process is shown in Fig. 8.

As shown in the Fig. 8, the trajectory of the second-
segment double-loop folding expansion platform is signifi-
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Lateral-capture simulation.

cantly longer than that of the first-segment one. A lateral-
capture simulation was also conducted, and the results are
shown in Fig. 9.

The simulations verify that the mechanism can success-
fully perform the capture operation, confirming the rational-
ity of the multi-segment serial—parallel spatial closed-chain
mechanism design.

Subsequently, the development of a prototype will be car-
ried out. Servo motors are used as driving joints; given that
the prototype is composed of two segments, the selected
servo parameters are as follows: eight dual-axis servos with
a torque of 25 kg are adopted for the first section, and eight
dual-axis servos with a torque of 20kg are adopted for the
second segment. Prototype rods are fabricated using 3D-
printed materials according to the dimensional parameters,
the diagonal center distance of the fixed platform is set as
Ro = 290 mm, the link lengths of the mechanism’s mechan-
ical arm are /; = 160 mm and /, = 155 mm, and the link ra-
dius dimension of the dual-ring deployable-folding platform
is r = 82 mm.

To ensure smooth motion, a redundant actuation method
is adopted. Each parallel capture mechanism is driven by
eight drive joints, with the drive joint installation positions
being the same as those in the simulation. By controlling the
driving joints, the prototype can perform capture operations
in multiple modes. Among them, the prototype is shown in
Fig. 10.

To improve the engineering completeness, a brief control
strategy is further discussed to clarify how the redundant ac-
tuation and the multi-segment serial connection are coordi-
nated during on-orbit capture tasks. Since the fixed platform
of each segment shares the same coordinate system with the
moving platform of the previous segment (Fig. 3), the overall
control problem can be formulated as a hierarchical synchro-
nization of segment-level motions. Specifically, a supervi-

The second
segment
double-loop
folding
expansion
platform

The first

\ segment
double-loop
folding

expansion

platform

Prototype of a multi-segment series-parallel spatial
closed-loop capture mechanism based on bionic principles.

sory kinematic layer generates the desired pose of each seg-
ment’s moving platform according to the target-relative cap-
ture phases, including extension toward the target, enclosure
by folding, and retrieval. The corresponding joint commands
are then obtained by solving the inverse-position relations
of each segment while enforcing inter-segment pose consis-
tency; i.e., the commanded motion of segment n is referenced
to the actual output pose of segment (n — 1) to avoid accumu-
lation of kinematic mismatch during serial deployment.

Regarding actuation redundancy, the prototype adopts
eight drive joints for each parallel capture mechanism, al-
though the single parallel module has 5 independent DOFs.
This redundancy can be utilized for fault tolerance and load
sharing. In practice, the joint space commands can be com-
puted using a constrained optimization or weighted least-
norm mapping, where the primary task tracks the desired
end-platform pose, and the secondary task redistributes ac-
tuation efforts to avoid joint limits and reduce internal stress.
Under a single-joint degradation or temporary drive loss,
the remaining actuators can maintain the required motion by
reconfiguring the redundancy resolution, thereby improving
capture reliability.

Synchronization between segments is ensured by a time-
stamped command sequence with segment-wise phase lock-
ing: first, all segments execute a coordinated extension with
bounded velocity to keep the Jacobian well-conditioned; sec-
ond, the double-loop folding expansion platforms perform
enclosure with synchronized radial contraction to guarantee
simultaneous contact establishment; and, finally, the retrieval
phase is controlled in a primary—secondary manner, where
the proximal segment acts as the primary reference, and dis-
tal segments follow with pose error feedback, ensuring sta-
ble closed-chain motion transmission throughout the multi-
segment structure. After establishing the above coordination
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Figure 12. Lateral-capture process.

principle, the forward-capture process of the mechanism is
shown in Fig. 11, and the lateral-capture process is depicted
in Fig. 12.

The prototype experiments verify that the multi-segment
serial—parallel spatial closed-chain capture mechanism pro-
vides a high folding ratio, enables efficient folding and stor-
age, supports directional and controllable extension, achieves
multi-mode capture, and balances high DOFs with system
expandability.

It should be noted that the present simulations and pro-
totype tests mainly verify the motion feasibility and oper-
ational correctness of the proposed multi-segment serial—
parallel spatial closed-chain capture mechanism. Quantita-
tive evaluation of practical grasping performance, such as
grasping force, payload capacity, and structural stiffness, re-
quires additional modeling of force transmission and com-
pliance, as well as dedicated measurement or finite-element
verification, which is beyond the current kinematic-focused

Mech. Sci., 17, 439-451, 2026

scope. Nevertheless, the proposed Jacobian-based formula-
tion provides a direct basis for quantitative performance eval-
uation: under quasi-static conditions, the achievable grasping
force can be estimated from actuator torque limits via the Ja-
cobian transpose, while the end-effector stiffness can be ob-
tained by combining the mechanism Jacobian with link and
joint compliance models.

In future work, we will establish a force—stiffness—payload
evaluation framework by incorporating structural strength
constraints and conducting multi-condition prototype tests to
provide quantitative evidence for on-orbit capture practical-

ity.
9 Conclusions

This paper proposes a multi-segment serial—parallel spatial
closed-chain capture mechanism inspired by bionic princi-
ples. First, a single parallel capture mechanism with a core
architecture composed of a double-loop folding expansion
platform and a four-URU four-branch parallel mechanism is
designed, and a multi-segment serial—parallel spatial closed-
chain capture mechanism is obtained through series connec-
tion. Second, the DOF of the mechanism is calculated using
the null-space method, followed by kinematic analysis and
singularity analysis of the multi-segment serial—parallel cap-
ture mechanism. The workspace of the mechanism is then
verified. Finally, simulations and a prototype model are used
to verify the motion feasibility of the multi-segment serial—
parallel spatial closed-chain capture mechanism. The pro-
posed design enables stable long-distance target capture in
space, offering a promising solution for failed-satellite recov-
ery and space debris removal.

Future work will primarily focus on the systematic in-
vestigation of inertia, vibration, and impact effects. Mean-
while, subsequent research efforts will be devoted to en-
hancing the capture stability of the mechanism, advancing
the lightweight structural design of its key components, and
further validating the long-term operational reliability of the
whole mechanism through multi-condition prototype testing,
all of which are intended to provide robust technical support
for the practical on-orbit capture of non-cooperative space
targets.

https://doi.org/10.5194/ms-17-439-2026
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