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Featured Application: In the process of space target acquisition, problems include not only the
acquisition problem, but also how to buffer the collision energy, avoid collisions and reduce the
impact of docking. A bionic docking mechanism with stiffness optimization for space target ac-
quisition is designed and simulated to realize the buffering and unloading of a six-dimensional
spatial collision caused by space target docking. The research results are useful with regard
to the stabilization control of the spaceborne capture mechanism with future bionic docking
mechanisms.

Abstract: Aiming at the soft contact problem of space docking, a bionic docking mechanism for
space target acquisition is proposed to realize the buffering and unloading of six-dimensional spatial
collision through flexible rotating and linear components. Using the Kane method, an integrated
dynamic equation of the bionic docking mechanism in space docking is established, and the stiffness
optimization strategy is carried out based on angular momentum conservation. Based on the particle
swarm optimization (PSO), a stiffness optimization scheme was realized. Through the numerical
simulation of the bionic docking mechanism in space docking, the stiffness optimization was achieved
and the soft contact machine process is verified. Finally, through the docking collision experiments
in Adams, the results indicate that the proposed bionic docking mechanism can not only prolong
the collision time to win time for space acquisition, but also buffer and unload the six-dimensional
spatial collision caused by space target docking.

Keywords: space docking; bionic docking mechanism; Kane method; angular momentum conserva-
tion; particle swarm optimization (PSO); damping vibration absorption

1. Introduction

As the key equipment for space target acquisition, space docking and transposition is
the core technology that all aerospace powers strive to develop [1-5]. At present, space
docking transposition is required not only to solve the acquisition of spacecraft, but also
to buffer collision energy, avoid serious collisions and reduce the impact of docking. The
realization of soft docking in space on orbit acquisition is of great significance to complete
the space on orbit acquisition task.

In recent years, the design of new space docking mechanisms to realize soft docking
is still a research hotspot of many scholars Feng et al. [6] developed a new type of end
effector prototype by combining the tendon—sheath transmission system with a steel
cable snaring mechanism. Liu Yang et al. [7] designed and studied a variable topology
3-RSR polyhedron docking mechanism, and verified the practicability of the structure;
Li et al. [8] designed a light and small three arm noncooperative target satellite docking
mechanism. Zhang [9], et al. developed a flux pinned docking mechanism (FPDM),
and designed and established the experimental demonstration system. Sohal et al. [10]
proposed an integrated active genderless docking mechanism which allows for efficient
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docking while tolerating misalignments. Shi et al. [11] established a novel model of space
electromagnetic docking to solve the problem of traditional plume contamination and
short service life. Zhang et al. [12] presented one novel docking mechanism with a T-type
locking structure and proved the rationality of the proposed mechanism. Chen et al. [13]
studied the movement space of the LIDM’s capture system and proposed the main factors
affecting the movement space. Han et al. [14] studied the innovational design technique
of a docking cone and developed a new satisfactory docking cone. Moubarak et al. [15]
studied the application of two-bar slider rocker mechanisms in three—state rigid active
docking, and verified its effectiveness through experiments. Zhang et al. [16] proposed
ahigh temperature superconducting magnetic docking mechanism which consisted of a
high temperature superconductor (HTS) bulk installed on a target spacecraft module and
an electromagnet installed on a tracking spacecraft module based on the flux pinning effect
of an HTS.

Meanwhile, by discussing the influence of docking mechanism parameters on the
soft docking of the micro satellite, many scholars proposed new docking strategies based
on the existing docking mechanisms, and verified their effectiveness through simulation
experiments. Bin et al. [17] verified the feasibility of realizing the action of the butt ring
with the multi-motor combined control based on the scaled docking mechanism prototype
of an aluminum alloy. Xu et al. [18] proposed a prediction model for the transmission error
of CDS based on their cable deformation to improve the assembly efficiency of docking
locks. Zhang et al. [19] established the model of grasping docking mechanism by using
the mathematical methods, and analyzed the contact and collision problems in the process
of grasping. Olivieri et al. [20] proposed a new docking mechanism that provides the
basis for the connection and separation of small spacecraft in space. Li et al. [21] proposed
a feasible docking mechanism based on the non—cooperative target docking technology
points, and verified its effectiveness. Taking successful docking as the evaluation standard,
Zhang et al. [22] discussed the influence of docking mechanism parameters on micro/small
satellite soft docking. Zhang et al. [23] investigated the problems of spacecraft self- and
soft-docking via coupled actuation of magnetic fields.

The aforementioned research on the space docking mechanism mainly focuses on
the development of the capture mechanism end-effect device, as well as the contact
mode and contact strategy research, but the manipulator was not employed as part of the
docking mechanism. In this regard, some scholars have studied the momentum, angular
momentum, and the trajectory planning of the space-borne capture mechanism.

Beginning from the flexible control and motion planning of the spaceborne capture
mechanism, Wei et al. [24] proposed the impedance control method of flexible manipulator
assisted large load space cabin docking and verified its effectiveness. Cong and Sun [25]
proposed “straight arm grabbing”, which is the most ideal state, but it is difficult for planar
robots to achieve. Based on dual-arm sport robot, Guo et al. [26] calculated the pre-impact
configuration to minimize the effects of impacts on the robot ‘s angular momentum by
use of the particle swarm optimizer. Hu et al. [27] presented a method to minimize the
impact force by pre-impact configuration designing. Gan et al. [28] proposed a method of
stiffness design for a spatial three degrees of freedom serial compliant manipulator with
the objective of protecting the compliant joint actuators when the manipulator comes up
against impact. Hu et al. [29] presented a method to minimize the base attitude disturbance
of a space robot during target capture. Song et al. [30] proposed performance indices for
impact force reduction capability and maximum speed of variable stiffness robots based on
the impact ellipsoid. Oki [31] stabilized the tumbling target satellite by using time optimal
control of a free—floating robot. Chen et al. [32] put forward a motion planning method
for space robotic systems keeping the base inertially fixed while performing on-orbit
services, using a combination of point-to—point planning and a balance-arm. Xu et al. [33]
proposed a dual-arm coordinated ‘Area—Oriented Capture’ (AOC) method to capture a
non-cooperative tumbling target, which has larger pose tolerance and takes shorter time
for capturing a tumbling target. Larouche [34] adopted a motion prediction control scheme
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for autonomous acquisition tasks. Zhang [35] studied a manipulator trajectory plan by
adjusting the pose of the robotic-arm and minimizing attitude disturbance of the base.
However, due to the inevitable existence of model errors and operational precision, it is
impossible to fundamentally avoid the impact and disturbance of the capture process, and
it is difficult to suppress the complex vibration after docking.

In addition, the realization of soft docking of spatial docking through novel vibration
suppression approaches has attracted more and more attention. Chu [36] applied con-
trollable damping to the interior of the manipulator and minimized the impact of space
docking on the free—floating base through a particle swarm optimization (PSO) algorithm.
Nguyen [37] applied the controllable MR damper [38] to a planar 2-DOF manipulator for
spatial capture, but the spatial collision problem is not resolved. In addition, Yu et al. [39]
investigated spatial dynamics and control of a 6-DOF space robot with flexible panels,
and indicated that flexible panels have big influence on impact dynamic characteristics.
Bian [40] applied an effective shock absorber to unload the non-linear vibration of the
manipulator based on the principle of internal resonance. However, to our knowledge,
there is little research that mentions designing a bionic structure for soft contact to realize
the buffering and unloading of six-dimensional spatial collision.

Motivated by the above observations, this paper attempts to design a bionic docking
mechanism for space target acquisition, and proposes an integrated dynamic equation of
spaceborne capture mechanism coupled with the proposed bionic docking mechanism.
The main contributions are listed as follows.

(1) A bionic docking mechanism for space target acquisition is designed to realize
the buffering and unloading of spatially six-dimensional collision caused by space target
docking.

(2) An integrated dynamic equation of the bionic docking mechanism in space docking
and a stiffness optimization strategy based on the angular momentum conservation are
proposed.

(3) Facing the optimization of the bionic docking mechanism, the stiffness coefficients
of torsion springs and linear spring are considered as particle swarms and the particle
swarm optimization (PSO) algorithm is adopted to realize stiffness optimization. Numerical
simulation and prototype experiments are carried out to verify the effectiveness.

The rest of this paper is organized as follows. In Section 2, we introduce the structure
and function of the proposed bionic docking mechanism. Section 3 gives the dynamic
equations based on Kane approach. In Section 4, a control scheme employing particle
swarm optimization (PSO) is proposed. Sections 5 and 6 can separately provide simulation
examples and experiment results to verify the proposed approach and principle. Finally,
we conclude all of the work in Section 7.

2. Structure of Bionic Docking Mechanism

The bionic docking mechanism includes gyro—structure assembly and sliding structure
assembly to buffer and unload the six—dimensional spatial collision. A 3D model of the
bionic docking mechanism is shown in Figure 1 and the generalized model of capturing
mechanism with the bionic docking mechanism is shown in Figure 2. The gyro-structure
assembly includes a gyro mechanism, a flexible rotating component and encoder, and the
sliding-structure assembly includes a sliding mechanism, a flexible linear component and
a linear displacement sensor.

In the spatial Cartesian coordinate system, the pitch and yaw directions of the gyro
mechanism are taken as the X and Y axes. The 3D model of the gyro-structure assembly
is shown in Figure 3 and the 3D model of the sliding—structure assembly is shown in
Figure 4. In order to describe the proposed bionic docking mechanism, in this paper,
Gyro—X s the X-rotation axis of the gyro mechanism, Gyro-Y is the Y-rotation axis of the
gyro mechanism, Gyro-Z is the Z-rotation axis of the gyro mechanism, and Slide-Z is
the Z-line axis of the sliding mechanism. The gyro mechanism can be divided into three
rotating joints, in which the rotation mechanism composed of gyro frame 2 (8) rotating
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around Gyro—X relative to gyro frame 1 (7) is called Gyro—X joint, the rotation mechanism

composed of gyro frame 3 (3) rotating around Gyro-Y relative to gyro frame 2 (8) is called

Gyro-Y joint, and the rotation mechanism composed of sliding frame 1 (4) rotating around

Gyro-Z relative to gyro frame 3 (3) is called Gyro-Y joint. And the sliding mechanism
composed of sliding frame 2 (13) moving along Slide Z relative to sliding frame 1 is Slide Z
joint. The bionic docking mechanism mainly imitates wrist movement through the spatial
3D rotation of the gyro mechanism. As shown in Figures 1 and 3a, taking the palm plane as
the Cartesian XOZ plane, the Gyro—X joint can imitate the upward turning motion of the
wrist, it can imitate the lateral turning motion of the wrist, and it can imitate the rotation
motion of the wrist around the arm.

The gyro mechanism and sliding mechanism can transfer the six-dimensional colli-
sion caused by spatially docking, and the flexible rotating component and flexible linear
component can avoid the instability of the free—floating base and stabilize the bionic dock-
ing mechanism by damping vibration absorption. The flexible rotating component is
composed of a rotating MR damper (2), electromagnetic clutch (5), and torsion spring

(6), as shown in Figure 3a. The flexible linear component is composed of a linear spring
(9), an electromagnetic braking slide (10), a linear MR damper (11) and a slider (12), as
shown in Figure 3b. The rotating MR damper, torsion spring, linear MR damper and linear
spring can realize the unloading and buffering of a six-dimensional spatial collision, and
the electromagnetic clutch and the electromagnetic braking slide can realize the braking
of the bionic docking mechanism after space target acquisition. The encoders and linear
displacement sensor can measure the motion parameters of the gyro mechanism and the

sliding mechanism for the closed-loop control of the spatially soft docking.
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Figure 1. 3D model of the bionic docking mechanism.
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Figure 2. Generalized model of the bionic docking mechanism in space docking
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(@) (b)

Figure 3. Over structure of the bionic docking mechanism; (a) Gyro-structure assembly; (b) Sliding—

structure assembly; 1. Encorder; 2. Rotating MR damper; 3. Gyro frame 3; 4. Sliding frame 1; 5.
Electromagnetic clutch; 6. Torsion spring; 7. Gyro frame 1; 8. Gyro frame 2; 9. Linear spring; 10.
Electromagnetic braking slide; 11. Linear MR damper; 12. Slider; 13. Sliding frame 1; 14. Linear
displacement sensor.
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Figure 4. Transmission schematic of the X-line and Y-line collision.

The bionic docking mechanism has four DOFs: a Gyro—X joint, a Gyro-Y joint, a Gyro—
Zjoint, and a Slide-Z joint to realize the buffering and unloading of a space six-dimensional
collision. After the spatially 3D angular, X-line and Y-line collision are transmitted by
the gyro mechanism and buffered by the torsion springs, and the damping outputs of
the rotating MR damper in the Gyro-X joint, the Gyro-Y joint and the Gyro-Z joint can
be planned to realize the stabilization of the gyro-structure assembly. After the spatially
Z-line collision is transmitted by the sliding mechanism and buffered by the linear spring,
the stabilization of the sliding—structure assembly can be realized by planning the damping
output of the linear MR damper in the Slide-Z joint so as to realize the buffering and
unloading of the collision of a six-dimensional spatial collision.

The transmission schematic of the spatially X-line and Y-line collision is shown in
Figure 4, in which O1X3, O,Y; and O3Z3 are Gyro—X, Gyro-Y and Gyro—Z respectively.
The collision force (Fx) of the X direction can be converted into a torque (My,) around
the Gyro-Y. Similarly, the collision force (Fy) in the Y direction can be converted into a
torque (Mx1) around the Gyro—X. It can be seen that the flexible rotating components in
the Gyro—X, and Gyro-Y can indirectly stabilize the collision along the Y-line and X-line
collision force, so as to realize the buffering and unloading of the six-dimensional spatial
collision.

3. Model of Bionic Docking Mechanism

In order to verify the effectiveness of the proposed bionic docking mechanism, a
dynamic model of the bionic docking mechanism in space docking is established, as shown
in Figure 5. OXYZ is the inertial coordinate system, Oy XY Zy (k = 1, 2, 3, 4, 5) is the
connected coordinate system of the free—floating base with the gyro frame 1, gyro frame 2,
gyro frame 3 gyro frame 3, sliding frame 1 and sliding frame 2.
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Figure 5. Model of the bionic docking mechanism in space docking.

The flexible rotating components and the flexible linear component are arranged on
the Gyro—X, Gyro-Y, Gyro-Z, and Slide-Z. It can be seen from Section 2 that the bionic
docking mechanism can buffer and unload the six-dimensional spatial collision. In this
section, the Kane method is used to build the integrated dynamic model of the bionic
docking mechanism in space docking, and the dynamic analysis of optimization strategy of
the bionic docking mechanism is proposed based on the angular momentum conservation.

3.1. Kinematics Equation

Establish the absolute inertial coordinate system OXYZ, and establish the conjoined
coordinate system Oy X Yy Z, at the end face of segmentk (k=1, 2, 3, 4, 5). The linear velocity
]]z ! and angular velocity wk ! of the relative motion between two adjacent segments k and
(k —1) are selected as the generalized velocity y;, and meanwhile the linear displacement
slli_l and angular displacement Gi_l are selected as the generalized coordinates x; (I =1, 2,

., 10), that is:

A=[y, v 5] =[x x x]
wy=[y, 0 0] Oi=[x 0 0]
“’%Z[O%O]T 63=[0 x5 O]T )
Wl=[00 y,]' 63=[0 0 x]
N=[y vs vo] =[x % x]
v‘;:[ooym]T ss=[0 0 x|

where
X10x1 is used to store generalized coordinates;
Y101 is used to store generalized velocity.
Then the relative rotation matrix of the connected coordinate system in segment k and
(k—1)is:
= Rot(X, x1) -Rot(Y x2) - Rot(Z, x3)
Al = Rot(X, xy) A3 Rot(Y, x5) )
A} =Rot(Z,xs) Az=1

where

Iis the 3 x 3 identity matrix.

Then the absolute rotation matrix of the segment k connected coordinate system
Ok X Yy Zy relative to the inertial system OXYZ is:

A) =A7 A} AL ®)

Since the base has three rotational DOFs, it is assumed that coordinate system
01X71Y7Z; connected to the base first rotates around the OX axis of the inertial coordinate
system OXYZ and the angular velocity is x;, then around the O;Y] axis of the coordinate
system O X1Y1Z1 connected to the base, the angular velocity is x, and finally around the
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012, axis of the coordinate system O X1Y7Z; connected to the rotated base, the angular
velocity is x3, Then the angular velocity w! of the base in the inertial system OXYZ is:

i 0 0
W= 0 | +Rot(X,x1)- | % | +Rot(X,x;)-| © 4)
0 0 X3

The kinematic equation of the model is:

X1 CXy SX1-SXy —CX]-SXp Yq
. 1
X2 =& 0 cxp-cxp  sx;-cxo | vy 5)
X3 0 —sXxq cxq Y3
Y =X

where, ¢ = cos,s = sin, (I =4,5, ..., 10).

3.2. Partial Velocity Matrix

Angular velocity of segment k in inertial coordinate system OXYZ is expressed as:
0_ 0. N 40,
wy =W+ ) Ajwi, (6)
i=1
According to the definition of partial angular velocity

0
wig= 5k 1=123,..,10 @)
Take (6) into (7) to derive partial angular velocity, storing the partial angular velocity
of the segment k to the generalized velocity y; with a matrix W51, then:

O3x1 O3x1 Ozx1 Os3x4
AY O3x1 Osx1 Oz
A), Os3x1 Oszx4 (8)
A), Ay Ay O
AY, AY A} Osq

Wisx10 =

Py Ry ey ey
b
= O
—

where
I'is the 3 x 3 identity matrix;
A(l]l is the first column of the matrix A(l) ;
Agz is the second column of the matrix AY;
Ag3 is the third column of the matrix A%;
O341, O34 are the 3 X 1 and 3 X 4 zero matrices.
Position vector p, of the mass center of the segment k in inertial system:

k-1 ,
pr=s+Y A)(di+siq)+A) 9)
i—1

1

where
d; is the position vector of the segment i in the coordinate system O;X;Y;Z;;
1y is the centroid position vector of the segment k in the coordinate system Oy X} ) Zy.
Take derivative of (9) with respect to time, velocity of the mass center of the segment k
in inertial system is derived as follows:

k—1
0 .0 . y .0
02251+2[Ai'(di+s§-+1)+A?~s§-+1]+Ak-rk (10)
i=1
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According to the definition of partial linear velocity
900
= g 1=123,..,10 (11)

Take (10) into (11) to derive partial angular velocity, storing the partial linear velocity
of the segment k to the generalized velocity y; with a matrix V5419, then the row k and
column ! of the matrix Vi5y1¢:

k-1 ,
wi X AR - (di + s}, 1) + wpg X A (1 <k +2)
i=1
] o (k+2<1<6)
= W(1-6) (6<1<9) (12)
0 9 <1 <10&k <5
AY, 9 <1< 10&k =5

3.3. Equivalent Force and Equivalent Torque

Ignoring gravity, the force analysis of the segment k can be carried out. According to
the coordinate rotation matrix, the flexible torque from the torsion springs and rotating
MR dampers, and the flexible force from the linear spring and linear MR dampers are
respectively as follows:

My = A (K¢ 65, + By wf,,)

F, =AY (K4-sg+B4-v’;H) 13)
where

k=1,2,3;

M is the torque of torsion springs and rotating dampers on the left of segment ;

Kj is the stiffness coefficient matrix of the torsion spring on the left of segment k;

By is the damping coefficient matrix of the torsion spring on the left of segment k;

F, is the force of linear spring and linear damper on the left of segment 4;

K, is the stiffness coefficient matrix of the linear spring on the left of segment 4;

B, is the damping coefficient matrix of the linear spring on the left of segment 4.

The equivalent active force and active moment of the rigid body center of each section
are:

{ Fic = 0351
M. =M
Fie = O3x1
k=23
{ MkC :Mk_Mk—l ( ) (14)
Fye =F4
M4C = —M3 +A2 . (d4 — 1"4) X F4
F5c :Fm*Fél
Ms. = My, -I—Ag . ((d5 —1‘5) X F— 15 X F4)
where

r1 is the centroid position vector the segment 1 in the coordinate system O1X1Y1Z1;
r4 is the centroid position vector the segment 4 in the coordinate system O4 X4Y4Z4;
Fy, is the instantaneous force on the last segment;

M, is the instantaneous torque on the last segment.

Next the equivalent inertia force F;. and the equivalent inertia torque M of segment

k are derived: .
F = —ma
ke ke 0 (15)
ke — —I c Wy — ka(Ik : wk)

where
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my, is the mass of segment k;

I}, is the inertia tensor of segment k;

c'ug is the angular acceleration of segment k;
ay . is the centroid acceleration of segment k;
wy is the angular velocity of segment k.

3.4. Dynamic Equations

For a tandem mechanism with (N + 1) segments, the Kane dynamic equations can be
written as s
F+F = ¥ (Fie* Vig + Myc - W)
S ) (16)
+ kzl (F.-Vu+M, -Wy)=0

where

k=1,2,...,5

1=1,2,3,...,10.

Substituting partial angular velocity (8), partial linear velocity (12), equivalent active
force (torque) (14) and equivalent inertia force (torque) (15) into (16) and combining
kinematics equation (5), the integrated nonlinear ordinary differential equations of the
bionic docking mechanism in space docking are obtained:

{ x = P19x10 * Y10x1 (17)
Y = Jiox10 “fiox1
where

Pio. 0= { Hs3y.3 Oszx7 }

10=
O7x3 I7x7
CXy2 SX1-+SXp —CX1-SXp
1
H3.5 = o 0 cxp-cxp  sx;-cxp ;
2 0 —sXxq cx1

5 )
frox1 = Fiox1 _kz Vie-mg - Vi Yy951—
=1

5
L Wi [ x (I )] -

5 )
kgl Wi I - Wi - Y1051

5 5
T T
Jioxio = Y Vi - Vie+ ) Wi - I - Wy
k=1 k=1
C = Cos, s = sin;

I77 is the 7 x 7 identity matrix;

0347, O743 are the 3 X 7 and 7 x 3 zero matrices;

3.5. Dynamic Analysis

After the target collision is completed, according to the conservation of angular

momentum:
Lb —+ Ld =1L (18)

where
L, = I - ) + p; x myp, is the angular momentum of the free—floating base;
Py =m v(l) is the linear momentum of the free—floating base;
p; = [ 9%dt is the linear displacement of the free—floating base;



Appl. Sci. 2021, 11, 10278 10 of 28

L; = 'iz (Il- . w? +p; X Pl-) is the angular momentum of the bionic docking mecha-
nism; l

P, = mm? is the linear momentum of segment i;

p; = [ vVdt is the linear displacement of segment i;

Ly is the total angular momentum after collision.

Assuming that the initial states of the kinematic parameters are all zero, then the

integral of the above formula can be obtained:

/ Lydt + / Ldt = / Lodt (19)

/Lbdt . </p1dt> x (mlv(l));
/det: i_iz[li~6?+ (/p,-) X (miv?)};

6" is the angular displacement of freefloating base;
6? is the angular displacement of segment i.
The inequality can be expressed as:

where

/|Lb|dt+/|Ld|dt Z/\L0|dt (20)

/\Lh|dt <I- ‘6?‘ + (/ |p1|dt> x (ml‘v(l) );
/|Ld|dt < g{li- + </|pi|dt> x (mi‘v? )]

Since [ |Lo|dt, I;, m; are static values, the larger the |69| and |p;], the smaller the |69
and |p; |, that is, the smaller the angular momentum of free—floating base, which is from
space collision.

Through the above analysis of angular momentum of the spaceborne capture mech-
anism after collision, minimizing the angular momentum of the base is the prerequisite
to ensure its stability. Thus, the optimization strategy of the bionic docking mechanism
is to increase vibration amplitudes of the Gyro—X joint, Gyro-Y joint, Gyro-Z joint and
Slide-Z joint to avoid free-floating base instability. Obviously, the adjustment of vibration
amplitude can be realized through the optimal design of spring stiffness coefficients.

where

0
61'

4. Stiffness Optimization Method
4.1. PSO Algorithm

According to the biota foraging, particle swarm optimization (PSO) algorithms employ
local information of individual and global information of the group to guide the search, and
this optimizes the objective function by iteratively optimizing the independent variables. It
has good applicability for optimization of large and complex problems [41-45]. During the
capturing process, the free—floating base may be unstable due to impact impulse. According
to the analysis in 3.5, in this case, regarding the stiffness coefficients of torsion springs and
spring in each direction of the bionic docking mechanism as particle swarms, the stiffness
optimization of the bionic docking mechanism can be achieved to realize the optimal
selection of the torsion springs and linear spring. Specifically, the key issue is calculation
of all the stiffness coefficients K; (k = 1, 2, 3, 4). Next, how to determine the stiffness
coefficients of torsion springs and spring will be introduced based on the applicability of
the PSO method.
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Figure 6 gives the mapping and modeling information of particle swarm for the
stiffness coefficients and some constraint conditions.

N

AT P — N . .
Particle Swarm Constraint Conditions

Increase

Peaks

Bounded Base Posture

Bou;ld‘e‘disziffness‘ .
— - Outputs _

- . Stiffness . . -

Coefficients

\

Figure 6. Modeling of particle swarm optimization.

4.2. Determination of Fitness Function

The collision impulse can lead to vibration of the proposed bionic docking mechanism,
and then produce an elastic force and moment at each joint. In addition, the position and
attitude of the free—floating base are affected by the elastic force and moment at the joint
connected to it, according to Section 3.5. The limited amplitude |x;|; (I=4,5, 6, 10) and the
control amplitude |x;|~ (I =4, 5, 6, 10) of each DOF of the bionic docking mechanism as
shown in Table 1.

Table 1. Limited amplitude and control amplitude of each DOF.

Type Gyro-X Gyro-Y Gyro-Z Slide-Z
Limited Amplitude 70.0 30.0 90.0 25.0
Control Amplitude 50.0 20.0 70.0 17.0

Unit deg mm

The target of optimization is to increase the vibration peaks of each DOF of the
bionic docking mechanism above the control amplitudes. The objective function of this
optimization issue can be expressed as

mmFg =

: \x4|c |x5|c |x6\c \x10|c
min(a a a a
(a1, + a2 + a3 C + dapy )

(21)

where n =4, a1, 1, a3, an are weight coefficients and a1 +a + ... +an =1, x4, |x5],,, |%6],
and |xqg] p are the vibration peaks at each DOF of the bionic docking mechanism. When
the actual vibration peak of each DOF is more than the control amplitudes, it is considered
that the control requirements are met.

4.3. Stiffness Optimization

Since the traditional particle swarm algorithm is easy to fall into the local minimum,
PSO algorithm with inertia weight is used to optimize the calculation, as shown in (22), in
order to search quickly at the initial moment, when close to the best position, slow down
the speed to search and enhance the capability of local search.

Ui]‘(t + 1) =w: Ui]'(t) + ¢1 -randy - [Pz](t) — Zz‘j(t)]
+ ¢z -randy - [pgi(t) — zij(t)]

Zi]'(t +1) = Uij(t +1)+ Zl‘]‘(t)

w=w;—c- (w2 —w)

(22)

where



Appl. Sci. 2021, 11, 10278

12 of 28

v;j(t) is the flight velocity of the particle;

z;(t) is the current position of the particle;

pij(t) is the best location of individual particle;

Pgj(t) is the best location of group particles;

c1 is the cognitive learning coefficient;

c; is the social learning coefficient;

¢ is the coefficient;

w € [wq, wy] is the inertia weight, positive definite constant;

randq, rand, € [0, 1] is the random number.

For standard PSO algorithm, the asymptotic convergence condition is as follows

w—p—-1<0
{ 1-w+¢)2—4¢9>0 @3

where ¢ = c; - rand; + c; - randy.

As long as the parameters w, c1, and c; satisfy (23), the particle can asymptotically
converge to an optimal state in the end. In this paper, appropriate parameters will be
chosen according to (23) to guarantee the stability of proposed method.

For objective function (21), when the vibration peak |x; |p (I =4,5,6,10) along each
direction is more than the control amplitude, namely F, < 1, the optimization has met the
desired requirements. At that moment, terminate the particle swarm iteration algorithm
and output the optimal stiffness coefficients Ky (k =1, 2, 3, 4).

The optimization flow chart is shown in Figure 7 and the detailed control algorithm is
described as follows:

Collision ' gnagi
~ patially Soft-contact
Bionic Wrist

v

e

Initial Configuration

Of Bionic Wrist

Nonlinear Ordinary
Differential Equations (17)

Yes

No
Vibration Peaks

e, s, Pl el

Objective
Function (21)

Figure 7. Flow chart of stiffness optimization based on PSO.

Step 1: According to the initial collision momentum and the initial configuration of
the bionic docking mechanism, calculate the vibration peak |x; |p (I=4,5,6,10) at iteration
i according to (17).

Step 2: Using |x; |p (I=4,5, 6,10) and the particle swarm algorithm (22), derive the
optimal stiffness coefficients through iterative steps (1), (2) and (3).

(1) Define particle swarm scale m, and determine the particle dimension d according
to the number of the torsion springs and linear spring. By adjusting the particle swarm
scale m, the vibration peak of each DOF can be improved. The stiffness coefficients



Appl. Sci. 2021, 11, 10278

13 of 28

of the torsion springs and linear spring corresponds to the particle position in particle
swarm. Initialize the position of each particle in particle swarm z;;. Substituting z;; into
(17), if |x;(t)| > |x;|;, proceed directly to step 3, otherwise, figure out the vibration peak
\xl|p (I =4, 5, 6, 10) of each particle at the iteration 7, which is substituted into (21) to
compute fitness Fg1 and regard current position as p;; and pg;(i).

(2) Update the current particle position according to (22) and substitute z;; into (17)
and (21) to continue to compute Fgp. Compare the size of Fg, and Fgq, regard the particle
position with less value as p;; and p,;(i) and get the corresponding Fy.

(3) Determine whether the current fitness Fy < 1, if not, repeat the step (2). Otherwise,
output current global best position p,;(i) as the stiffness coefficients of torsion springs and
spring at the iteration i.

Step 3: Substitute z;; into (17), compute the vibration peak |x; |p (I=4,5,6,10) at the
iteration (i + 1). Repeat calculating optimal stiffness coefficients Kj (k =1, 2, 3, 4) by Step 2,
circulate to the end.

5. Numerical Solution

According to the model of the spaceborne capture mechanism with controllable
dampers established in 3, the simulation experiment is carried out in the MATLAB en-
vironment. The stiffness optimization of the bionic docking mechanism can be realized
based on the PSO algorithm in Section 4. Based on this. The numerical simulation of the
model of the bionic docking mechanism in space docking is carried out under the spatially
single—dimensional collision to verify the soft contact machine—processed of the bionic
docking mechanism shown in Figure 4.

5.1. Optimal Stiffness Coefficients Solution

Based on the PSO algorithm in 4, the dynamic model established in Section 3 is
simulated and trained for 100 times under the max collision to obtain min fitness (Fg),
and the optimal stiffness of the torsion springs and linear spring is obtained, which is
used to realize the stiffness optimization of the bionic docking mechanism. The dynamic
parameters of the dynamic model established in Section 3 are shown in Table 2.

Table 2. Model parameters of space—capture mechanism.

Ii/kg-m?
k my/kg di/m r/m
X Y zZ
1 200 55 55 50 6.71 1.51
2 1.9 0.03 0.005 0.03 0 0
3 1.7 0.015 0.01 0.005 0 0
4 1.7 0.02 0.02 0.004 0.21 0.21
5 8 0.5 0.5 0.25 0.22 0.13

The simulation parameters are as follows: the fitness function of the PSO algorithm is
shown in Equation (21). The instantaneous force and torque in Figure 8 are F = [Fx, Fy, Fz]
=[100, 100, 100] N, M = [Mx, My, Mz] = [100, 100, 100] N - m, The collision time is 0.01 s.
The dampers are all in the initial state, and the initial damping is shown in Table 3.

Gyro
Mechanism

Sliding
Mechanism

Figure 8. Collision diagram of spatially six-dimensional collision.
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Figure 9 is a broken line diagram of the fitness values of 100 numerical simulations, in
which the 64th experiment has the max fitness and the 82nd experiment has the min fitness.
Figure 10 is a broken line diagram of the stiffness coefficients of the torsion springs and
linear spring in 100 numerical simulations. The stiffness of the bionic docking mechanism
corresponding to the min fitness and the max fitness are shown in Table 4; Figures 11-14
show the comparison of vibration displacements of various joints under the stiffness of the
min fitness and the max fitness in Table 4. As shown in Table 5, within 50 s, under the min
fitness, the vibration peak of the Gyro—X joint is 50.5°, the vibration peak of the Gyro-Y
joint is 29.5°, the vibration peak of the Gyro—Z joint is 78.9° and the vibration peak of the
Slide-Z joint is 21.4 mm, which are all above the control amplitudes in Table 1. Under
the max fitness, the vibration peak of the Gyro—Xjoint is 41.0°, the vibration peak of the
Gyro-Y joint is 26.2°, the vibration peak of the Gyro-Z joint is 54.1° and the vibration peak
of the Slide-Z joint is 16.2 mm, we can see that only the vibration peak of the Gyro-Y joint
is above the control amplitude in Table 1. Therefore, the stiffness coefficients under the min
fitness should be the optimal stiffness coefficients of the torsion springs and linear spring,
that is, the stiffness optimization of the bionic docking mechanism is achieved.

Table 3. Initial damping of the bionic docking mechanism.

Type Unit Value
Gyro-X N-mm-s/deg 0.2
Gyro-Y N-mm-s/deg 0.2
Gyro-Z N-mm-s/deg 0.2
Slide-Z N-s/mm 0.00001

Table 4. Stiffness of the bionic docking mechanism.

Value Gyro-X Gyro-X Gyro-X Slide-Z
Min Fitness 294 193 42.7 0.850
Max Fitness 434 137 84.3 0.945

Unit N-mm/deg N/mm

Table 5. Vibration Peak of the bionic docking mechanism.

Peak Gyro—X Gyro-X Gyro-X Slide-Z
Min Fitness 50.5 29.5 78.9 21.4
Max Fitness 41.0 26.2 54.1 16.2
Unit deg mm
1r ¥
0.9
1]
g
E
08r
Fitness-Number
O Min Fitness
* Max Fitness
0.7 L . !

10 20 30 40 50 60 70 80 90 100
Number

Figure 9. Fitness values of 100 numerical simulations.
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Figure 10. Torsion/Linear spring stiffness coefficients of 100 numerical simulations.

According to the above analysis of 100 numerical simulations based on PSO algo-
rithm in Section 4, the optimal stiffness coefficient of the Gyro—X joint can be selected as
30 N - mm/deg, the optimal stiffness coefficient of the Gyro-Y joint is 193 N - mm/deg, the
optimal stiffness coefficient of the Gyro—Z joint is 43 N - mm/deg, and the optimal stiffness
coefficient of the Slide-Z joint is 0.85 N/mm.
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Figure 11. Gyro—X joint vibration displacements under min and max fitness.
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Figure 12. Gyro-Y joint vibration displacements under min and max fitness.
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Figure 13. Gyro-Z joint vibration displacements under min and max fitness.
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Figure 14. Slide-Z joint vibration displacements under min and max fitness.

5.2. Soft Contact Machine—Processed Verification

The bionic docking mechanism is expected to have the capability of both buffering
and unloading momentum in any direction. In this section, as shown in Figure 15, six
unidirectional collision forces, i.e., (a) Fx namely the X-line force, (b) My namely X-angle
torque, (c) Fy namely Y-line force, (d) My, namely the Y-angle torque, (e) F; namely the
Z-line force and (f) M, namely the Z-angle torque are sequentially applied at the end of
the bionic docking mechanism, respectively. The unloading and buffer effect can be judged
by measuring the spring deformations in the joints to verify the soft contact machine—

processed as shown in Figure 4.

Gyro
Mechanism

L,,V\,,J
Sliding
Mechanism

Figure 15. Collision diagram of soft contact machine—processed simulation.

The simulation parameters are as follows: the flexible parameters of the bionic docking
mechanism are shown in Table 6, the single-dimensional force or torque applied at the end
of the bionic docking mechanism is 100 N or 100 N m, and the impact time is 0.01 s, and

the simulation time is 10 s.
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Table 6. Flexible parameters of the bionic docking mechanism.

Type Stiffness Damping
Gyro-X 30 N-mm/deg 0.2N-mm-s/deg
Gyro-Y 193 N - mm/deg 02N -mm-s/deg
Gyro-Z 43N -mm/deg 02N -mm-s/deg
Slide-Z 0.85 N/mm 0.00001 N - s/mm

As shown in Figure 16, the numerical simulation results in MATLAB are carried out
comparatively. The vibration displacements of each joint of the bionic docking mechanism
are given respectively. It can be seen that when the bionic docking mechanism is only
subjected to X-line or Y-angle collision, only the vibration displacement of the Gyro-Y
joint is produced as shown in Figure 16a,e, and when the bionic docking mechanism is only
subjected to Y-line or X—angle collision, only the vibration displacement of the Gyro-X joint
is produced as shown in Figure 16b or Figure 16d. When the bionic docking mechanism
is only subjected to the Z-angle collision, only the vibration displacement of the Gyro-Z
joint is produced as shown in Figure 16f, and when the bionic docking mechanism is only
subjected to a single Z-line collision, only the vibration displacement of the Slide-Z joint
is produced as shown in Figure 16c. Moreover, all the vibration displacements of the
bionic docking mechanisms can converge under the action of damping, and the soft contact
machine—processed proposed in Figure 4 can be verified.
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Figure 16. Vibration displacement under six unidirectional collision; (a) Vibration displacements
under X-line collision; (b) Vibration displacements under Y-line collision; (c) Vibration displacements
under Z-line collision; (d) Vibration displacement under X-angle collision; (e) Vibration displacement
under Y-angle collision; (f) Vibration displacement under Z-angle collision.

6. Docking Collision Experiment

As shown in Figure 17, The space target docking collision model of spaceborne capture
mechanism with the bionic docking mechanism is established in Adams, and then the
space target docking collision experiment is carried out in this section. The flow chart of
Adams simulation is shown in Figure 18.

Target
e -
Traject;dry i
J Bionic Docking
Target .
age Mechanism

Figure 17. Space target docking collision model.

In this section, the space target collision model in Adams is simulated under the
conditions of rigidity, damping 1 and damping 2, and the angular velocity and linear
velocity of the free—floating base and the vibration displacement of each joint is obtained to
verify the effectiveness of the bionic docking mechanism in buffering and unloading the
spatially six-dimensional collision caused by space target docking.

The specific simulation parameters are as follows: the dynamics parameters of the
space target are shown in Table 7, the initial position related to the end of the bionic
docking mechanism is [200, 200, 200] mm; The collision parameters in Adams are shown in
Table 8; The stiffness of the bionic docking mechanism can be obtained from Section 5.1,
the damping parameters are shown in Table 9, and the simulation time is 10 s.
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Building 3D model in SolidWorks*
Import model into Adams
Add constraints and
motion pairs
Add drive to the
motion pairs
Test model by
Kinematic simulation
No
Reasonable?
Yes
Dynamic simulation
No
Yes
Figure 18. Flow chart of Adams simulation.
Table 7. Space target parameters.
Value Linear Velocity Angular Velocity Inertia Mass
X 500 30 50,000
Y 500 30 50,000 2
Z 500 30 50,000
Unit mm/s deg/s kg - mm? kg
Table 8. Collision model parameters.
Type Description Unit Value
Stiffness N/mm 100,000
N IF Force index / 2.2
orma’l rorce Damping N:-s/mm 10
Penetration depth mm 0.1
Static friction coefficient / 0.3
Fricti Dynamic friction coefficient / 0.1
riction Static translation velocity mm/s 100
Friction translation velocity mm/s 1000
Table 9. Damping parameters of the bionic docking mechanism.

Type Gyro-X Gyro-Y Gyro-Z Slide-Z
Damping 1 0.2 0.2 0.2 0.00001
Damping 2 17.50 17.50 17.50 0.01

Unit N -mm -s/mm N:-s/mm

The spatially six-dimensional collision (contact forces and torques) caused by space
target docking are shown in Figure 19. Figure 19a—c are the X-line, Y-line and Z-line
contact force, Figure 19d—f are the X—angle, Y-angle and Z-angle contact torque under
the docking collision. It can be seen that the contact time of the docking collision under
rigidity condition is about 0.01 s, while the contact time of space target docking collision
under the conditions of damping 1 and damping 2 is about 0.18 s. It can be seen that the
bionic docking mechanism can prolong the contact time of space target docking collision

to provide sufficient response time for the spatial capture.
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Figure 19. Spatially six-dimensional collision caused by space target docking; (a) X-line contact
force; (b) Y-line contact force; (c) Z-line contact force; (d) X-angle contact torque; (e) Y-angle contact
torque; (f) Z-angle contact torque.

As shown in Figure 20, under the docking collision, the linear velocity and angular
velocity of the free—floating base will suddenly change under the condition of rigidity.
Under the condition of damping 1, the linear velocity and angular velocity of the free—
floating do not change suddenly, but there is a long—term oscillation. Under the condition
of damping 2, the linear velocity and angular velocity of the free—floating base can converge
in 6 s. The simulation results indicate that the controllable MR dampers loaded by the
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bionic docking mechanism can absorb the docking collision, and has the ability to buffer
and unload the space six-dimensional collision caused by space target docking to avoid
the instability of the free—floating base.
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Figure 20. Linear velocity and angular velocity of the base under space target docking collision;
(a) X-line velocity of base; (b) Y-line velocity of base; (c) Z-line velocity of base; (d) X-angle velocity

of base; (e) Y-angle velocity of base; (f) Z—-angle velocity of base.

Figure 21 shows the vibration displacements of each joint of the bionic docking mecha-
nism under the conditions of damping 1 and damping 2 under the docking collision. It can
be obtained that with the increase of damping coefficients, the vibration peak of each joint
decreases and does not exceed the limited amplitude of the each joint, which illustrates the
effectiveness of the optimization simulation in Section 5.1. Under the condition of damping
2, all the vibration displacements can be stabilized, in which the vibration displacement of
the Gyro—Xjoint is stabilized in about 7 s, the vibration displacement of the Gyro-Y joint is
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stabilized in about 5 s, and the vibration displacement of the Gyro—Z joint is stabilized in
about 4 s, while the vibration displacement of Slide-Z joint is stabilized in about 7 s. The
simulation results indicate that the MR dampers can stabilize the displacements at each
DOF of the bionic docking mechanism under docking collision.
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Figure 21. Vibration displacements of each joint of the bionic docking mechanism; (a) Vibration
displacements of under Damping 1; (b) Vibration displacements of under Damping 2.

Through the analysis of the angular velocity and linear velocity of the free-floating
base under the space target docking collision, it is verified that the bionic docking mecha-
nism has the ability to buffer and unload the six-dimensional collision caused by space
target docking, that is, avoid free—floating base instability. Through the analysis of the
vibration displacements, the rationality of the optimization scheme based on Section 4 is
further verified.

7. Conclusions

(1) A bionic docking mechanism for space target acquisition, imitating wrist move-
ment, is proposed to realize the buffering and unloading of six-dimensional spatial colli-
sions through flexible rotating and linear components.

(2) A dynamic model of the bionic docking mechanism in space docking using the
Kane method is proposed, and the results of dynamic analysis of the optimization strategy
show that the optimization of the stiffness of the bionic docking mechanism can avoid the
instability of the base.
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(3) Particle swarm optimization (PSO) was used to realize the stiffness optimization of
the bionic docking mechanism, that is, the optimal stiffness coefficients are 30 N - mm/deg
in Gyro—X joint, 193 N - mm/deg in Gyro-Y joint, 43 N - mm/deg in Gyro-Z joint, and
0.85 N/mm in Slide-Z joint. And the simulation results indicate that the soft contact
machine—processed proposed can be verified.

(4) Through the docking collision experiment of the spaceborne capture mechanism
with the bionic docking mechanism, the simulation results indicate that the proposed
bionic docking mechanism can prolong the collision time from 0.01 s to 0.18 s to win time
for space acquisition, avoid velocity mutation of the free—floating base, and stabilize the
bionic docking mechanism by damping vibration absorption; that is, the effectiveness
of the bionic docking mechanism can be verified in buffering and loading the spatially
six—dimensional collision caused by space target docking. The stabilization control of
the spaceborne capture mechanism by damping optimization with the bionic docking
mechanism could be a direction for future research.
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