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a b s t r a c t
Space targets capture is an essential issue for space missions. This paper proposes a novel deployable
grasping mechanism (DGM) that can be folded into a compact conﬁguration for convenient transportation
and deployed into an extensive conﬁguration for grasping non-cooperative space targets. The DGM mainly
consists of a series of serially connected basic deployable modules (BDMs). Each BDM is designed with
a scissor mechanism and two parallelogram mechanisms. In order to deploy the BDMs synchronously,
a unique connection mechanism is designed. The decoupled deployment motion and grasping motion
enables the DGM to perform the capture operation at any motion state. For the proposed DGM, mobility,
kinematics and stiffness analysis are performed. The characteristics and performance studied in this paper
provide a basis for further investigation of the DGM in the area of space applications.
© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction
With the accumulation of space debris in Earth orbit, it has
brought many obstacles to space exploration. In order to mitigate this situation, one of the effective measures is to actively
remove debris objects. Thus, the issue of the space target capture
has got more and more attention [1–3]. In this paper, the space
target can be a malfunctioning satellite, a space debris or an asteroid. Usually, these targets are non-cooperative targets, which are
tremendously challenging and riskier to capture compared with
cooperative space targets.
Up to now, many enabling space capture and removal mechanisms have been developed. These mechanisms can be divided into
two main categories according to their characteristics: rigid connection mechanisms and ﬂexible connection mechanisms. The rigid
connection mechanisms include tentacles capture mechanism [4]
and robotic arm capture mechanism [5,6], where the connections
between the capture mechanism and the target are rigid. While
for the ﬂexible connection mechanisms, the capture mechanism
and target are connected by a tether, which manly includes net
capture mechanism [7] and tether-gripper mechanism [8,9]. Advantages and disadvantages exist in any of those solutions, and
there is not a single mechanism that can deal with all kinds of
space targets. For example, a robotic arm can rigidly capture co-
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operative targets with special docking devices. This makes the operation highly stable and maneuverable, but it is diﬃcult to be
used for non-cooperative targets. Net capture is a promising solution for non-cooperative targets by casting four ﬂying weights in
each corner of a tethered net. The large tethered net is then passively deployed via the ﬂying weights to wrap the target. Although
such a solution has high ﬂexibility, the ﬂying weights result in poor
maneuverability of the capture mechanism. Among these technologies, the principle of tentacles capture is to embraces the space
target with multiple articulated ﬁngers. Tentacles capture mechanism can provide an adaptive envelope grasp to a target with
arbitrary shape and tumbling motion. Therefore, it is the focus of
this study.
To grasp the objects ﬁrmly, the tentacles capture mechanism
should be designed larger than the targets. Different from the traditional articulated ﬁnger [10] or under-actuated grippers [11],
an emerging solution is to develop capture mechanisms based
on the concept of deployable mechanisms. A deployable mechanism is a structure that can change its shape signiﬁcantly so as
to change its size. It has shown broad applications in aerospace
engineering [12], such as satellite antennas and solar panel array supporting structures. In previous decades, much research has
been conducted on the synthesis, analysis and design of deployable
mechanisms [13–20]. However, most of these traditional deployable mechanisms cannot be used to capture tasks because they
only provide deployment motion without proper grasping motion.
Thus, they have insuﬃcient dexterity to perform capture tasks. To
address this problem, the concept of deployable grasping mecha-
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established theoretically. Some discussions about the DGM are presented in Section 5. Finally, conclusions and outlook are given in
Section 6.
2. Design and mobility of the DGM
2.1. Design scheme of the DGM
The characteristics of the non-cooperative space targets considered in this study are given as follows. First, these targets usually
have arbitrary and irregular shapes with no special docking and
locking mechanism. The solution of this study is to achieve the
capture via the enveloping grasp pattern, which means the ﬁngers wrap the object and hold it securely against the palm. It can
be used to grasp the objects of different shapes by adjusting the
deployment of the BDMs and the positions of the contact points
[23]. Second, the size and mass of the non-cooperative targets are
assumed to be large. For example, the diameters of some artiﬁcial satellites are usually larger than one meter, and their masses
are larger than hundreds of kilograms [24]. To grasp these large
targets, the solution is to design a multi-ﬁnger deployable robotic
hand.
Based on the above analysis, a deployable truss-type robotic
hand to achieve the enveloping grasp is a promising solution.
Truss-type structure refers to a kind of structure which is composed of bars connected by hinges at both ends. To show this
idea clearly, Fig. 2 depicts the concept of a deployable robotic hand
with two ﬁngers in three different states. Each ﬁnger is made up
of a DGM, which can be folded into a compact conﬁguration for
convenient transportation and deployed into a large conﬁguration
for grasping non-cooperative targets. In addition, lower mobility
is required to minimize the numbers of the actuators, and high
stiffness should be guaranteed so that the DGM provides enough
stiffness during the interaction with the targets.

Fig. 1. A ﬁnger of the DGM proposed in [21].

nism (DGM) was proposed in [21]. As shown in Fig. 1, each ﬁnger
of the proposed DGM is a special type of multi-loop truss-shaped
mechanism connecting several basic deployable modules (BDMs) in
series. Because of the multi-loop structure and deployable ability,
the DGM promises to have higher stiffness, changeable envelope
volume and adaptability to the irregular shape than the traditional
articulated mechanisms. Although it has been claimed by the authors that these beneﬁts may bring high potentials for capturing
non-cooperative targets, some problems that arise from the inherent structural issues of DGM prevent the adoption of this technology.
The main problem of the DGM in [21] is the coupled kinematics of the metamorphic mechanism. The DGM can only conduct
grasp operation when it is fully deployed. To deal with this problem, we proposed and evaluated a DGM with decoupled deployment motion and grasping motion in [22]. The DGM is capable
of performing the grasp operation at any state of the deployment
motion. However, this DGM has an asymmetric conﬁguration. It
is not very compact and stable because the cantilever structure
only connects to one side of the scissor-shaped mechanism. These
problems may bring some fatal disadvantages when the mechanism is deployed. Considering this, this study further improves it
and proposes a novel type of DGM. Similar to the DGM in [22],
each BDM of the proposed DGM is composed of two movable platforms and three deployable limbs. One limb is composed of two
scissor-shaped mechanisms, and the other two are composed of
two parallelogram mechanisms. The main difference between them
is that the BDM in [22] is an asymmetric mechanism, while the
proposed BDM is a symmetric mechanism. Speciﬁcally, the shapes
of the upper and lower platforms are ﬁxed in [22]. Only one side
of the scissor-shaped mechanism is articulated to the upper and
lower platforms. The other side slides along one edge of the triangular platform when it is deployed. This constitutes an asymmetric
cantilever structure. However, due to the special platform design in
this paper, the two sides of the scissor-shaped mechanism are both
articulated to the upper and lower platforms. The shapes of the
platforms keep symmetrical during the deployment motion, which
constitutes a symmetric mechanism. The proposed symmetric BDM
is more stable and compact than the asymmetric BDM in [22], and
thus providing a better solution for space applications. The feasibility of the DGM for capturing non-cooperative space targets is
analyzed through a series of mobility, forward and inverse kinematics, workspace, manipulability and stiffness analysis.
The remainder of the paper is organized as follows. Section 2
presents the design scheme of the DGM, including BDM design,
connection mechanism, and mobility analysis. In Section 3, the
kinematics, workspace, and manipulability analysis of the proposed
DGM are provided. In Section 4, the stiffness model of the BDM is

2.2. Design of the BDM
To develop a DGM with both deployment and grasping mobility, we should ﬁrst design a BDM according to the overall design
scheme. The BDM is required to have one DOF that can perform a
deployment motion. Fig. 3 depicts the proposed BDM. It is composed of three deployable limbs connected to the two movable
platforms. One limb comprises two scissor-shaped mechanisms
with revolute joint axes /
S1 ∼ /
S 8 parallel to each other. The four
revolute joints with axes /
S3 ∼ /
S 6 form a planar 4-revolute (4R)
mechanism with one DOF. The other two limbs are composed of
two identical parallelogram mechanisms. They are planar mechaS 19 ∼ /
S 24
nisms with two closed loops whose revolute joints axes /
are also parallel to each other. The platform A1 A2 A3 is deﬁned as
the lower platform, where point A1 is the intersection of the two
axes /
S 7 and /
S 9 , and A2 is the intersection of axes /
S 8 and /
S 10 in
the universal joint. Similarly, the platform B1 B2 B3 is deﬁned as the
upper platform, B1 is the intersection of axes /
S 1 and /
S 14 , and B2
is the intersection of axes /
S 2 and /
S 15 . Points A1 and A2 are connected and actuated by a prismatic joint P 1 . The two platforms are
closed-loop planar mechanisms with three revolute joints and a
prismatic joint P 2 (or P 3 ). The small groove shown in Fig. 3 allows
a small rotation of the planar mechanism during the deployment
motion. All three limbs are deployable in a manner that allows the
two movable platforms to fold into a compact conﬁguration and
deploy into an extensive conﬁguration.
2.3. Design of the connection mechanism
The next step is to connect a series of BDMs and give them
both deployment motion and grasping motion. For the deployment
2
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Fig. 2. Concept of a deployable robotic hand with two ﬁngers.

Fig. 4. Design of the connection mechanism.

As shown in Fig. 5, three states of the DGM are depicted to illustrate its motion. It can be seen that the DGM can be folded into
a compact conﬁguration and deployed into an extensive conﬁguration.
It is worth noting that only the ﬁrst prismatic joint of the
scissor-shaped mechanism is actuated, as shown in Fig. 5(b).
Other prismatic joints of scissor-shaped mechanisms are all passive joints. Therefore, the deployment motion of the whole DGM
can be actuated by the prismatic joint on the ﬁrst BDM and the
grasping motion is actuated by the prismatic joint of the connection mechanism.
A prototype of the proposed DGM with three BDMs is fabricated as shown in Fig. 6. The DGM can be deployed from a compact conﬁguration (Fig. 6 (a)) into a deployed conﬁguration (Fig. 6
(b)). The grasping motion is shown in Fig. 6 (c).
To give comparison, the folded conﬁgurations of the proposed
symmetric BDM and the asymmetric BDM in [22] are shown in
Fig. 7. The total heights are deﬁned as H 1 and H 2 , respectively.
It is assumed that the scissor-shaped mechanisms and the connection mechanism in the two BDMs have the same dimensional
parameters. Each BDM is composed of two scissor-shaped mechanisms, then H 1 and H 2 can be calculated by

Fig. 3. Design of the BDM.

motion, only one actuator is used to deploy it into a large conﬁguration. While for the grasping motion, multiple actuators are
adopted to realize the adaptability of different targets. The connection mechanism between two adjacent BDMs is shown in Fig. 4.
As we can see from the ﬁgure, a common prismatic joint P 1 is
used that allows the multiple BDMs to be deployed or folded synchronously. In order to improve the shape adaptability, grasping
motion should be independent of the deployment motion. For this
reason, a spherical joint with three rotational DOF is designed, in
which the joint axes /
S 1 and /
S 2 are colinear. The two adjacent
BDMs can rotate around them and this rotational motion is independent of the deployment motion. This rotational motion is also
called the grasp motion of the DGM, which is driven by a closedloop planar mechanism that connects the two adjacent BDMs. The
corresponding closed-loop mechanism includes the revolute joints
/S 1 (or /S 2 ), /S 3 and /S 4 and the prismatic joint P 2 . When the two
BDMs are connected, one revolute joint associated with axes /
S1
2
and /
S inside the circle-shaped revolute joints can be connected
to the upper platform of one BDM and the lower platform of the
other BDM. Due to the unique design of the BDM and the connection mechanism, the deployment motion and grasping motion are
independent.

H 1 = 2h + h1 ,

H 2 = 2h + h1 + h2

(1)

where h is the height of a scissor-shaped mechanism, and h1 is
the height of the connection mechanism. These two parameters
are the same for the two BDMs. However, the platform is higher
than the upper joint of the scissor-shaper mechanism in Fig. 7(b)
and the distance is denoted as h2 . Since h2 is larger than zero, the
compactness of the BDM is adversely affected. Therefore, it can
be concluded that proposed symmetric BDM is more stable and
compact than the asymmetric BDM in [22].

2.4. Design of the DGM
Once the BDM and the connection mechanism are designed,
they can be used to construct the DGM. For simplicity, a DGM is
constructed by using two BDMs and one connection mechanism.
3
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Fig. 5. Design of the DGM with two BDMs.

Fig. 6. Prototype of the DGM with three BDMs.

Fig. 7. Folded conﬁgurations of the two BDMs.

2.5. Mobility analysis

from the parallelogram mechanisms. The third limb is constructed
by two scissor-shaped mechanisms. The closed-loop with four revolute joints A, B, C and D forms a planar mechanism with four
revolute joints that has a single mobility. The prismatic joint P1
can be used to actuate the whole DGM to complete the deployment motion synchronously. Therefore, the lines A1 A2 and B1 B2
have one translational motion vertical to the movable platforms.

Each BDM has three deployable limbs as shown in Fig. 8. The
parallelogram limb has two translational mobility parallel to the
parallelogram plane S2 or S3 . The mobility of the two platforms is
translational motion parallel to the intersection line (A3 B3 ) of the
two planes S2 and S3 determined by the two limbs constructed
4

G. Li and P. Xu

Aerospace Science and Technology 106 (2020) 106230

Fig. 8. Three limbs of the BDM.
Fig. 9. Kinematic diagram of the BDM in the DGM.

The allowable mobility between the two movable platforms is then
a translation vertical to the platform plane.
Each connection mechanism between the two BDMs has one
DOF, and the DOF for the deployment motion of the whole DGM
is one. Thus, the proposed DGM with n BDMs has n + 1 DOFs in
total if the ﬁrst BDM is connected with the base by a connection
mechanism.





l=

3.1. Kinematics analysis of the DGM
Kinematics is the fundament to analyze the performance and
characteristics of the DGM. Kinematics of the DGM can be established following three steps: kinematics of the BDM, kinematics of
the connection mechanism, and kinematics of the whole DGM.

(3)

4




w12 = w21 = 0 − sin θ

In this section, the kinematics of the BDM is analyzed. To facilitate the analysis, a kinematic diagram of the BDM is shown in
Fig. 9. For the sake of formulation convenience, a coordinate system O -xyz is established at point A3 on the lower platform, where
the x-axis is vertical to the line A1 A2 and the z-axis is pointed upwards. Similarly, a coordinate system O  -x y  z is also established
at point B3 on the upper platform. Because there is no rotational
motion, the directions of each axis in O  -x y  z and O -xyz are parallel to each other.
As shown in Fig. 9, L 1i and L 2i (i = 1, . . . , 6) represent the
length of the links, and w 1i and w 2i represent the unit vector
of the corresponding links. The link lengths of the scissor-shaped
mechanism are equal, and the link lengths of the scissor-shaped
mechanism are also equal. The position vector of the point O ’ in
the coordinate system O -xyz is donated as r 0 . The actuated joint is
the prismatic joint in the scissor-shaped mechanism. The actuated
parameter is the distance between the points A1 and A2 denoting
as l.
When the actuated parameter l is known, the position vector

T
r0 = 0 0 z
of the upper platform can be calculated by

L 211 − l2

|r0 |2

w11 = w22 = 0 sin θ

a) Kinematics of the BDM



L 211 −

where |r0 | is the norm of the vector r 0 .
The unit vectors w11 , w12 , w21 , w22 of the four links of the
scissor-shaped mechanism are all vertical to the x-axis. Because
L 11 = L 21 = L 12 = L 22 , the angle between the scissor-shaped
mechanism and the lower platform is θ = arccos 2Lz . Then,
11
w11 , w12 , w21 , w22 can be obtained as

3. Kinematics analysis

r0 = 2e 3

T

where e3 = 0 0 1
is the unit vector of z-axis.
When the position vector r 0 is known, the actuated parameter
l can be derived from

cos θ

T

cos θ



1−
= 0
T

|r0 |2
4L 211



= 0 − 1−

|r0 |
2L 11

|r0 |2
4L 211

T
,
|r0 |

T

2L 11

(4)
To establish the motion relationship of the parallelogram
mechanism during the deployment process, a coordinate system
O 1 -x1 y 1 z1 is put on the intersection of the lower platform and
the link L 13 , and a coordinate system O 2 -x2 y 2 z2 is attached to the
intersection of the lower platform and the link L 14 . Then, the relationship between the two platforms and the corresponding links
can be expressed as

r0 + a0i = L 01i w1i + L 02i w2i + b0i

(5)

where a0i represents the position vector of the corresponding joint
in the upper platform, and b0i represents the position vector of the
corresponding joint in the lower platform.
Fig. 10 depicts the geometric relationship of the coordinate systems O 1 -x1 y 1 z1 and O 2 -x2 y 2 z2 on the lower platform. The angle
α , determined by the actuated parameter l, represents the angle
between line A3 A1 and line A3 A2 . Line A1 A2 is always parallel to
the y-axis of the coordinate system O -xyz.
Because L 13 = L 23 = L 14 = L 24 , w13 , w23 in the coordinate system O 1 -x1 y 1 z1 can be expressed as

(2)
5
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Fig. 10. Geometric relationship of the coordinate systems on the lower platform.





1−

w13 =

|r0 |2

0

4L 213

 
w23 = − 1 −


|r0 |

|r0 |2

,

2L 13

0

4L 213

T

|r0 |

(6)

T

2L 13

and w14 , w24 in the coordinate system O 2 − x2 y 2 z2 can be obtained as

w14 =


1−

|r0 |2
4L 214

 
w24 = − 1 −


|r0 |

0

|r0 |2
4L 214

T
,

2L 14

0

Fig. 11. Labels of the BDM.

|r0 |

(7)

T

2L 14

Based on Fig. 10, the coordinate systems O 1 -x1 y 1 z1 and
O 2 -x2 y 2 z2 can be rotated parallel to the coordinate system O -xyz
by using the following transformation rotation matrix

⎡

⎤

cos(α /2) − sin(α /2) 0
cos(α /2) 0 ⎦ ,
A1 = ⎣ sin(α /2)
0
0
1

⎡

Fig. 12. Position vector of the link j-k.

⎤

(8)

cos(α /2)
sin(α /2) 0
A2 = ⎣ − sin(α /2) cos(α /2) 0 ⎦
0
0
1

Hence, the unit vector w13 , w14 , w15 , w16 , w23 , w24 , w25 , w26
can be expressed as

w13 = w15 = A1 w13 , w23 = w25 = A1 w23

(9)

w14 = w16 = A2 w14 , w24 = w26 = A2 w24

Next, we label 18 connection points of the BDM as shown in
Fig. 11. In the coordinate system O -xyz, the position vector u j of
each point j is given as follows

Fig. 13. Kinematic diagram of the connection mechanism.

where le is the length of the link j-k, and uk is the position vectors
of the point k. At this point, the position vector of any point on
the BDM can be calculated.

u1 = b01 , u2 = b01 + L 11 w11 , u3 = b01 + L 11 w11 + L 21 w21 ,
u4 = b02 , u5 = b02 + L 12 w12 , u6 = b02 + L 12 w12 + L 22 w22 ,

b) Kinematics of the connection mechanism

u7 = b03 , u8 = b03 + L 13 w13 , u9 = b03 + L 13 w13 + L 23 w23 ,

In this section, the kinematics of the connection mechanism is
analyzed. Fig. 13 depicts the kinematics diagram of the connection mechanism that connects two adjacent BDMs. The revolute
joints A, B and D correspond to the axis /
S 1 (or /
S 2 ), /
S 3 and /
S 4 in
Fig. 4, respectively. The prismatic joint C corresponds to the prismatic joint P 2 in Fig. 4, and the point E corresponds to the axis
/S 5 in Fig. 4. In addition, li j ( j = 1, . . . , 4) represents the length
of j-th link in the i-th connection mechanism, and h i represents
the height of the i-th connection mechanism between the adjacent
two BDMs.
Therefore, the rotation angle βi of the i-th connection mechanism can be obtained as

u10 = b04 , u11 = b04 + L 14 w14 , u12 = b04 + L 14 w14 + L 24 w24 ,
u13 = b05 , u14 = b05 + L 15 w15 , u15 = b05 + L 15 w15 + L 25 w25 ,
u16 = b06 , u17 = b06 + L 16 w16 , u18 = b06 + L 16 w16 + L 26 w26
(10)
As shown in Fig. 12, the distance between points j and p is
x. Then, the position vector of a point p on the link j-k can be
calculated by



up = 1 −

x
le

x
le

 
 uj
uk



=C

uj
uk



(11)
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l2i1 + l2i4 + h2i − (l2i2 + l2i3 )



βi = arccos

2li1 l2i4 + h2i


− arctan

hi
li4


(12)

Based on Eq. (12), one can see that the rotation angle βi of
the i-th connection mechanism can be regulated by the length l i3 ,
which is determined by the actuated prismatic joint P 2 of the i-th
connection mechanism.
c) Kinematics formulation of the whole DGM
The next step is to obtain the position vector of the whole
DGM. Let r p = (x p , y p , z p )T represent the position vector r p of any
point p on the DGM in the coordinate system O -xyz. Then, it has



rp =

Bi u p

i=1

r i + Bi u p

i≥2

where r i =

i −1
i =1

Fig. 14. Kinematic diagram of the DGM.

(13)

metamorphic DGM proposed in [21] with a ﬁxed length of 0.442
m. It shows that the proposed DGM has a larger workspace and
indicates its superiority.
It is worth noting that Fig. 15 is only used to show the
workspace of the DGM by assuming the same constraints of other
parameters. In the development and design of the DGM with actuators, the workspaces may be impacted by different factors, such
as the type and size of the actuators.

B i di is the position vector of the i-th BDM with



T

respect to the coordinate system O -xyz, di = 0 0 |r0 | + h i
is
the position vector of the i-th BDM with respect to its local coordinate system, B i is the rotation transformation matrix of the
i-th BDM respect to the coordinate system O -xyz, which can be
obtained by

⎡

cos αi
Bi = ⎣ 0
sin αi

⎤

0 − sin αi
⎦
1
0
0 cos αi

3.3. Manipulability analysis

(14)

Manipulability performance of the DGM is also very important
for grasping manipulation. According to Fig. 14, the position (xe ,
ze ) of the robot end-effector can be written as

the rotation angle αi of the i-th BDM with respect to the coordinate system O -xyz can be obtained as

αi =

i



(15)

βi

ze = L f cos β1 + L f cos(β1 + β2 ) + L f cos(β1 + β2 + β3 )

1

(16)

where βi can be obtained by Eq. (12) based on the design of the
connection mechanisms.

Taking the differentiation of Eq. (16) yields

3.2. Workspace analysis



In this
 section, the workspace of the DGM is generated. Let

|r0 | = 2
= 0 and we can obtain that lmax = L 11 . Let

2
|r0 | = 2 L 11 − l2 = 2L 11 and we can obtain lmin = 0. Therefore,
L 211

xe = L f sin β1 + L f sin(β1 + β2 ) + L f sin(β1 + β2 + β3 )

− l2

ẋe
że



⎡

L̇ f

⎤

⎢ β̇1 ⎥
⎥
= J( L f , β1 , β2 , β2 ) ⎢
⎣ β̇2 ⎦
β̇3

(17)

where J( L f , β1 , β2 , β2 ) is the Jacobian matrix.
The manipulability w of the robotic mechanism can be obtained as

the actuated parameter of the scissor-shaped mechanism is set as
0 < l ≤ 2L 11 . It is assumed that the DGM is composed of three
BDMs with h1 = h2 = h3 = h, so the deployment range L f of one
BDM can be obtained as h < L f ≤ h + 2L 11 . The deployment ratio
ρ is deﬁned as the ratio of the maximum deployment length to
the minimum deployment length of the BDM. With this deﬁnition,
the deployment ratio of the considered DGM is ρ = (h + 2L 11 )/h.
On the other hand, the rotation angle between the two adjacent
BDMs is set as −15◦ < βi ≤ 45◦ , as shown in Fig. 14. It is worth
noting that the range of βi can be achieved by properly designing the connection mechanism. Then, the workspace of the DGM
can be generated based on the aforementioned parameters. It is
worth noting that the DGM proposed in [21] can only complete
the grasp operation when the metamorphic position is achieved.
Thus, it is reasonable to assume that the DGM in [21] has a ﬁxed
length when calculating the workspace. We assume that the ﬁxed
length is h + 2L 11 and the rotation angle is the same as the proposed DGM.
Let L i j = 0.201 m (i = 1, 2, j = 1, 2), L i j = 0.154 m (i = 1, 2, j =
3, 4), and h = 0.040 m. The deployment range of the BDM is
0.040 m < L f ≤ 0.442 m, and the deployment ratio is ρ = 11.05.
Fig. 15 demonstrates the workspaces of the proposed DGM and the

w=





det JJT



(18)

Considering the kinematic relationships in Eqs. (2) and (12), the
manipulability about the actuated parameters l and l13 , l23 , l33 can
also be calculated. For simplicity, Eq. (18) is used to analyze the
manipulability here. This paper adopts the method proposed in
[25], where the rotation angle βi at each joint is set to be the
same. The range of rotation angle is −15◦ < βi ≤ 45◦ , and the
range of deployment length of each BDM is 0.15 m ≤ L f ≤ 0.45 m.
Then, the manipulability of the DGM can be calculated. Fig. 16
shows the distribution of the manipulability of the DGM. It can
be seen that the manipulability of the DGM increases with the increase of the deployment length L f of each BDM.
Next, we study the manipulability of the DGM when the corresponding angles are not the same. The manipulability distribution
of the DGM in Fig. 17 (a)-(c) are obtained by letting the deployment length be 0.15 m ≤ L f ≤ 0.45 m and the corresponding
range be −15◦ < βi ≤ 45◦ with other angles being zero. The distribution of the manipulability of the DGM in Fig. 17 (d)-(f) are
7
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Fig. 15. Comparison of the DGM workspaces with variable and ﬁxed ﬁnger length.

Fig. 16. Manipulability distribution of the DGM with the same rotational angle. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version of
this article.)





τ1 = F 1 h1 + F 2 h2 + l1 cos(θ2 − θ1 )

obtained by letting the deployment length be L f = 0.4m and the
corresponding ranges be −15◦ < βi ≤ 45◦ .
It can be seen from Fig. 17 (a)-(c) that the manipulability of
the DGM generally increases with the increase of the deployment
length L f . This indicates that the deployment length L f has a signiﬁcant impact on the manipulability. In addition, it can be seen
from Fig. 17 (d)-(f) that the rotation angle βi has a great inﬂuence on the manipulability of the deployable grasping mechanism.
For example, Fig. 17 (d) shows that the manipulability varies from
around 3.4 to around 4.5 with the changes of angles β1 and β2 .
Based on the effect of the rotation angle βi on the manipulability in Fig. 17 (d)-(f), we also can see that the manipulability can
reach the highest value when the rotation angle βi gets around
zero. This should be considered when this mechanism is used for
grasping manipulation.

F 1x = F 1 cos θ1 + F 2 cos θ2
F 1z = F 1 sin θ1 + F 2 sin θ2

(19)

τ2 = F 2 h2 , F 2x = F 2 cos θ2
F 2z = F 2 sin θ2
where F 1 and F 2 are the force applied at the considered DGM in
the robotic hand.
4.2. Stiffness modeling
Stiffness performance of the BDM is important to avoid large
structural deformation. In this section, the stiffness of the BDM is
modeled and analyzed. Because the proposed DGM is targeted for
space applications, the effect of gravitational force can be ignored.
An accurate stiffness model is diﬃcult to formulate due to the various nonlinear factors relating to the materials and structures. To
simplify the stiffness modeling, several assumptions are made as
follows:
1) The upper and lower platforms are assumed to be rigid, and
their effects on the stiffness of the BDM can be ignored.
2) The joints in the BDM are assumed to be rigid and the deformations can also be ignored.
Based on the above assumptions, we can establish the stiffness
model of the BDM, which includes two scissor-shaped mechanisms
and two parallelogram mechanisms. Deﬁne the external force as F ,
and the external torque as M . The corresponding translational and
rotational deﬂections are denoted as δ s and δ s , respectively. If
the external wrench (the combination of force and moment) [ F T ,

4. Grasp and stiffness analysis
4.1. Grasp force analysis

In this section, the force imposed on the proposed DGM during
the enveloping grasp is analyzed. As shown in Fig. 18, a twoﬁnger robotic hand is constructed by using the DGMs to grasp
non-cooperative space targets, such as an asteroid. To ensure a ﬁrm
grasp, a large grasping force may occur during this process.
Fig. 18(b) depicts the static force diagram of one the DGM during the grasping of an irregular asteroid. From the ﬁgure, we can
easily obtain
8
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Fig. 17. Manipulability distribution of the DGM with different actuated parameters.

Fig. 18. Grasping forces analysis of a two-ﬁnger robotic hand to grasp an asteroid.

M T ]T is exerted on the point O  of the movable platform, the stiff-



ness of the BDM causes the deformation twist (the inﬁnitesimal



version of a screw motion) δ Ts

T
δ Ts in the coordinate O − xyz

δ Ts δ Ts

 
 F
M

=

6 
2


L i j f i j

(20)

j =1 i =1

where  L ij represents the axial deformation of the link, and f i j
represents the axial force.

[26]. Based on the virtual work principle, one can obtain
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Denote the equivalent axial stiffness of the links of the BDM as
k L . It can be calculated by

1

=

kL

1

+

kL

1

(21)

kL

where kL is the axial stiffness of the links and kL is the stiffness of
the joints.
According to Hooke’s law, it has f i j = k L  L i j . Then, Eq. (20) can
be transformed into



δ Ts δ Ts

 
 F
M

= k L LT L

(22)

where L = [L1 , L2 ] represents the axial deformation with
L1 = [ L 11 , . . . ,  L 16 ] and L2 = [ L 21 , . . . ,  L 26 ].
To obtain the relationship between the twist and the length of
the links, the modiﬁed kinematics are obtained based on Eq. (5)

r + ai = L 1i w1i + L 2i w2i + b0i

Fig. 19. Position of the links on the lower platform.

(23)

4.3. Stiffness and grasp analysis

Due to the axial deformation of  L i j , it yields the following
structural deformation

r = r0 + δ s ,

ai = a0i + δ s × a0i ,

L 1i = L 01i +  L 1i ,

To facilitate the stiffness analysis, kL is set as 300 N/μm and kL
is set as 600 N/μm. As shown in Fig. 19, the geometric parameters
are set as L 0 = 0.2 m, L 1 = 0.025 m, L 2 = 0.05 m. Therefore, we
can obtain the following position vectors

(24)

L 2i = L 02i +  L 2i



l
2

L 1 sin α2

(25)

a03 = L 1 cos α2

a = L cos α

(26)

a05 = L 2 cos α2

a = L cos α



r0 + δ s + a0i + δ s × a0i

= ( L 1i +  L 1i )w1i + ( L 2i +  L 2i )w2i + b0i

04

Subtracting Eq. (25) with Eq. (23), we have

δ s + δ s × a0i =  L 1i w1i +  L 2i w2i

06

Multiplying wT01i on both sides of Eq. (26) yields

wT01i δ s

+ (a0i × w1i )δ s =

where

 L 1i +  L 2i wT1i w2i

Js


δ s
= Jt L
δ s

(27)

(28)

where

⎡

⎢
⎢
⎢
⎢
⎢
Js = ⎢
⎢
⎢
⎢
⎣
⎡
⎢
⎢

Jt = ⎢
⎢

(a01 × w11 )T

wT011
wT13
wT14
wT15
wT16

wT11 w21

1
1
1
1

⎣

⎤

⎥
(a02 × w12 )T ⎥
⎥
(a03 × w13 )T ⎥
⎥
⎥,
(a04 × w14 )T ⎥
⎥
(a05 × w15 )T ⎥
⎦
(a06 × w16 )T

wT12

wT12 w22

wT13 w23

wT14 w24

wT15 w25

⎥
⎥
⎥.
⎥
⎦
wT16 w26

Then, substituting Eq. (28) into Eq. (22) yields







(29)

where Ks = k L JTs Jt−T Jt−1 Js is the stiffness matrix.
Finally, the stiffness model of the entire DGM composed of n
BDMs is obtained. For instance, the stiffness model of the entire
DGM composed of two BDMs can be expressed as



1
−1
K = K−
s + Ks

− 1

.

2

2

2

α = arccos

0

T

2L 20 −l2
2L 20

0

0

T

,

,

T
− L 1 sin α2 0 ,
T
L 2 sin α2 0 ,
− L 2 sin α2

− 2l

(31)

T

.

In this section, some signiﬁcant problems of the proposed DGM
are discussed. To solve these problems, the corresponding possible solutions are also provided. First, the proposed DMG can only
realize a planner motion. Such a design may limit the workspace
when it is used for grasping manipulation. However, the DGM can
be used as a ﬁnger to form a robotic hand with multiple ﬁngers. To
guarantee the workspace, a proper robotic palm can be designed
to increase the ﬂexibility of the robotic hand. Second, each BDM
in the DGM has many rotational joints that work parallel with
each other. These joints should be manufactured and assembled
precisely to ensure the BDM works well. Third, the parallelogram
limb in the BDM does not support the upper platform during the
deployment, and only the scissor-shaped limb supports the upper
platform. To ensure the stiffness, a further study on the stiffnessbased parameters optimization of the BDM should be conducted
in the future study. Fourth, the prismatic joints in the DGM may
block due to the tough orbital environment. This problem should
be considered when the DGM is fabricated for real space application. For example, thermodynamics analysis should be conducted
in the design process and lubrication with molybdenum disulﬁde
can be applied in the space application. Fifth, because the dynamic

⎤

1

F
s
= Ks
s
M

1



a02 = L 0 cos α2

,

5. Discussions

1





0

Assume that the range of the actuated parameter l is 0.15 m ≤
l ≤ 0.200 m. By deﬁning the elements on the main diagonal
of the stiffness matrix K of the BDM of the mechanism as
K x , K y , K z , K α , K β , K γ , we can obtain the stiffness parameters in
different directions as depicted in Fig. 20. When the DGM is deployed to a large conﬁguration, the actuated parameter l decreases.
As shown in Fig. 20, the stiffness parameter K x increases while the
stiffness K z and K β decrease during the deployment motion.

Assembling the six limbs, Eq. (27) can be transformed into



T

a01 = L 0 cos α2

Substituting Eq. (24) into Eq. (23) yields that

(30)
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Fig. 20. Variations of stiffness parameters in different directions.

loads that occur during contact are much higher than the static
loads, the stiffness modeling and analysis should be performed
considering more complicated factors, such as the contact and dynamic loads, to guarantee stiffness required for grasping of the
non-cooperative target. It is worth noting that the stiffness analysis
presented in Section 4 is to analyze the theoretical stiffness characteristics of the proposed grasping mechanism. Some assumptions
are made for the convenience of the analysis and stiffness modeling considering more detailed factors such as joint clearance and
platform ﬂexibility should be studied further.
Several problems with the application of the proposed DGM
on a space mission are also discussed here. The ﬁrst problem is
the capture problem. The population of large space debris on Low
Earth Orbit is composed of spent rocket stages and non-operational
satellites with solar panels and other appendages. Using the proposed grasping mechanism to capture satellites may result in the
detachment of solar panels or other elements. As a result, more
debris may be generated. To solve this problem, the DGM should
be controlled and planned to ideally embrace the target before
performing physical contact. Generally, the capture manipulation
can be divided into the pre-capture stage, capture stage, and postcapture stage. In every stage, motion planning and control strategy
should be conducted to avoid the detachment of solar panels or
other elements. The second problem is the connection problem.
The enveloping grasp method is challenging to form a ﬁrm and
stiff connection between the chaser satellite and the captured targets. To solve this problem, the proposed DGM can be combined
with a robotic manipulator, and take the robot manipulator to
form a stiffer connection by using additional connecting devices
after capturing the object using the proposed grasping mechanism.
Third, it is usually assumed that the chaser satellite should be
smaller than the captured target. The space target must be placed
between the ﬁngers. Thus, the base platforms of these ﬁngers must
be located on a circle with the diameter larger than the diameter
of the target object. This may require a huge base platform, on
which the mechanism can be mounted. To solve this problem, one
possible solution is to design a deployable base platform, which
can get a large conﬁguration when capturing the object and can
get a small conﬁguration when it is at a non-work state.

The deployment characteristics analysis shows that the deployment ratio of the BDM is 11.5, which indicates it has the capability of adjusting its size in a broad range. The mobility, kinematics, workspace, manipulability of the DGM are analyzed. Due
to the decoupled deployment motion and grasping motion, the
workspace analysis shows that the proposed DGM have higher
dexterity and larger grasp space. The manipulability performance is
increased with the increase of the deployment length. In addition,
the stiffness model of the BDM is established theoretically, and
the stiffness analysis results reveal that the stiffness distributions
in different directions vary signiﬁcantly with the change during
the deployment process. The characteristics of the DGM revealed
in this study can provide a basis for its application in capturing
non-cooperative space targets. In the future, the dimensional design will be studied based on a speciﬁc task, and the manipulation
control and ground experiment will also be examined to verify its
potential application.
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