
Han et al. 
Chinese Journal of Mechanical Engineering           (2023) 36:77  
https://doi.org/10.1186/s10033-023-00899-1

ORIGINAL ARTICLE Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Chinese Journal of Mechanical Engineering

Task‑Oriented Topology System Synthesis 
of Reconfigurable Legged Mobile Lander 
Integrating Active and Passive Metamorphoses
Youcheng Han1, Ziyue Li1, Gaohan Zhu1, Weizhong Guo1*   , Jianzhong Yang2 and Wei Liu2 

Abstract 

To explore hostile extraterrestrial landforms and construct an engineering prototype, this paper presents the task-
oriented topology system synthesis of reconfigurable legged mobile lander (ReLML) with three operation modes 
from adjusting, landing, to roving. Compared with our preceding works, the adjusting mode with three rotations (3R) 
provides a totally novel exploration approach to geometrically matching and securely arriving at complex terrains 
dangerous to visit currently; the landing mode is redefined by two rotations one translation (2R1T), identical with the 
tried-and-tested Apollo and Chang’E landers to enhance survivability via reasonable touchdown buffering motion; 
roving mode also utilizes 2R1T motion for good motion and force properties. The reconfigurable mechanism theory 
is first brought into synthesizing legged mobile lander integrating active and passive metamorphoses, composed of 
two types of metamorphic joints and metamorphic execution and transmission mechanisms. To reveal metamorphic 
principles with multiple finite motions, the finite screw theory is developed to present the procedure from unified 
mathematical representation, modes and source phase derivations, metamorphic joint and limb design, to final struc-
ture assembly. To identify the prototype topology, the 3D optimal selection matrix method is proposed considering 
three operation modes, five evaluation criteria, and two topological subsystems. Finally, simulation verifies the whole 
task implementation process to ensure the reasonability of design.

Keywords  Legged mobile lander, Topology synthesis, Active and passive metamorphoses, Finite screw, Metamorphic 
joint, Reconfigurable mechanism

1  Introduction
1.1 � On Legged Designs for In‑Situ Extraterrestrial 

Exploration
Legged designs for in-situ extraterrestrial exploration 
have the merits of lightweight, good stability, large pay-
load, good locomotion, operation capabilities, etc [1, 2]. 
Typical ones are revisited: (1) The tripod-type legged 
lander with passive buffering has achieved success in the 

landers like Surveyor [3], Luna [4], Tianwen [5], Phoenix 
[6], etc. It usually has RPbR&2R and RR&2UPbS topolo-
gies with 1−2 buffering DOFs (R,  U,  S-revolute, uni-
versal, spherical joints, Pb-buffering damper), etc. The 
advantages of lightweight and high folding ratio make it 
widely used for the tentative in-situ exploration; (2) the 
cantilever-type legged lander with passive buffering con-
tributes to the landers like Apollo [7], Chang’E [8], etc. It 
usually has the (2UPbS&U)-Pb topology and three buffer-
ing DOFs, with merits of large payload and high stability 
to carry rover, human, cargo, and instrument for mobile 
detection; (3) the hybrid wheel-legged rover, such as the 
six-legged Athlete with 6-DOF serial leg for cargo han-
dling and manipulation [9], the four-legged Mars rover 
SherpaTT with 5-DOF planar leg [10], etc.; (4) the legged 
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robot with active landing. Yin et  al. [11, 12] presented 
a six-legged mobile lander with 3-DOF hybrid leg for 
active landing and walking control on the planet; Kolven-
bach et al. [13] designed a four-legged robot with 2-DOF 
parallel leg for the cat-like jumping and landing on the 
asteroid, etc.

However, the tripod-type legged lander is immovable 
for the fixed-point detection; the cantilever-type legged 
lander launches both legged stationary lander and rover 
for mobile detection around landing point, but it wastes 
a large transport resource and produces some technical 
shortages on redundant machinery, electronics, con-
trol, sensing, communication, power, support, etc.; the 
hybrid wheel-legged rover in essence doesn’t have buffer-
ing ability, so it must be carried by a lander; the legged 
robot with active landing also integrates the locomotion 
ability, but the active landing brings much pressure to 
motor and wastes much energy supply. This determines 
it cannot carry heavy cargo or human for landing on the 
high-gravitational planet. Consequently, our group has 
put forward the novel legged mobile lander, including the 
studies on basic concept [14, 15], decoupled landing and 
walking functions [16–18], singularity and passive limb 
based synthesis [19, 20], etc.

Nevertheless, challenges still exist when design-
ing the practical engineering prototype of ReLML. (1) 
On operation mode. Preceding studies focus on land-
ing and roving modes, haven’t considered adjusting 
mode—match touchdown pose of leg truss for complex 
terrains and enhance landing adaptability. This work 
aims at three-mode synthesis from adjusting, landing, 
to roving. Moreover, preceding studies see landing leg 
as a 0-DOF truss, but synthesize it with 1R charac-
teristic due to fold and deployment, and neglect the 
buffering damper arrangements and mobility effects. 
Differently, this study redefines landing mode with 3 
buffering DOFs and 2R1T buffering motions by truss-
mechanism transformation [17]. (2) On topology syn-
thesis fundamental. Preceding studies use the manifold 
synthesis method [21] twice to obtain landing and rov-
ing topologies. No convictive reason is given on how to 
combine them into a unified one, so the mode switch 
and reconfiguration are not strongly deduced. This 
work takes metamorphic theory for the three-mode 
synthesis of ReLML, and presents a rigorous proce-
dure from unified mathematical representation, modes 
and source phase derivations, metamorphic joint and 
limb design, to structure assembly. Finite screw theory 
[22–25] is used to demonstrate metamorphic principles 
with multiple finite motions. (3) Topological thinking 
on feasibility and reliability. The reconfigurable joint 
should be carefully argued due to its effects on theo-
retical reconfigurability (topology, motion type, range, 

switch, etc.) and practical reliability (payload, impact 
resistance, technical simplicity, controllability, etc.). 
Also, the numbers of closed-loops, limbs, joints should 
be as few as possible to improve payload and stiffness. 
The actuation-transmission system should be separated 
from execution, to avoid the touchdown impact flow 
going through fragile actuation parts like motor, sensor, 
encoder, reducer, etc.

1.2 � On Topology Design of Reconfigurable Mechanism
The topology synthesis of reconfigurable mechanism 
has gradually formed into an axiomatic system based 
on adjacency matrix [26], unified topological graph 
[27], augmented Assur group [28], etc. Furthermore, 
Kong et  al. [29] established the screw-based synthesis 
approach for the multi-mode mechanism; Jin et al. [30] 
presented the synthesis method by the variable con-
straint screw system; Li and Hervé [31] introduced the 
manifold synthesis method into the parallel mechanism 
with bifurcated motion; Wei and Dai [32, 33] showed 
a systematic synthesis method of both metamorphic 
and multi-mode mechanisms using group and manifold 
operation; Yao et al. [34–36] presented in-depth works 
on legged robot reconfigured by metamorphic joint and 
constraint singularity control. The graphical method 
by Yu et  al. [37, 38] provided significant references to 
novel buffering principle and design integrating tuned 
mass damper. To identify the optimal topology, Shen 
et  al. [39] proposed systematic topological evaluation 
indices, so mechanisms with motion decoupling, sym-
bolic forward solution, fewer input–more output prop-
erties are invented [40, 41]; He et al. [42] measured the 
type complexity upon kinematic pair and geometric 
constraint; Hüsing et  al. [43] reported a quantitative 
assessment method scored by nine criteria, etc.

Although the above make certain achievements, 
challenges also exist for the aerospace-task-demanded 
topology design of ReLML: (1) Current theoretical 
system hasn’t well considered influences of multiple 
working conditions on complex extraterrestrial envi-
ronments; (2) landing mode has a large impact response 
and roving mode requires a high loading capability. 
Mechanism and joint must meet reconfigurability and 
engineering value; (3) current metamorphic mecha-
nisms mostly take active metamorphosis by specialized 
devices to switch joint’s motion axis. There seems few 
passive metamorphosis—change topology and mobil-
ity by the external force. This study aims to integrate 
both active and passive metamorphoses into ReLML: 
Landing mode is passively reconfigured by footpad-
soil touchdown impact, adjusting and roving modes are 
actively reconfigured by motors.
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2 � Procedures for the Task‑Oriented Topology 
System Synthesis of ReLML

Soft-landing detection probes have yet been restricted 
to arrive at flat and friendly areas on extraterrestrial 
bodies. They still cannot reach hostile terrains, such 
as mountain, canyon, gully, slope, rock, pit, etc. These 
environments are more likely to conserve the original 
planet evolution information, and help to analyze geo-
logical changes and resource distribution. Given such 
a bottleneck, a tailored task-oriented design method is 
proposed for the novel probe as follows.

Step 1: Define the reconfigurable legged mobile lander 
(ReLML), capable of in-situ exploration for complex 
extraterrestrial environments. Three operation modes 
are endowed: adjusting mode geometrically matches 
the leg truss’s touchdown pose for various terrains, 
to enhance the environment adaptability and securely 
arrive at broader areas; landing mode adopts buffering 
dampers to absorb touchdown impact energy, during 
which the damper-constructed truss behaves mecha-
nism kinematic and dynamic properties with large dis-
placement and mobility [19]; roving mode implements 
legged mobile detection. At the start of design, the 
topology system graph is defined by the designer’s sub-
jective initiative. Active and passive metamorphoses lie 
in the metamorphic joint, execution, and transmission 
of ReLML.

Step 2: Identify output finite motions in each mode. 
Demonstrate number synthesis for common finite 
motions, and determine numbers of DOFs, metamorphic 
joints, metamorphic limbs, buffering dampers, actua-
tions, etc.

Step 3: Represent the finite motions of metamorphic 
joints, single leg, and overall lander in three operation 
modes. The finite screw is employed.

Step 4: Synthesize the metamorphic execution mecha-
nism with three modes of adjusting, landing, and roving. 
Firstly, determine the kinematic bond of the metamor-
phic limb; then, design the mechanical generator for 
the metamorphic joint and limb followed by assembling 
them. Via the topology evolution, the metamorphic 
hybrid topologies are obtained from the parallel ones. 
Thus, both cantilever- and tripod-type landing trusses 

are embedded in this study, whose successes can enhance 
engineering practicability.

Step 5: Synthesize the metamorphic transmission 
mechanism. Initially, propose the equivalent meta-
morphic parallel mechanism model to describe the 
topological correlations between execution limb and 
transmission. Then, identify the multi-mode output 
motion and number synthesis; next, determine kinematic 
bond of transmission limb followed by structural design 
and assembly.

Step 6: Multi-mode & multi-criterion optimal selection 
and simulation. Executions and transmissions are meas-
ured respectively in multi-modes by five criteria. After 
identifying the optimal combination, simulation is used 
to verify reconfigurability and operation behaviors.

Topology system mapping graph of the prototype is 
shown in Figure 1. Metamorphic execution plays a direct 
participant role in three modes to interact with the envi-
ronment. The metamorphic active joint has two switch-
able motion axes between adjusting and roving and a 
reliable rigid phase in landing mode. The metamor-
phic passive joint (buffering damper) is made of plastic 
aluminum honeycomb. Metamorphic transmission is 
arranged to protect the fragile actuation against large 
impact, also makes single-input multi-output differences 
to power the operation and mode switch. In the graph, 
exEk is the kth execution end-effector. Pbj, exLj, Jmj, trEj are 
the jth buffering damper, execution limb, metamorphic 
active joint, transmission end-effector respectively in the 
kth leg, nex is the number of execution limb. trLjh,

trA
j
h are 

the hth transmission limb and actuation respectively for 
the jth execution limb, ntr is the number of transmission 
limb.

3 � Determine Multi‑Mode Finite Motion 
Submanifolds and Number Synthesis

To exclude the local mobility of the spherical joint for 
footpad-terrain adaptation, the ankle link is taken as 
moving platform. In this study, the output finite motion 
submanifold of adjusting mode is assigned with 3R for 
large orientation adjustment to match undulating ter-
rains. Those of landing and roving modes are assigned 
with double 2R1T for good motion and force properties 
to survive in complex environments. Their representa-
tions by finite screw format are given as
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where “m” denotes the source phase, adjusting, landing, 
roving modes respectively when m = o, a, l, r. Herein, 
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{Sf} is the submanifold (set) form of the finite screw Sf 
(element).

Figure 1  ReLML integrating active and passive metamorphoses: a Prototype construction, b Topology system mapping graph
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The finite motion of source phase is operated by 
union units of those of three modes, deduced as:

According to the intersection operation, there are 
at most two common finite motions between 3R and 
2R1T, and three common ones between double 2R1T. 
Thus, Eq. (4) derives the dimension relationship of 
common finite motions between any two modes and 
among three modes.

Employing the De Morgan’s law to Eq. (3), the number 
synthesis principle can be derived by revealing dimension 
(or DOF) correlations of output motions of source phase, 
each mode, and the intersection of two/three modes.
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According to Eqs. (4) and (5), number synthesis 
results are finally discussed in Table  1. For simplicity, 
No. 1−3 just list three cases that there is no common 
motion between 3R and 2R1T. No. 4−17 shows all cases 
with at least one common motion among three modes. 
Number correlations on common finite motion, DOFs, 
motors, buffering dampers, limbs, etc. of ReLML are 
further discussed:

(1) To meet the output DOFs, there should arrange 
three motors in adjusting and roving modes, and three 
buffering dampers in landing mode. For a reasonable 
layout, it should adopt three metamorphic limbs with 
each limb having one buffering damper and two actu-
ated joint axes.

(2) To simplify the multi-mode topology, the com-
mon motion between/among modes is required to 
be as more as possible. Otherwise, a complex topol-
ogy requires more joints, limbs, or complex geometric 
constraints. Further, if the common motion has the 
dimension greater than or equal to one, then it must 

be continuous with constant direction and position in 
some reference frame.

4 � Motion Representation and Switch Condition 
for Three‑Mode Reconfiguration from Adjusting, 
Landing, to Roving

The finite motion of the source phase or any mode is 
generated by the intersection operation for the kin-
ematic bonds of all metamorphic limbs mSf ,Lj , written 
as:

The finite motion submanifold of source phase is the 
union set of those of three modes. Further, the end-effec-
tor submanifold and limb bonds have the relationship:

(6)
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3
⋂

j=1

{

m
Sf ,Lj

}

, m = o, a, l, r.

Table 1  Number synthesis of multi-mode output motions

No. ∩
m=a,l

{mS} ∩
m=a,r

{mS} ∩
m=l,r

{mS} ∩
m=a,l,r

{mS} {oS}

1 0 0 1 0 8

2 0 0 2 0 7

3 0 0 3 0 6

4 1 1 1 1 7

5 1 1 2 1 6

6 1 1 3 1 5

7 1 2 1 1 6

8 1 2 2 1 5

9 1 2 3 1 4

10 2 1 1 1 6

11 2 1 2 1 5

12 2 1 3 1 4

13 2 2 1 1 5

14 2 2 2 1 4

15 2 2 2 2 5

16 2 2 3 1 3

17 2 2 3 2 4
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The finite motion of overall lander can be obtained by 
the equivalent mechanism model method. In adjusting 
mode that the ReLML hovering in the sky, four legs and 
main body construct a collaborative topology, there is no 
relative motion between body and environment; in land-
ing and roving modes, four legs with body and environ-
ment construct a parallel topology, so the finite motion 
of overall lander is the intersection set of four legs’ 
submanifolds.

Mode switch and topology reconfiguration happens 
when changing the leg end-effector submanifold at the 
common configuration space—called the configuration 
transition space {CTS}—between two adjacent opera-
tion modes. The ReLML has two types of switches with 
sequential occurrences, Eq. (9) shows the switch condi-
tion from adjusting to landing modes, and Eq. (10) gives 
the switch condition from landing to roving modes. 
The configuration transition condition indicates two 
adjacent modes should have the same finite motion 
(posture).

Algebraic structures of leg’s end-effector submani-
fold can easily derive the simplest standard limb bonds 
of three modes, which also share a partially common 
kinematic bond. After comparison, the metamorphic 
joint bonds can be identified, they result in this study’s 
particularity by the concurrence of active and passive 
metamorphoses. (1) The bond of active metamorphic 
axis-variable joint mRv has three phases, including 
two orthogonal switchable rotations (directions u and 
v, motor control) for adjusting and roving, and rigid 
connection for a reliable landing truss. (2) The bond 
of passive metamorphic buffering damper mPb has 
two phases, i.e., the translation to absorb touchdown 
impact energy, and rigid connection in adjusting and 
roving modes.
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where u is orthogonal to main body to guarantee reliable 
landing impact transfer flow after any adjusting pose. v 
is parallel to main body. k is the translation direction of 
mPb.

Switch principle of metamorphic joints correspond-
ing to the configuration transition process of ReLML 
are illustrated in Figure 2. The metamorphic essence is 
the change of end-effector submanifold through {CTS}. 
The switch principle of active and passive metamorphic 
joints is to produce various geometric constraints for 
the corresponding operation modes.

5 � Topology Synthesis of Metamorphic Execution 
Mechanism for Adjusting, Landing, Roving

5.1 � Determine Kinematic Bond of Metamorphic Limb
According to Eqs. (6) and (7), the source metamor-
phic limb bond should contain the union sets of three 
modes’ finite motions, indicating the motions of the 
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Figure 2  Configuration transition process of ReLML and switch 
principle of metamorphic joints
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minimum-dimension limb is identical with metamorphic 
execution mechanism.

Four source bond families are classified by dimensions. 
Notably, this paper does not consider that containing 
translation factor for practical purpose, besides mPb.

(1)	Family 1: dim{mSf ,Lj } = 3 . The metamor-
phic bond in each mode always generates 3D 
finite motions, i.e., 3R and double 2R1T. Given 
dim{mSf ,Lj } = dim{mSf ,Leg } = 3 is satisfied in 
each mode, all constraints on moving platform are 
supplied by this limb bond. Thus, the mechanism 
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tion or translation. In other words, the source bond 
contains three rotation and two translation factors, 
dim{oSf ,Lj } = 5 . Thereinto, one translation factor for 
roving should be replaced by two parallel rotations. 
Three types are as follows.

The first type of source bond is the union set of adjust-
ing motion in Eq. (1), landing and roving motions in the 
first subequation and derivative type of Eq. (2). The finite 
screw format defined by the triangle product is further 
derived from the manifold operations (multiplication 
and union) to reveal the motion generation within three 
modes.
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2 tan
θa1

2

(

u

ra1 × u

)}

∪

{

2 tan
θr1

2

(

v

rr1 × v

)})

·

{

2 tan
θa2

2

(

v

ra2 × v

)}(

∪

{

tl2

(

0

k

)})

·

{

2 tan
θa3

2

(

w

ra3 × w

)}

⇒ o
Sf ,Lj ,12 = 2 tan

θ4

2

(

w

r4 × w

)

�

(

tk

(

0

k

))

Pb

�2 tan
θ3

2

(

v

r3 × v

)

�

(

2 tan
θ2

2

(

v

r1 × v

)

�2 tan
θ1

2

(

u

r1 × u

))

Rv

,
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where u = sa1, v = sa2 = sl1 = sr1, w = sa3 = sl3 = sr3, k = sl2 , 
and r1 = ra1 = rr1, r3 = ra2 = r l1 = rr2, r4 = ra3 = r l3 = rr3.

The third type is united by adjusting motion in Eq. (1), 
landing motion in the third subequation of Eq. (2), and 
roving motion in the first derivative type.

where u = sa1, v = sa2 = sl1 = sr1, w = sa3 = sl2 = sr3, k = sl3 ,  
and r1 = ra1 = rr1, r3 = ra2 = ra3 = r l1 = r l2 = rr2 = rr3.

(2)	Family 2: dim{mSf ,Lj } = 4 . The metamorphic limb 
bond in each mode always generates 4D finite 

(15)

{

o
Sf ,Lj ,13

}

=
{

a
Sf ,Leg

}

∪
{

l
Sf ,Leg ,(3)

}

∪
{

r
Sf ,Leg ,(1)

}

=

({

2 tan
θa1

2

(

u

ra1 × u

)}

∪

{

2 tan
θr1

2

(

v

rr1 × v

)})

·

{

2 tan
θa2

2

(

v

ra2 × v

)}{

2 tan
θa3

2

(

w

ra3 × w

)}

∪

({

tl3

(

0

k

)})

⇒ o
Sf ,Lj ,13 =

(

tk

(

0

k

))

Pb

�2 tan
θ4

2

(

w

r3 × w

)

�2 tan
θ3

2

(

v

r3 × v

)

�

(

2 tan
θ2

2

(

v

r1 × v

)

�2 tan
θ1

2

(

u

r1 × u

))

Rv

,

motion containing at least two independent rota-
tions. This family allows the non-continuous finite 
rotations in three modes that can form a general 
two- or three-order system, which means the direc-
tion and even position of motion axis can be vari-

able with respect to pose. The source bond is gen-
erated by six motion factors, i.e., dim{oSf ,Lj } = 6 . 
Three feasible types are obtained by adding a rota-
tion factor to left side of Eqs. (13)−(15), so axis 
coincidence conditions in family 1 are unneces-

Figure 3  Structure of metamorphic variable-axis joint mRv: source phase, operation modes, and drive process
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sary. Here shows the finite screw form directly. The 
first type offers a revolute-planar-spherical bond 
with the first revolute axis and spherical center in a 
plane.

The second type provides a revolute-planar-universal 
bond with the revolute axis and universal center in the 
plane, see Eq. (17). The third type is also given by Eq. 
(18).

Similar steps derive Family 3 with dim{mSf ,Lj } = 5 and 
Family 4 with dim{mSf ,Lj } = 6 , which allow to produce 
the general two- or three-order system of non-contin-
uous finite rotations for constructing a broader mecha-
nism family.

(16)o
Sf ,Lj ,21 = 2 tan

θ5

2

(

k

r3 × k

)

�o
Sf ,Lj ,11.

(17)o
Sf ,Lj ,22 = 2 tan

θ5

2

(

v

r4 × v

)

�o
Sf ,Lj ,12,

(18)o
Sf ,Lj ,23 = 2 tan

θ5

2

(

k

r3 × k

)

�o
Sf ,Lj ,13.

(19)

o
Sf ,Lj ,31 = 2 tan

θ6

2

(

w

r6 × w

)

�o
Sf ,Lj ,21,

o
Sf ,Lj ,41 = 2 tan

θ7

2

(

s

r6 × s

)

�2 tan
θ6

2

(

w

r6 × w

)

�o
Sf ,Lj ,21,

5.2 � Design Mechanical Generator of Metamorphic Limb
Mechanical generators and actuation/deformation of 
metamorphic joints are first argued. Targeted to high 
reliability in aerospace engineering, the mechanical gen-
erator should be installed on main body, so the complex 
structures are excluded directly. The buffering damper 
mPb is a mature technology validated in Chang’E project 
[8], its deformation process stems from the embedded 
aluminum honeycomb structure through a large touch-
down impact, and produces a large-scale buffering con-
figuration variation. The variable-axis joint mRv requires 
to be designed, its final structure and drive process are 
illustrated in Figure 3: (1) The clutch mechanism aims to 
block or activate axis u, utilizing six units of planar RRRP 
mechanisms in a circular array to enhance strength and 
reliability. It has one-input six-output property, all units 
are driven by the same motor. The engaged state to block 

(20)

o
Sf ,Lj ,32 = 2 tan

θ6

2

(

s

r4 × s

)

�o
Sf ,Lj ,22,

o
Sf ,Lj ,42 = 2 tan

θ7

2

(

v

r7 × v

)

2 tan
θ6

2

(

s

r4 × s

)

�o
Sf ,Lj ,32,

(21)

o
Sf ,Lj ,33 = 2 tan

θ6

2

(

w

r6 × w

)

�o
Sf ,Lj ,23,

o
Sf ,Lj ,43 = 2 tan

θ7

2

(

s

r6 × s

)

�2 tan
θ6

2

(

w

r6 × w

)

o
Sf ,Lj ,33.

Figure 4  Typical structures of metamorphic limbs: a, b Family 1, c, d Family 2, e, f Family 3, g, h Family 4
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axis u occurs when the plunger falls into the stator bore 
and achieves the dead point, so the clutch also has a great 
force-amplifier property. The disengaged state to activate 
axis u occurs when the plunger returns back to the rotor. 
(2) The gripper mechanism aims to grasp or release axis 
v, by two units of planar PRRR mechanisms in a symmet-
rical array for better strength and reliability. Both units 
are driven by the same motor, so the gripper has single-
input double-output property. Its grasped state to block 
axis v occurs when link 3 grasps the output link, mean-
time, link 2 is perpendicular to the screw motor axis. The 
dead point is achieved for better force-resisting prop-
erty, especially taking effects for touchdown impact. The 
released state to activate axis v occurs when there is no 
contact between link 3 and output link.

According to Eqs. (13)−(15), the standard structures 
of family 1 in source phase are uvRv

kPb
vwU, uvRv

vRkPb
wR, 

uvRv
vwUkPb. Each provides two common continuous 

finite rotations among three modes, and one unique 
continuous rotation/translation in mode. After applying 

screw triangle product, two derivative structures can be 
obtained by joint type and location substitutions: uvRv-
vCb

wR and uvRv
vRwCb, where wCb is a new metamorphic 

cylindrical joint made up of buffering damper and revo-
lute joint arranged co-axially.

Based on Eqs. (16)−(18), the standard structures of 
family 2 are uvRv

kPbS, uvRv
vRkPb

vwU, uvRvSkPb. Operating 
screw triangle product, five derivative ones are uvRv

kCb-
vwU, uvRv

kPb
vRvwU, uvRv

vRvRkCb, uvRv
vRvRkPb

wR, uvRv-
vwUkCb. Employing similar procedures based on Eqs. 
(19)−(21), we can also obtain the source metamorphic 
limb structures of family 3: uvRv

kPbSwR, uvRv
vRkPbS, uvRvS-

kPb
wR, uvRv

kCb
vwUwR, uvRv

vRvRkPb
wsU, uvRv

vRvRkCb
sR, 

uvRv
kPb

vRS, uvRv
vwUkCb

wR, uvRvSwRkPb, uvRv
vkUkPb

wRwR; 
and those of family 4: uvRv

kPbSwsU, uvRv
vRkPbSvR, uvRvSkPb-

wsU, uvRv
kPb

vwUS, uvRv
kCb

wRS, uvRv
kPb

vRSvR, uvRv
vwUkPbS, 

uvRvSwRkCb.
For brevity, we here take oSf ,Lj ,32 as an example to show 

the calculation process of derivative structures, see Eq. 
(22): Firstly, (a) derives the structure uvRv

vRvRkPb
wsU from 

Figure 5  Subcategory 5-5-5: a1−d1 3uvRv
vRkPbS, a2−d2 3uvRv

vRvRkPb
wsU, a3−d3 uvRvSwRkPb&2uvRv

vRkPbS
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Eq. (20) by joint location substitution; then, (b) derives 
uvRv

vRvRkCb
sR by joint type substitution when assigning 

w = k; finally, (c) obtains uvRv
kPb

vRS by changing the posi-
tions of joints following closure and equivalence.

(22)

o
Sf ,Lj32 =

(

2 tan
θ6

2

(

s

r4 × s

)

�2 tan
θ5

2

(

w

r4 × w

))
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�

(
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(

0

k

))

Pb

�2 tan
θ4

2

(

v

(r4 + tkk)× v

)

�2 tan
θ3

2

(

v

r3 × v

)

�o
Sf ,Rv , (a)

= 2 tan
θ6

2

(

s

r4 × s

)

�

(

2 tan
θ5

2

(

k

r4 × k

)

+ tk

(

0

k

))

Cb

�2 tan
θ4

2

(

v

(r4 + tkk)× v

)

�2 tan
θ3

2

(

v

r3 × v

)

�o
Sf ,Rv , (b)

=

(

2 tan
θ6

2

(

s

r4 × s

)

�2 tan
θ5

2

(

w

r4 × w

)

�2 tan
θ4

2

(

v

r4 × v

))

S

�2 tan
θ3

2

(

v

r3 × v

)

�

(

tk

(

0

exp(θ3ṽ)k

))

Pb

�o
Sf ,Rv . (c)

Figure 6  Subcategory 4-5-6: a1−d1 uvRv
kPbS&uvRv

vRkPbS&uvRv
vwUkPbS, a2−d2 uvRv

vRkPb
vwU&uvRv

vRkPbS&uvRvSkPb
wsU, a3−d3 uvRv

vRvRkPb
wR&uvRv

vRvRkP

b
wsU&uvRv

vwUkPbS

The above source metamorphic limb structures are 
synthesized in the limb frame Rvj-ujvjnj. For brevity, 
Figure 4 illustrates two typical ones of each family.
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Figure 7  Subcategory 3-6-6: a1−d1 uvRv
kPb

vwU&2uvRv
vwUkPbS, a2−d2 uvRv

vRkPb
wR&2uvRvSkPb

wsU, a3−d3 uvRv
vwUkPb&2uvRv

vwUkPbS

Table 2  Topology synthesis results of subcategory 5-5-5

Type Result

1 uvRv
kPbSwR&

2uvRv
vRkPbS

uvRv
kCb

vwUwR&
2uvRv

vRkPbS

uvRv
kPbSwR&

2uvRv
kPb

vRS
uvRv

kCb
vwUwR&

2uvRv
kPb

vRS

uvRv
kPbSwR&

uvRv
kPb

vRS&
uvRv

vwUkCb
wR

uvRv
kPbSwR&

uvRv
kPb

vRS&
uvRvSwRkPb

2 3uvRv
vRkPbS 3uvRv

vRvRkPb
wsU 3uvRv

vRvRkCb
sR

3uvRv
kPb

vRS uvRv
kPb

vRS&
2uvRv

vRkPbS

uvRv
vRkPbS&

2uvRv
kPb

vRS
uvRv

vRkPbS&
uvRv

kPb
vRS&

uvRv
kPbSwR

uvRv
vRkPbS&

uvRv
kPb

vRS&
uvRv

kCb
vwUwR

uvRv
vRkPbS&

uvRv
kPb

vRS&
uvRvSkPb

wR

3 uvRvSwRkPb&
2uvRv

vRkPbS

uvRvSkPb
wR&

2uvRv
vRkPbS

uvRv
vwUkCb

wR&
2uvRv

vRkPbS
uvRvSkPb

wR&
2uvRv

kPb
vRS

uvRv
vwUkCb

wR&
2uvRv

kPb
vRS

uvRvSwRkPb&
2uvRv

kPb
vRS

Table 3  Topology synthesis results of subcategory 4-5-6

Type Result

1 uvRv
kPbS&

uvRv
vRkPbS&

uvRv
vwUkPbS

uvRv
kPbS&

uvRv
vRvRkPb

wsU
&uvRv

kPbSwsU

uvRv
kPbS&

uvRv
vRvRkCb

sR&
uvRv

vRkPbSvR
uvRv

kPbS&
uvRv

kPb
vRS&

uvRvSkPb
wsU

uvRv
kPbS&

uvRv
kPb

vRS&
uvRvSwRkCb

uvRv
kCb

vwU&
uvRv

vRkPbS&
uvRv

kCb
wRS

uvRv
kCb

vwU&
uvRv

vRvRkPb
wsU

&uvRv
kPbSwsU

uvRv
kCb

vwU&
uvRv

vRvRkCb
sR&

uvRv
vRkPbSvR

uvRv
kCb

vwU&
uvRv

kPb
vRS&

uvRvSkPb
wsU

2 uvRv
vRkPb

vwU&
uvRv

vRkPbS&
uvRv

kCb
wRS

uvRv
kPb

vRvwU&
uvRv

kPb
vRS&

uvRv
vRkPbSvR

uvRv
kPb

vRvwU&
uvRv

kPb
vRS&

uvRv
vwUkPbS

uvRv
kPb

vRvwU&
uvRv

kPb
vRS&

uvRvSwRkCb

uvRv
vRvRkPb

wR&
uvRv

vRvRkPb
wsU

&uvRv
vwUkPbS

uvRv
vRvRkPb

wR&
uvRv

vRvRkPb
wsU

&uvRvSkPb
wsU

uvRv
vRvRkPb

wR
&uvRv

kPb
vRS

&uvRv
kPb

vwUS

uvRv
vRvRkCb&

uvRv
vRvRkCb

sR&
uvRv

kCb
wRS

uvRv
vRvRkCb&

uvRv
vRvRkCb

sR
&uvRv

vRkPbSvR
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5.3 � Assemble Metamorphic Execution Mechanism
The metamorphic execution mechanism is classified 
as three subcategories of 3-6-6, 5-5-5, 4-5-6, as shown 
in Figures  5, 6, 7, where dim{mSf ,L1}−dim{mSf ,L2}

−dim{mSf ,L3} denotes the dimension arrangement for 
three metamorphic limb bonds. Notably, there may 

exist three approaches to adjusting 3R: (a) Fixed-point 
spherical motion generated by concurrent rotation 
joints, it is hard to reconfigure with 2R1T using two 
types of metamorphic joints assigned; (b) fixed-point 
or non-concurrent continuous 3R motion generated 
by one 3R limb and two 6-DOF limbs; (c) general 3R 
motion with spatially staggered axes by constraining 
three translations with a general arrangement. It has 
three variable finite rotation axes and usually produces 
3D wide-range parasitic translations. Above all, this 
study takes (b) and (c) based on the assigned joints. 

Subcategory 5-5-5: it utilizes three 5-DOF metamor-
phic limb bonds and each constrains one translation, 
leading to three constrained translations of moving 
platform for adjusting mode. To switch into landing 
and roving modes with double 2R1T, it should guar-
antee there exist and only exist two parallel restricted 
translations—equivalent to one restricted translation 
and one restricted rotation. So two metamorphic pla-
nar-spherical bonds, i.e., {oSf ,Lj ,32} , must be arranged 
parallel between two constraint planes. The third limb 
can be anyone in family 3. Assembly geometric con-
dition for adjusting mode is u1 = u2 = u3 . Those for 
landing and roving modes should be satisfied simul-
taneously: a) v2 = v3 ; b) v1  = v2 , and it’s better for 
v
T
1 v2 = 0 . Finally, three types are enumerated in Eq. 

(23): Type 1 has one common finite rotation and one 
common finite translation between landing and roving, 
corresponding to No. 2 in Table 1 so the source phase’s 
dimension is seven. Type 2 or 3 has one common finite 
rotation between landing and roving, corresponding to 
No. 1 in Table  1 that the source phase’s dimension is 
eight. In this subcategory, four completely symmetrical 
topologies can be obtained by Type 2 when all limbs 
adopt the identical structure; thirty-six partially sym-
metrical topologies can be obtained requiring two same 

Table 4  Topology synthesis results of subcategory 3-6-6

Type Result

1 uvRv
kPb

vwU&
2uvRv

kPb
vwUS

uvRv
kPb

vwU&
2uvRv

kCb
wRS

uvRv
kPb

vwU&
2uvRv

vRkPbSvR
uvRv

kPb
vwU&

2uvRvSkPb
wsU

uvRv
kPb

vwU&
2uvRv

vwUkPbS

uvRv
kPb

vwU&
2uvRvSwRkCb

2 uvRv
vRkPb

wR&
2uvRv

kPb
vwUS

uvRv
vRkPb

wR&
2uvRv

kCb
wRS

uvRv
vRkPb

wR&
2uvRv

vRkPbSvR
uvRv

vRkPb
wR&

2uvRvSkPb
wsU

uvRv
vRkPb

wR&
2uvRv

vwUkPbS

uvRv
vRkPb

wR&
2uvRvSwRkCb

3 uvRv
vwUkPb&

2uvRv
kPb

vwUS

uvRv
vwUkPb&

2uvRv
kCb

wRS

uvRv
vwUkPb&

2uvRv
vRkPbSvR

uvRv
vwUkPb&

2uvRvSkPb
wsU

uvRv
vwUkPb&

2uvRv
vwUkPbS

uvRv
vwUkPb&

2uvRvSwRkCb

Table 5  Topology evolution results

(uvRv
vRS&

2uvRv
vRkPbS)-kPb

(uvRv
vRvRwsU&

2uvRv
vRvRkPb

wsU)-kPb

(uvRv
vRvRksU&

2uvRv
vRvRkCb

sR)-kPb

(uvRv
vRS&

2uvRv
kPb

vRS)-kPb

(uvRvSwR&
2uvRv

vRkPbS)-kPb

(uvRvSwR&
2uvRv

kPb
vRS)-kPb

(uvRvS&uvRv
vRkPbS

&uvRv
vwUkPbS)-kPb

(uvRvS&uvRv
vRvRkPb

wsU
&uvRv

kPbSwsU)-kPb

(uvRvS&uvRv
vRvRkCb

sR
&uvRv

vRkPbSvR)-kPb

(uvRvS&uvRv
kPb

vRS
&uvRvSkPb

wsU)-kPb

(uvRvS&uvRv
kPb

vRS
&uvRvSwRkCb)-kPb

(uvRvS&uvRv
vRkPbS

&uvRv
kCb

wRS)-kPb

(uvRv
vwU&

2uvRv
kPb

vwUS)-kPb

(uvRv
vwU&

2uvRv
kCb

wRS)-kPb

(uvRv
vwU&

2uvRv
vRkPbSvR)-kPb

(uvRv
vwU&

2uvRvSkPb
wsU)-kPb

(uvRv
vwU&

2uvRv
vwUkPbS)-kPb

(uvRv
vwU&

2uvRvSwRkCb)-kPb

Figure 8  Typical structures based on the topology evolution of three subcategories: a (uvRvSwR&2uvRv
vRkPbS)-kPb, b (uvRvS&uvRv

vRkPbS&uvRv
vwUkPbS)-k

Pb, c (uvRv
vwU&2uvRv

vwUkPbS)-kPb
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limbs from Type 2, and another limb is casual; there 
exist a total of ninety-six asymmetrical topologies. For 
brevity, all symmetrical, twelve partially symmetrical, 
and five asymmetrical topologies are listed in Table  2. 
Three typical structures are illustrated in Figure 5.

Subcategory 4-5-6: It employs one 4-DOF, one 5-DOF, 
and a full-mobility metamorphic limb bonds. (1) Type 
1: in each mode, the 4-DOF bond always constrains 
two translations, the 5-DOF bond always constrains 
one translation (unparallel to the restricted transla-
tion plane in adjusting mode, and parallel to the con-
strained translation plane in landing and roving modes). 
So the 4-DOF bond must be {oSf ,L1,21} , the 5-DOF one 
must be {oSf ,L2,32} , they both contain the planar-spheri-
cal bond. Assembly geometric condition for adjusting 
is u1 = u2 = u3 , for landing and roving is v1 = v2 . This 
type has one common rotation between adjusting and 
landing/roving, two common rotations between land-
ing and roving, and one common rotation among three 
modes. It corresponds to No. 5 in Table 1 with the source 
phase dimension of six; (2) Type 2: the 4-DOF bond in 
adjusting mode constrains two translations, and in land-
ing and roving modes constrains one translation and one 

(23)
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rotation. The 5-DOF bond always constrains a transla-
tion (independent with two constrained translations in 
adjusting mode, and unparallel to the constrained trans-
lation in landing and roving modes). Hence, the 4-DOF 
bond must be {oSf ,L1,22} , the 5-DOF bond can be anyone 
in family 3. Assembly geometric condition for adjusting 
is u1 = u2 = u3 , for landing and roving modes is v1  = v2 
( vT1 v2 = 0 is better). This type has one common rota-
tion between adjusting and landing/roving, three com-
mon motions between landing and roving, one common 
rotation among three modes. It corresponds to No. 6 in 
Table 1 with the source phase dimension being five. The 
above types are enumerated in Eq. (24). For brevity, nine 
typical structures in each type are listed in Table 3. Three 
of them are shown in Figure 6.

 
Subcategory 3-6-6: It has the simplest assembly with-

out any special geometric condition. One limb is from 
family 1 offering three motions and three constraints in 
each mode; the other two limbs from family 4 are always 
full-mobility. This subcategory always has two common 
finite rotations between/among modes. So it corresponds 
to No. 15 in Table  1 with the source phase having five 
dimensions. Based on the bond variations of limb 1, three 
types are enumerated in Eq. (25), and some practical 
results are listed in Table 4 and illustrated in Figure 7.

 
Topology evolution: The above subcategories build 

metamorphic parallel topologies, of which, the landing 
mode adopts the inverse-tripod type truss (validated 
in Phoenix, Tianwen, etc. stationary landers). Here, 
we aim to derive novel metamorphic hybrid ones that 
share the identical adjusting and roving topologies, but 

(24)

{

o
Sf ,Leg

}

=

{

Type1 :
{

o
Sf ,L1,21

}

∩
{

o
Sf ,L2,32

}

∩
{

o
Sf ,L3,4Nt

}

,

Type2 :
{

o
Sf ,L1,22

}

∩
{

o
Sf ,L2,3Nt

}

∩
{

o
Sf ,L3,4Nt

}

.

(25)

�

o
Sf ,Leg

�

=







Type1 :
�

o
Sf ,L1,11

�

∩
�

o
Sf ,L2,4Nt

�

∩
�

o
Sf ,L3,4Nt

�

,

Type2 :
�

o
Sf ,L1,12

�

∩
�

o
Sf ,L2,4Nt

�

∩
�

o
Sf ,L3,4Nt

�

,

Type3 :
�

o
Sf ,L1,13

�

∩
�

o
Sf ,L2,4Nt

�

∩
�

o
Sf ,L3,4Nt

�

.

Figure 9  Schematic diagram of the EMPM model

Table 6  Number synthesis for the metamorphic transmission

No. {aS} {rS} ∩
m=a,r

{mS} {oS} Np Na

1 1 1 0 2 1 1

2 2 2 1 3 1 2

3 3 3 2 4 1 3

4 4 4 3 5 1 4

5 5 5 4 6 1 5

6 6 6 5 7 1 6
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a different landing one adopting the cantilever-type 
truss (like Apollo, Chang’E landers, etc.). The evolu-
tion only affects the passive metamorphosis for a more 
credible topology and better input-output decoupling 
property. Six cases of each subcategory are listed in 
Table 5, representatives are depicted in Figure 8. 

6 � Topology Synthesis of Metamorphic 
Transmission Mechanism for Adjusting, Landing, 
Roving

6.1 � Determine Multi‑Mode Output Motion by EMPM
The transmission mechanism is connected with the 
execution limb to drive adjusting and roving motions, 
and protect the fragile actuation from large touchdown 
impact. The equivalent metamorphic parallel mecha-
nism (EMPM) model is built for topological correla-
tion, illustrated in Figure  9: transmission mechanism 
trMj corresponds to execution limb exLj , which is the 
only passive limb to be actuated with multiple outputs. 
Furthermore, exJ ji  is the ith joint of exLj , and trLjh is the 
hth transmission limb of trMj.

Utilizing the De Morgan’s law, the dimension of 
source metamorphic transmission mechanism can be 
obtained by

Moreover, the effective EMPM model without redun-
dant actuation and overconstraint should satisfy the 
following topology construction conditions:

(26)

dim
{

o
Sf ,Trans

}

= dim

(

∪
m=a,r

{

m
Sf ,Trans

}

)

= dim
{

a
Sf ,Trans

}

+ dim
{

r
Sf ,Trans

}

− dim

(

∩
m=a,r

{

m
Sf ,Trans

}

)

.

where N is the sum of active and passive limb numbers 
Na and Np, and Np = 1 in this study. FD is the DOF of the 
source metamorphic transmission mechanism, qj is the 
actuation number of the jth transmission limb. There 
always exists dim

{

o
Sf ,Trans

}

− dim
{

m
Sf ,Trans

}

= 1

. FD = dim
{

m
Sf ,Trans

}

 indicates all modes are actuated 
by the same motors.

Bringing Eqs. (26)−(27) into account, Table  6 obtains 
the number synthesis results: No.1 is the most feasible 
with single-motor-input and multi-mode-output prop-
erty. Actually, given that big mobility of exLj will lead to 
more joints, limbs, motors in trMj. Hence, the transmission 
mechanism here is designed to connect the first link of exe-
cution limb. Finally, it should guarantee the multiple output 
motions that the rotation around axis u for adjusting, rigid 
connection for landing, rotation around axis v for roving, 
formulated as:

6.2 � Determine Kinematic Bond of Transmission Limb
The finite motion of the source metamorphic transmis-
sion mechanism is the united set of adjusting and roving 
motions, given as:

(27)

N = Na + Np,

FD =

N
∑

j=1

qj , dim
{

m
Sf ,Trans

}

≤ FD ≤ dim
{

o
Sf ,Trans

}

,

(28)
{

m
Sf ,Trans

}

=
{

m
Sf ,Rv

}

.

(29)

{

o
Sf ,Trans

}

=
{

a
Sf ,Trans

}

∪
{

r
Sf ,Trans

}

,

⇒ o
Sf ,Trans = 2 tan

θv

2

(

v

r × v

)

�2 tan
θu

2

(

u

r × u

)

.

Table 7  Topology synthesis results of the metamorphic transmission mechanism

Note: The results marked with * have an idle DOF generated by the SS link

Subcategory Result

dim{
o
Sf ,L2 } = 5 uPuRuRuRvR&uvRv

uCuRuRvR&uvRv
uPuRuRuvU&uvRv

uCuRuvU&uvRv
vPvRvRvRuR&uvRv

vCvRvRuR&uvRv
vPvRvRvuU&uvRv

vCvRvuU&uvRv
vRvRvRuRuR&uvRv

vRvRvuUuR&uvRv
uRuRuRvRvR&uvRv

uRuRuvUvR&uvRv
uRuRvRvRvR&uvRv

uRuvUvRvR&uvRv
vRvRuRuRuR&uvRv

vRvuUuRuR&uvRv

dim{
o
Sf ,L2 } = 6 uPuRuRS&uvRv

uCuRS&uvRv
vPvRvRS&uvRv

vCvRS&uvRv
vRvRvRuRuwU&uvRv

vRvRvuUuwU&uvRv
uRuRuRvRvwU&uvRv

uRuRuvUvwU&uvRv
uRuRvRvRvwU&uvRv

uRuvUvRvwU&uvRv
vRvRuRuRuwU&uvRv

vRvuUuRuwU&uvRv
vRvwUS&uvRv

vRSU&uvRv
uRuwUS&uvRv

uRSU&uvRv
vPuwUS&uvRv

vPSU&uvRv
uPvwUS&uvRv

uPSU&uvRv
vCvwUwsU&uvRv

vCvRS&uvRv
vCuRS&uvRv

vCSR&uvRv
uCuwUwsU&uvRv

uCuRS&uvRv
uCvRS&uvRv

uCSR&uvRv
vRSS&uvRv* uRSS&uvRv* vPSS&uvRv* uPSS&uvRv*
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According to the EMEM model of metamorphic trans-
mission mechanism, its finite output motion is the inter-
section of mRv and transmission limb, expressed as:

There are two families of source metamorphic bonds 
{

o
Sf ,Lt

}

 , and each contains two orthogonal rotation fac-
tors. The mechanical generators are only allowed with at 
most one prismatic joint besides actuation for practice.

(1) Subcategory 1: dim{oSf ,Lt } = 5 . According to the 
intersection condition to generate rotation, there must be 
two finite translations lying in the normal plane of rota-
tion axis. Hence, we add two translation factors orthogonal 
to each rotation factor respectively in Eq. (29), and finally 
obtain the standard type with five independent factors:

(30)

{

m
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}

=
{

m
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}

=
{
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}

∩
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}

,

⇒
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}

⊇
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}

.
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=
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(
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)
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2

(

v
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)

�2 tan
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2
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)

�

(
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(
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n
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(

0

exp(θuũ)v

)

+ tu

(

0

exp(θuũ)exp(θv ṽ)u
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,

 which can be rewritten as: 

(2) Subcategory 2: dim{oSf ,Lt } = 6 . Adding a rotation 
factor to the left side of Eq. (31), expressed as:

(31)

o
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θv

2

(

v

r2 × v

)

�2 tan
θu

2

(

u
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.

(32)
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Sf ,Lt ,2 = 2 tan
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�2 tan
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Figure 10  Typical structures of metamorphic transmission mechanism: a1−c1 are uRuRuvUvR&uvRv, a2−c2 are vRSS&uvRv
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6.3 � Design Mechanical Generator and Assemble
The standard structures of the above two subcategories 
are uPvPnPuRvR and uPvPnPuRvRnR. Considering the prac-
tical demand upon transmission limb, it is only allowed 
to possess one prismatic joint as actuation. So derivative 
structures should be targetedly obtained by joint type 
and location substitutions based on screw triangle prod-
uct. Given transmission limb has a single-open chain 
topology, we directly give the structures of source meta-
morphic transmission mechanism in Table  7. Assembly 
geometric conditions for subcategory 1: There should be 
a planar motion (two translations, one rotation) orthog-
onal to axis u in adjusting mode, and the other planar 
motion orthogonal to axis v in roving mode. No spe-
cific condition is required for subcategory 2. Two typical 
structures of metamorphic transmission mechanism are 
illustrated in Figure 10. 

For conciseness, the first subcategory is taken for 
instance to demonstrate the derivation process, because 
the second subcategory with 6 DOFs is easier to obtain. 
The kinematic bond in Eq. (31) is equivalent to the first 
row of Eq. (33), of which, the second factor is rotation 
around axis u, the third and fourth factors indicate cir-
cular translations with radii of �r3 − r2� and �r2 − r1� 
respectively around u. When �r3 − r2� → ∞ and 
�r2 − r1� → ∞ , the third to sixth factors operated by 
screw triangle product are equivalent to three transla-
tions in Eq. (31). Moreover, the first row of Eq. (33) is 
derived from the second row, resulting in the structure 
of uPuRuRuRvR in subcategory 1. Further, the third row 
derives the derivative structure of uCuRuvU by the joint 
type substitution when letting r3 = r4 , and one can still 
derive uCuRuRvR and uPuRuRuvU from this equation:

(33)

o
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�
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u
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C
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7 � Multi‑Mode and Multi‑Criterion Optimal 
Selection and Prototype Simulation of ReLML

The topological evaluation criteria for the metamorphic 
topology system of ReLML are presented.

Criterion 1: Number of kinematic joint (NKJ). It is the 
sum of all kinematic joints of a mechanism to represent 
the topological simplicity. Obviously, it should be as 
small as possible. For this study, the NKJs of three modes 
are equal and three smaller than that of the source phase.

Criterion 2: Structural symmetry degree (SSD). It 
describes the interchangeability of subchain for a mech-
anism to facilitate manufacture, maintenance, etc. 

Figure 11  3D optimal selection matrix method
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Specifically, for a parallel topology, SSD refers to the ratio 
between the maximum sum of identical subchains’ DOFs 
among limbs and the sum of all limbs’ DOFs; for a serial 
topology, SSD refers to the ratio between the maximum 
sum of identical joints’ DOFs and the serial topology’s 
DOFs. Obviously, a completely symmetric topology pro-
duces the most ideal circumstance and SSD = 1.

where ns and fsn are the number and DOF of identical 
subchains between limbs respectively, fj is the jth limb’s 
DOF.

Criterion 3: Geometric constraint complexity (GCC). 
It reflects the difficulty to assemble limbs and platforms 
into a mechanism, and to reliably keep motion charac-
teristics. GCC is calculated by the geometric constraints 
in the limb, and among limbs to connect platform. For 
instance, 1-dimensional constraint contains the parallel 
or orthogonal condition of two rotations/translations; 
2-dimension constraints happen in the planar motion of 
a RRR subchain, due to two independent parallel condi-
tions among axes; 3-dimension constraints occur when 
three rotations intersect with the same point, etc. The 
topology with a lower GCC is better for assembly and 
payload.

where k is the dimension of some specific geometric con-
straint (k = 1−6), Cin

k  is the number of k-dimension geo-
metric constraint to assemble the limb, and Cam

k  is that 
among limbs to be connected with platforms.

Criterion 4: Kinematic solution complexity (KSC), 
also knowns as coupling degree [39]. It reveals the dif-
ficulty degree of position modeling and solution, and is 

(34)SSD = max
(

ns · fsn
)

/

N
∑

j=1

fj ,

(35)GCC =

N
∑

j=1

K
∑

k=1

k · Cin
k +

K
∑

k=1

k · Cam
k ,

only affected by topology. KSC is related to the small-
est dimension of closed-loop position equations when 
combining and solving, with the guiding significance for 
optimal selection, kinematic and dynamic analyses. Defi-
nitely, KSC is required to be as smaller as possible.

Criterion 5: Input-output decoupling (IOD), also called 
I-O decoupling [39, 44]. In this study, it measures the 
number of independent output motions only controlled 
by one specific actuated joint. The metamorphic subsys-
tem of ReLML with more degrees of IOD will enhance 
the capability of landing buffer, and also facilitate motion 
planning and control when adjusting and roving modes.

Thus, a 3D optimal selection matrix method is pro-
posed, as shown in Figure  11, to illustrate relationships 
among operation modes, topology subsystems, and 
evaluation criteria. Table  8 is its 2D form to systemati-
cally present the quantitative correlations. To evaluate 
each criterion, the values of three modes and the corre-
sponding weighted averages (WAs) are calculated, here 
they are 1/3. In the WA column, a symbol after WA is 
attached to assign the practicability judged by designer, 
● means satisfaction, ◑ means partial satisfaction, ○ 
means not satisfaction. Finally, the practicability values 
in the last column can be obtained for optimal selection. 
From Table  8, we can conclude: (1) Topology evolution 
of metamorphic execution mechanism just influences 
the values of SSD and IOD in landing mode, and others 
are not affected; (2) subcategory 5-5-5 and its evolution 
behave the best practicability as execution; (3) subcat-
egory 2 presents the best practicability as transmission. 
Finally, No. 17 and No. 21 are selected to combine into 
the complete metamorphic topology system of ReLML.

Finally, the prototype construction integrating active 
and passive metamorphoses are identified, see Figure 1. 
For engineering practice, we design mRv in primary limb 
with just rigid and v-axis rotation phases. So the meta-
morphic execution is (vRv

vwU&2uvRv
vwUkPbS)-kPb. Com-

pared with No. 17, it has identical landing and roving 

Figure 12  Simulation of ReLML to explore the hostile extraterrestrial landform
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topologies, but a different adjusting topology with 2-DOF 
spherical motion generated by the universal joint in the 
primary limb. Hence, the spherical center and radius can 
be more easily determined to enhance the accessibil-
ity of adjusting in engineering. Furthermore, there are 
two metamorphic transmission mechanisms and one 
wPvRvRvR primary transmission in each leg. Figure  12 
simulates the implementation process of complete opera-
tion modes of ReLML. To explore the hostile extrater-
restrial landform, adjusting mode matches the uneven 
terrain topography followed by landing. During the rov-
ing mode, the crawling gait is adopted with the loco-
motion sequence that: leg 2 swing, leg 1 swing, COG 
movement, leg 3 swing, leg 4 swing, to COG movement.

8 � Conclusions
This paper presents the task-oriented topology system 
synthesis of ReLML for prototype construction. Main 
innovation points and contributions are:

(1) The legged mobile lander with three operation 
modes is first synthesized. Our group’s preceding works 
just discuss the type synthesis with two modes, i.e., land-
ing mode with 1R motion, and roving mode with 2R1T 
motion. This study redefines the landing mode with 2R1T 
motion (identical with Apollo and Chang’E landers), rov-
ing mode with 2R1T motion, and endows the ReLML 
with a totally novel adjusting mode with 3R motion. 

Thus, it will have better adaptability to hostile landform 
with better reasonable touchdown buffering motion.

(2) The reconfigurable mechanism theory is firstly 
brought into topology synthesis of legged mobile lander 
with three modes. The finite screw theory is applied to 
demonstrate metamorphic principles. Hence, theoretical 
connotation for the innovative design of multi-functional 
exploration probe is more credible. This work presents 
the procedure from unified mathematical representation, 
modes and source phase derivation, metamorphic joint 
and limb design, to the final structure assembly, etc.

(3) The topology system synthesis method of ReLML 
integrating active and passive metamorphoses is pre-
sented. The design of active metamorphic joint is care-
fully argued for good reliability, it can always ensure a 
brilliant flow of touchdown impact force through limb to 
main body after any adjusting pose, so the variable land-
ing truss is always guaranteed with good buffering stably. 
Furthermore, the separation between transmission and 
execution facilitates to protect the fragile actuation unit 
like motor, sensor, encoder, reducer, etc.

(4) A 3D optimal selection matrix method is proposed 
to search for practicable topology, its dimensions contain 
three operation modes, five evaluation criteria (struc-
tural symmetry degree and geometric constraint com-
plexity are first proposed), and two topology subsystems. 
Based on this, the 2D table presents the quantitative 

Table 8  Multi-mode & multi-criterion optimal selection for the metamorphic topology system of ReLML

NKJ SSD GCC KSC IOD
No. Metamorphic topology subsystem

a/l/r a l r WA a l r WA a l r WA a l r WA
Prac�cability

1 3uvRv
vRkPbS 9● 1 1 1 1● 2 2 5 3 1 1 1 1 0 0 0 0 ●●●

2 3uvRv
vRvRkPbwsU 12○ 1 1 1 1● 5 5 8 6○ 2 2 2 2○ 0 0 0 0 ●

3 uvRvSwRkPb&2uvRv
vRkPbS 9● 0.67 0.67 0.67 0.67 2 2 4 2.67 1 1 1 1 0 0 0 0 ●●●

4 uvRv
kPbS&uvRv

vRkPbS&uvRv
vwUkPbS 8● 0.6 0.8 0.6 0.67 2 1 2 1.67● 0 0 0 0● 0 0 0 0 ●●●●

5
uvRv

vRkPbvwU&uvRv
vRkPbS

&uvRvSkPbwsU
9● 0.27 0.4 0.27 0.31○ 3 2 4 3 0 0 0 0● 0 0 0 0 ●●●

6
uvRv

vRvRkPbwR&uvRv
vRvRkPbwsU

&uvRv
vwUkPbS

11 0.4 0.4 0.4 0.4○ 4 4 5 4.33 0 0 0 0● 0 0 0 0 ●●

7 uvRv
kPbvwU&2uvRv

vwUkPbS 8● 0.8 0.8 0.8 0.8● 0 0 1 0.33● 0 0 0 0● 0 0 0 0 ●●●●

8 uvRv
vRkPbwR&2uvRvSkPbwsU 9● 0.8 0.8 0.8 0.8● 0 0 1 0.33● 0 0 0 0● 0 0 0 0 ●●●●

9

Ex
ec

u�
on

uvRv
vwUkPb&2uvRv

vwUkPbS 8● 0.8 0.8 0.8 0.8● 0 0 1 0.33● 0 0 0 0● 0 0 0 0 ●●●●

10 (uvRv
vRS&2uvRv

vRkPbS)-kPb 9● 1 0.67 1 0.89● 2 2 5 3 1 1 1 1 0 1 0 0.33● ●●●●

11 (uvRv
vRvRwsU&2uvRv

vRvRkPb
wsU)-kPb 12○ 1 0.67 1 0.89● 5 5 8 6○ 2 2 2 2○ 0 1 0 0.33● ●●

12 (uvRvSwR&2uvRv
vRkPbS)-kPb 9● 0.67 0.67 0.67 0.67 2 2 4 2.67 1 1 1 1 0 1 0 0.33● ●●●

13 (uvRvS&uvRv
vRkPbS&uvRv

vwUkPbS)-kPb 8● 0.6 0.6 0.6 0.6 2 1 2 1.67● 0 0 0 0● 0 1 0 0.33● ●●●●

14 (uvRv
vRvwU&uvRv

vRkPbS
&uvRvSkPb

wsU)-kPb
9● 0.27 0.53 0.27 0.36○ 3 2 4 3 0 0 0 0● 0 1 0 0.33● ●●●

15 (uvRv
vRvRwR&uvRv

vRvRkPb
wsU

&uvRv
vwUkPbS)-kPb

11 0.4 0.4 0.4 0.4○ 4 4 5 4.33 0 0 0 0● 0 1 0 0.33● ●●●

16 (uvRv
vRwR&2uvRvSkPb

wsU)-kPb 9● 0.8 0.8 0.8 0.8● 0 0 1 0.33● 0 0 0 0● 0 1 0 0.33● ●●●●●

17

To
po

lo
gy

 e
vo

lu
�o

n 
of

 e
xe

cu
�o

n

(uvRv
vwU&2uvRv

vwUkPbS)-kPb 8● 0.8 0.8 0.8 0.8● 0 0 1 0.33● 0 0 0 0● 0 1 0 0.33● ●●●●●

18 uRuRuRvRvR&uvRv 6○ 0.5 - 0.5 0.5 5 - 5 5○ 0 - 0 0● 1 - 1 1● ●●

19 uRuRuvUvR&uvRv 5 0.33 - 0.33 0.33○ 4 - 4 4 0 - 0 0● 1 - 1 1● ●●●

20 vRvuUuRuwU&uvRv 5 0.57 - 0.57 0.57 3 - 3 3 0 - 0 0● 1 - 1 1● ●●●

21 Tr
an

sm
iss

io
n

vRSS&uvRv 4● 0.75 - 0.75 0.75● 0 - 0 0● 0 - 0 0● 1 - 1 1● ●●●●●
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correlations systematically. After combining the optimal 
execution and transmission respectively, the prototype 
topology is verified by simulating the whole task process.
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