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Abstract. Legged mobile lander (LML) possesses both landing and walking
functions with the promising application prospect in extraterrestrial exploration.
There are three challenges on the dimensional synthesis method for the LML,
including the derivation of the performance criteria for both landing and walking
behaviors, the establishment of the dimensional optimization design model, and
the demonstration and expression method for dimensional synthesis. To solve
these problems, the paper will firstly introduce the mechanism topology of the
proposed Chang’e-Type LML; then, derive the optimization parameters and the
optimization criteria; thereafter, implement the non-dimensional optimization
process for both single leg and overall robot respectively by the performance
atlas approach; finally, obtain the dimensional global optimum solution. The
study can help one understand the relationship between different dimensions and
the corresponding performances, and obtain the global optimum dimensions for
the Chang’e-Type LML.
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1 Introduction

Recently, extraterrestrial exploration has become a hot topic, and many schemes for the
exploration system are proposed by academic institutes, commercial organizations, and
aerospace agencies. The lander carrying with the rover is recognized as a conventional
method applied among different nations, such as American’s Apollo Project (1969—
1972) [1], Soviet/Russian’s LK Lunar Craft Program (1970-1971) [2], Chinese
Chang’e 3 & 4 Program (2013-2019) [3] and so on. On the other hand, the mobile
landing exploration robot is proposed with both landing and walking functions, which
is also designed with complicated mechanism and structure, such as the robotic and
crewed centaur lander by Lockheed Martin [4], the Mars cargo lander by Boeing
Company [5], the wheel-legged mobile manned lunar lander by China Academy of
Space Technology [6] and so on. In this paper, we propose a new legged mobile lander
(LML) with the similar mechanism topology of Chang’e 3 & 4 lunar lander, and
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commit to implement the dimensional synthesis of the Chang’e-Type LML with the
best landing and walking performances.

As shown in the previous researches [7-9], the structural design method is widely
used for the past legged landers, which takes the lander as truss structure with buffering
characteristics, then investigates the structural strength, reliability, finite element
analysis, etc. All that matters is there is not a cogent approach to determine the
preliminary dimensions of the truss structure, which depends on the experience and
intuition of designers. Moreover, the evaluation indices for both landing and walking
behaviors are not sufficient and reasonable at present. Most criteria are suited to the
analysis or test process rather than the design process, such as the four statistical
landing performance criteria used in Apollo Project [10] and the five comprehensive
evaluation indices used in Chang’e 3 Program [7] are all applied in landing tests.
Furthermore, the demonstration and expression method for dimensional synthesis is of
vital importance as well. For a long time, the cost function approach is widely used by
the multi-object numerical algorithm, for instance, Wu et al. [11] utilize the second
generation of non-inferior sorting genetic algorithm to optimize the legged lander with
multiple objections. However, this approach is easy to get a local optimum solution, or
else it requires more computing time and effort to get the global optimum solution.
Furthermore, it’s still not perceptual to compare different solutions by visualization,
and the designers don’t know the optimal degree of optimization results.

In conclusion, there is almost no directly feasible method for the dimensional
synthesis of the LML at present. Hence, the paper is structured as follows: Step 1,
introduces the mechanism topology of the proposed Chang’e-Type LML; Step 2,
derives the optimization parameters and the optimization criteria; Step 3, demonstrates
the non-dimensional optimization process of both single leg and overall robot
respectively with the performance-chart based design methodology (PCbDM); Step 4,
obtains the dimensional global optimum solution of the Chang’e-Type LML.

2 Structure and Optimization Criteria

2.1 Structure and Mechanism

Figure 1 shows the structure and mechanism of the LML among different stages.
The LML contains one main body and four legs with both landing and walking
functions. Each limb in the leg includes one actuation sleeve, one damper sleeve, and
one damper piston. Their coupling relationships are illustrated in the figure detailedly,
where U denotes the universal hinge, S denotes the spherical hinge, P denotes the
prismatic hinge between the actuation sleeve and the damper sleeve, while P denotes
the equivalent prismatic hinge for the damper when it’s shortened or stretched by
landing impact. In pre-landing stage, the LML can be seen as a truss structure with zero
mobility. In landing stage, the damper in main limb is shortened while the damper in
secondary limb is both possible to be shortened or stretched under different landing
conditions, so the single leg is recognized as the hybrid mechanism (2Ul_3'S&:U ) —P
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with 2R1T motion characteristics. In walking stage, all dampers are fixed with constant
lengths. The damper sleeve is actuated by the actuation sleeve, so the single leg is
recognized as the parallel mechanism 2UPS&UP with 2R1T motion characteristics.
In this figure, /| + I3 represents the length of main limb, I, and I represent two
secondary limbs. For the single leg, the static platform isosceles triangle AU;U,Uj is
similar to the moving platform isosceles triangle AAS,Ss3, their bottom edges are
|U,Us| = 2a; and |S,S3| = 2as, heights are b; and b,. Moreover, the main body is a
2d x 2d x d cuboid, 0;, is the installation angle between single leg and main body.

(¢) walking stage: structure and mechanism

(D main body; @ actuation sleeve; 3 damper sleeve; @ damper piston; © footpad

Fig. 1. Structure and mechanism of the LML among different stages
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There are five optimization parameters for the single leg, including a;, by, a», by, I3,
and three optimization parameters for the overall robot, including /3, R,,, Ry,, where
R,;s represents the distance between the main body axis and the main strut universal
hinge, which can be considered as the radius of the moving platform of the LML,
Rys = d +bysinOy,; Ry, represents the radius of the circle formed by four footpads,
which can also be considered as the radius of the static platform of the LML.

2.2 Optimization Criteria

There are five performance indices for evaluating the landing and walking behaviors of
the LML shown in Table 1, where “*” denotes the index is appropriate for the single
leg or overall robot. Among them, the first four indices are based on the works by
Gosselin, and Liu, etc. [12, 13], while the fifth index is first put forward based on the
work by Papadopoulos [14].

Table 1. Performances indices for single leg and overall robot

Types Leg LML Expression
WYL x x my = [T dO [ pdp [ dz (1)
fy wppaw
* k=l )
GCI | v
UjwdW
* 1y, = 3)
Jy aw
[, ymax(|1Ag;Ddw [, ymin(|Ag;Daw
* * Nrmax = Vf—dv:' NFmin = Vf—dl/: 4
GFl J = (2ApmiD) J ; (2ApmiD)
max iDaw min iDaw
* NMmax = vy » MMmin = e ©)
fV aw fV aw
J, Jymax(|Ap;|)aw [, ymin(|Ap;[)aw
* * Npmax = Vf—dv: » Npmin = Vf—dl/; (6)
oSl J : [20il) J : [20il)
max(|Agi|)dW min(|Ag;dw
* nOmax = % ) nOmm = % (7)
Jy aw Jy aw
f Spdw . *
GLSI * 1= S = min(6; - lldyll - IF7I) ®)
J, aw

In the table, the workspace volume index (WVI) represents the buffering extent and
ability and is the basis to establish all other performances; the global conditioning index
(GCI) evaluates the dexterity, isotropy and the ability away from singularity; the global
payload index (GPI) evaluates the extremum of the force or moment in landing and
walking stages; the global stiffness index (GSI) evaluates the linear and angular dis-
placement deformation; the global landing stability index (GLSI) evaluates both
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horizontal and vertical stabilities to make the landing or walking stage secure. Fur-
thermore, we hope a bigger WVI, bigger GCls, bigger GPIs, smaller GSIs and bigger
GLSI for the LML as the best multi-objective performances. In the following, to
balance all these performance criteria, we’ll transform the multi-objective optimization
problem into the single-objective optimization problem to implement the dimensional
synthesis process.

3 Non-dimensional Optimization of the Single Leg

For the single leg, the dimensional synthesis problem can be abstracted into the
dimensional optimization design model as follows:

Parameters: X; g6 = {ai,b1,a2,b2,03}
Maximum: F(XirG) = miily +maily, + M3i pax + Mall i
+ ms(1 = Npmax) +m6(1 = Npmin)
Limin < Lii < limax 9)
Bunin < Bji < Bnax
Vmin < Vi < Vimax
Emin < Eji < Enax

Subject to:

where #; (i € [1,6]) is the normalization form of #;, and #; € [0, 1]; m; is the effective
weighting factor of #; to construct the single-objective optimization problem, and
>_m; = 1. Moreover, the constraint conditions are the angle ranges of f;;, y;;, &;; for
universal and spherical hinges, and the lengths ranges of [; for dampers.

Based on the PCbDM method, the normalized equation can be obtained by:

ri+r+rtrat+rs=>5 (10)

where ry =I3/R, r, = b1 /R, r3s =by/R, rs = a1 /R, r5s = ay /R, and R is the normal-
ization factor. Considering that the low DOF parallel mechanism usually owns the
geometrically similar static platform and moving platform to get better performances
[15], hereby we let r4/r, = rs/r3 = y, and assign y = 1.5 on account of the supporting
stiffness and landing stability. Equation (11) indicates the parameter design space,
which is illustrated in Fig. 2 by the rectangular pyramid ABCDE.

rn++y)(rn+tr)=5 (11)
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Fig. 2. Parameter design space of the single leg

Figure 3 shows the comprehensive performance atlas of the single leg, where
my,my,my,ms = 0.2, and m3,mg = 0.1. One can see that: (1) the comprehensive
performance in the design space is almost inversely proportional to r; when r; is
specified, which means the dimensions of the moving platform of the single leg should
be smaller than that of the static platform; (2) for the single leg with the best com-
prehensive performance, the optimum solution region is Qrrc = {(r1,72,73)|2.0<
r1<3.5,0.6<r,<1.2,0<r;<0.4}.

1.00
0.80
0.60
0.40
0.20

0.00

Fig. 3. Comprehensive performance atlas of the single leg

Table 2 gives the numerical analysis for the multi-objective performances of the
single leg, and lists ten different dimension combinations and the corresponding per-
formances in ;. For the reason that there is not an unique optimum solution for the
multi-objective optimization problem, and it relies on the designer to decide the
importance degree of different performance indices. By contrast, we determine to
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choose No. 8 as the optimum non-dimensional parameters for the following investi-
gation, to get a better landing and walking performances.

Table 2. Numerical analysis for the multi-objective performance of the single leg

No. (ry,15,13) (UW' N jvs NFmax> MFmins MPmax» anL’n)
1 (2.00,0.80,0.40) (0.40,0.61,1.10,0.67,2.42,0.88)
2 (2.00,0.90,0.30) (1.13,0.62,1.23,0.74,2.03,0.78)
3 (2.00,1.00,0.20) (2.65,0.60,1.42,0.79,1.81,0.68)
4 (2.00,1.10,0.10) (5.28,0.57,1.59,0.80,1.76,0.61)
5 (2.50,0.60,0.40) (15.55,0.50,1.48,0.66,3.21,0.77)
6 (2.50,0.70,0.30) (14.13,0.53,1.58,0.72,2.44,0.71)
7 (2.50,0.80,0.20) (15.03,0.53,1.70,0.76,2.08,0.61)
8 (2.50,0.90,0.10) (17.06,0.52,1.83,0.79,1.88,0.57)
9 (3.00,0.60,0.20) (37.29,0.46,1.70,0.66,3.75,0.69)
10 (3.00,0.70,0.10) (37.10,0.47,1.84,0.72,2.83,0.62)

4 Non-dimensional Optimization of the Overall Robot

For the overall robot, the dimensional synthesis problem can be abstracted into the
dimensional optimization design model as follows:

Subject to:

Parameters: Xy, = {l3, Ruus, Ryp }

Maximum: F(XLML) = nlle + nzﬁ]v + n3;]]w + n477]Fmax + n577]Fmin

+ n6’7’Mmax + n7’7’Mmin -I-I’lg(l - ﬁPmax) + I’lg(l - ﬁPmin)
=+ l’ll()(l - ﬁOmax) +I’l11(1 - i]Omin) +ani]S

L, — [Lv] >0
L, — [Lh] >0
Lipin < Lji < Lipax
Buin < Bji < Brnax
Vimin < Vji < Vimax
Emin < &ji < Enan

where #; (i € [1,12]) is the normalization form of #;, and #; € [0, 1]; n; is the effective
weighting factor of #; to construct the single-objective optimization problem, and
> n; = 1. Moreover, the constraint conditions are the landing stability constraints in
both horizontal and vertical directions, the angle ranges of f8;,7;;, ¢; for universal and
spherical hinges, the lengths ranges of Lj; for actuators, where L, is the distance
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between the engine nozzle skirt and the extraterrestrial surface, L; is the distance
between the main body axis and the connecting line of two adjacent footpads, [L,] and
[Ly] are the minimum value of L, and L, that ensure the LML secure.

Based on the PCbDM method, the normalized equation can be obtained by:

thh+h+t=3 (13)

where 1, = I3/T, tp = Ry/T, t3 = Ry, /T, and T is the normalization factor. Hence,
Eq. (13) indicates the parameter design space, which is illustrated in Fig. 4 as well.

(b)

Fig. 4. Parameter design space of the overall robot

Figure 5 shows the comprehensive performance atlas of the overall robot, where
ny,ny, n3, ns, N7, ng, nig, N1z = 0.1, and ng, ne, ng, n1; = 0.05. One can see that: (1) the
comprehensive performance in the design space is almost proportional to #3 when #; or
1, is specified, which means Ry, should be bigger than R,,. (2) for the overall robot
with the best comprehensive performance, the optimum solution region is
Qv = {([1,[2,[3)|0.4<l1 <1.6,0<n<l1.1,13<1n< 15}

1.00

0.60

0.40

30272421 18151209 06 03 0.0 0.20
t
0.00

Fig. 5. Comprehensive performance atlas of the overall robot
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Table 3 gives the numerical analysis for the multi-objective performances of the
overall robot, and lists thirteen different dimension combinations and the corresponding
performances in ;. By contrast, we determine to choose No. 2 as the optimum non-
dimensional parameters, to get a better landing and walking performance.

Table 3. Numerical analysis for the multi-objective performance of the overall robot

No. (t1, 2, t3) (nwrn]wr]]aunFmax'T]Fmin' NMmaxs aninﬂanuxranin'UOmaan()minrnS)
1 (0.4,1.1,1.5) (0.26,0.25,0.23,2.09,0.49,0.60,0.12,6.18,0.24,131.39,5.17,0.60)
2 (0.6,0.9,1.5) (0.57,0.51,0.26,1.74,0.83,1.03,0.19,1.96,0.35,35.80,4.90,0.66)
3 (0.6,1,1.4) (0.19,0.31,0.28,2.00,0.59,0.34,0.08,3.93,0.25,213.60,17.13,0.41)
4 (0.8,0.7,1.5) (0.87,0.61,0.18,1.64,0.97,1.39,0.21,1.16,0.39,24.13,1.69,0.69)
5 (0.8,0.8,1.4) (0.22,0.45,0.22,1.89,0.83,0.90,0.12,1.78,0.28,82.72,9.24,0.45)
6 (0.8,09,13) (0.10,0.40,0.27,1.95,0.77,0.21,0.05,1.91,0.26,386.36,30.28,0.28)
7 (1,0.5,1.5) (0.97,0.58,0.14,1.67,0.94,1.51,0.21,1.21,0.38,24.29,0.56,0.74)
8 (1,0.6,1.4) (0.46,0.29,0.11,2.01,0.57,1.43,0.16,3.99,0.25,41.93,0.70,0.54)
9 (1.2,0.3,1.5) (0.89,0.49,0.14,1.75,0.84,1.48,0.21,1.51,0.34,24.03,0.48,0.85)
10 (1.2,0.4,1.4) (0.67,0.24,0.11,2.08,0.49,1.39,0.16,4.66,0.23,40.98,0.53,0.54)
11 (1.4,0.1,1.5) (0.53,0.39,0.14,1.90,0.72,1.41,0.20,2.06,0.29,26.37,0.55,1.08)
12 (1.4,0.2,1.4) (0.51,0.2,0.13,2.14,0.49,1.17,0.15,4.34,0.22,47.47,0.75,0.74)
13 (1.4,0.3,1.3) (0.46,0.14,0.11,2.26,0.32,0.94,0.11,10.32,0.20,87.59,1.15,0.45)

5 Dimensional Global Optimum Solution

Given in the stowed stage, the LML should meet the envelope demand of the carrying
vehicle, that is to say, the diameter of the LML should be less than the envelope
diameter ¢, of the carrying vehicle, given by:

max (2\/56177 2Rms) <o, (14)

According to the equation d = R,,; — bysin0;, and the non-dimensional parameters
solved in Sects. 3 and 4, we can deduce 2v/2d < ¢,. Here we take ¢, = 3650 mm in
reference to the envelope demand of Chang’e 3 [16], and thus obtain d <1290 mm, so
we let d = 1200 mm for the following steps. Then, the normalization factor of the
overall robot can be calculated by: T = R,,;/t, = 1363.64/0.9 = 1515.15 mm. So the
optimum dimensional parameters of the overall robot can be obtained by:
I3 =1 -T=909.09mm, Ry, = 13 - T = 2272.73 mm. Next, the normalization factor of
the single leg can be ensured uniquely by: R = I3/r; = 909.09/2.5 = 363.64 mm, so
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the optimum dimensional parameters of the single leg can be obtained by:
b] =nrn -R= 32727mm, b2 =13 -R = 3636mm, a) = b] = 490.91 mm, ap; =
by - y =54.54mm. As a consequence, all dimensional parameters of the LML are
optimized with the best comprehensive performance.

6 Conclusion

The paper proposes the optimum dimension design method for the Chang’e-Type
Legged Mobile Lander, establishes a reliable and comprehensive optimization design
model with proper mechanism topological parameters, performance criteria and con-
straint conditions. The study develops a systematic strategy to optimize both single leg
and overall robot respectively. Finally, the relationship between different possible
dimensions and the corresponding performances is analyzed, and the global optimum
dimensions for the LML are obtained. The results shown by the performance atlases are
perceptual and credible.
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