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ABSTRACT Earth rover is a class of emerging wheeled-leg robots for nature exploration. At present, few methods for
these robots’ leg design utilize a side-mounted spatial parallel mechanism. Thus, this paper presents a complete design
process of a novel 5-degree-of-freedom (5-DOF) hybrid leg mechanism for our quadruped earth rover BITUBOT. First,
a general approach is proposed for constructing the novel leg mechanism. Subsequently, by evaluating the basic
locomotion task (LT) of the rover based on screw theory, we determine the desired motion characteristic of the side-
mounted leg and carry out its two feasible configurations. With regard to the synthesis method of the parallel mechanism,
a family of concise hybrid leg mechanisms using the 6-DOF limbs and an L;r;c limb (which can provide a constraint
force and a couple) is designed. In verifying the motion characteristics of this kind of leg, we select a typical
(3-UPRU&RRRR)&R mechanism and then analyze its kinematic model, singularities, velocity mapping, workspace,
dexterity, statics, and kinetostatic performance. Furthermore, the virtual quadruped rover equipped with this innovative
leg mechanism is built. Various basic and specific LTs of the rover are demonstrated by simulation, which indicates that

the flexibility of the legs can help the rover achieve multitasking.

KEYWORDS design synthesis, parallel mechanism, hybrid leg mechanism, screw theory, quadruped robot

1 Introduction

The rapid development of mobile robots has provided a
great impetus for natural discovery. In the field of
planetary exploration, unmanned rovers [1] have received
considerable attention as a potential means to uncover
planets far from the earth. In recent decades, numerous
Lunar and Mars rovers have been used, which has aroused
people’s curiosity about these engineering achievements.
By contrast, the concept of the Earth rover is unusual and
fresh. In distinguishing it from other mobile robots, we
can classify the Earth rover as an automatic all-terrain
vehicle designed centered on the earth exploration
missions. Based on this definition, some test prototypes
of Mars rovers can be provisionally identified as Earth
rovers. In achieving all-terrain function, these robots
generally use a passive suspension system to connect the
wheels to the fuselage: the Mars rover Spirit,
Opportunity, and Perseverance [2,3] of the United States,

Received May 8, 2022; accepted September 7, 2022

and the Lunar rover Yutu [4] of China all apply the
rocker bogie passive suspension structure. Hence, China’s
Zhurong rover [5] adopts an active suspension concept to
swiftly extricate the rover trapped in the sand, whereas
the EU ExoMars Rover [6] is also equipped with a
collapsible active suspension to gain more flexibility.
However, these improved designs focus on achieving
reliable missions on exoplanets, and they are far less
flexible for executing tasks in the earth environment.

The leg structure can greatly improve the mobility of
mobile robots, which has been verified in applications of
bionic exploration robots. Hence, the use of a novel leg
mechanism to replace the traditional suspension system
can be in demand for the earth rover. At present, most
legged robots use series structures on their legs. For
example, ANYmal [7] uses a 3-degree-of-freedom (3-
DOF) leg to walk freely in a narrow mine or in an alpine
environment [8,9]. Accordingly, its control algorithm is
complex. Bartsch et al. [10] developed a hexapod robot
for Lunar exploration. This robot can provide mobility to
climb up the crater rim and descend the crater wall.
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Similarly, MANTIS [11] also has a multi-mode structure,
which results in its manipulation capabilities in
unstructured terrain. However, it has 61 actuators, which
are difficult to do remote maintenance. In achieving an
efficient locomotion on a flat ground, the concept of
adding wheels for the legged robot is proposed [12].
Geilinger et al. [13,14] designed legged robot Skaterbots
using a wheel on the end of its leg, which can complete
smooth skating. ANYmal also tried to add a wheel to the
leg structure [15,16], such a design can bring it a speed of
4 m/s and reduce the cost of transport by 83%. Although
this combination of a leg and a wheel can be an
inspiration for the design of earth rovers, the leg using
series structures has no stability advantage in harsh
environments.

In enhancing the stability of motion, parallel mecha-
nisms have been applied in the design of a legged robot.
Pan and Gao [17] exhibit a six-parallel-legged robot for
drilling holes on large parts. Chen et al. [18] designed a
fault-tolerant quadruped robot employing a scissors
mechanism. The robot of Giewont and Sahin [19] adopts
a Delta mechanism for each leg. BITNAZA [20,21] is a
wheeled-leg robot with four or six wheels. All of its legs
are Stewart mechanism and are arranged perpendicular to
the fuselage. Lin and Guo [22,23] designed a legged
mobile lander, which can adjust the attitude based on the
terrain. In addition to the single use of a parallel structure,
the use of hybrid mechanisms can increase the stability
and flexibility in robot design [24-26]. PAW [27] is an
early form hybrid wheeled-leg robot, which can control
the legs to reposition the wheels, but its structure is
simple. He and Gao [28] introduced a class of quadruped
robots using parallel mechanisms and a passive joint
attached to the leg-end. Based on GF set theory, Zhang
et al. [29] designed a 3-mixed-DOF protectable leg
mechanism for a firefighting multi-legged robot. Cordes
et al. [30,31] proposed a hybrid wheeled-leg planetary
rover, each of its legs adopts a closed chain connecting a
rod structure, which has excellent bearing characteristics,
but its motion velocity remains slow. Notably, these
aforementioned parallel mechanisms are mounted upside-
down on the robot. This design can improve stability, but
at the expense of flexibility and workspace.

BJTUBOT is a new type of earth rover that has been
investigated in our laboratory for multitasking needs.
Considering the performance limitations of existing leg
structural forms, this paper provides insights into
designing a novel side-mounted hybrid leg mechanism.
The innovation point is that this leg design implements an
appropriate side-mounted parallel structure as the main
part to improve stability. In addition, an extra-integrated
revolute (R) joint on the leg can significantly expand the
flexible working space, whereas a wheel at the end of the
leg can facilitate the quadruped robot to move more
rapidly on a flat ground.

2 Approach to constructing the novel leg
mechanism

This paper aims to design suitable side-mounted novel leg
mechanisms for the quadrupedal earth rover BJTUBOT.
The new leg structure should have high spatial motion
flexibility to help the rover achieve a multitasking
performance. As shown in Fig. 1, the novel leg mecha-
nism is constructed as follows:

Step 1. Determine the motion requirements of the
output link of the leg.

Based on the exploration task, the locomotion forms for
the rover can be given first. By mounting on the side of
the rover, the motion of the output link of the leg should
help the fuselage complete these locomotion forms.

Step 2. Design various feasible leg structures under
motion requirements.

In general, when the required motion DOF of the leg
structure is established, a number of feasible configura-
tions will be identified. Based on the characteristics of the
limb structure and drive arrangement, this research aims
to provide some general and simple methods to design the
leg mechanism under the corresponding boundary
conditions.

Step 3. Select and verify a typical new leg mechanism.

Among numerous design forms, a typical new leg
structure is selected. Its inverse kinematics, singularity,
workspace, dexterity, and mechanics performance should
be investigated. In verifying its motion feasibility, the
legs are assembled on a virtual prototype of the rover for
locomotion simulation. The analysis results can serve as a
basis for further optimization.

3 Motion requirements of the leg
mechanism design

3.1 Kinematic constraint system of leg mechanism’s
output link

Normally, the leg output link should have translational
and rotational DOFs to make the rover move in three-
dimensional space. In depicting the spatial motion of the
leg output link, this paper uses screw theory [32-35]. A
screw § consists of two parts, which can represent the
direction and position of a vector, such as velocity,
angular velocity, force, and torque applied to a rigid
body. Therefore, when analyzing complex spatial
mechanisms, it can be concise and unified by using screw
theory.

As shown in Fig. 2, based on the position characteris-
tics of side mounting, a coordinate system is established
on the rover body to study the motion of the leg output
link relative to its base (the right-hand rule is used in



Yifan WU et al. Design of a high flexibility leg mechanism for a multi-mission earth rover

7
Step 3

Verification on the rover

(Step 2

leg mechanism

y
Step 1 Motion requirement

Base

Natural environment

Urban environment
Configuration 1

I: Different terrain adaptation requirements

Base
Motion requirement of the leg
s

Pl e
Limbs
A revolute joint

Configuration 2
.

~
Design of the side-mounted leg

1 Target 3R2T 5-DOF _ Feasible structures _
of the leg

oL -

Analysis of a

typical leg
structure

>

Motion
performance on
quadruped rover

Fig. 1 Concept of constructing a side-mounted novel leg mechanism for our earth rover. DOF: degree-of-freedom, MP: moving

platform.

Leg base coordinate

Body of rover

=1

Leg mechanism’s output link
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this paper). A d-dimensional wrench system §" exerts on
the leg output link with the infinitesimal twist §, where d
stands for the number of independent constraints in the
system. s and r are the corresponding direction and
location vectors of the twist §. s, and r{ represent the
corresponding direction and location vectors of the dth
constraint screw §,. Notably, the constraints include the
constraint force f and constraint couple m, which are
usually provided by other links of the leg mechanism and

by the ground (consider that the force or couple provided
by the leg can overcome the ground friction). The leg
output link can move in unconstrained space, and its
motion can be represented by the twist $. Based on screw
theory, the wrench system is reciprocal to the twist.
Therefore, the platform motion characteristics can be
completely determined by the nature of the wrench
system, which is the main theoretical basis for designing
the mechanical structure of the leg.
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3.2 Desired motion of the output link of the leg
mechanism

The basic exploration task of the earth rover BITUBOT
can move flexibly on different terrains. In addition, the
tasks can be divided into two categories: One is the
detection operation in human activity areas, such as
rescue assistants, production detection, and security
patrols. The other category is the exploration of the
natural environment, such as geological exploration or
ecological monitoring. The notable features of the
implementation environment require the rover to adopt
suitable locomotion forms, thereby achieving an efficient
multi-tasking. Given the various social and productive
activities, extensive cultural features are observed,
including gardens, roads, and public buildings. In general,
such features all have large flat areas. By contrast, natural
terrains can be mostly divided into plains and mountains
with rivers, lakes, deserts, and coastal arcas. These
landscapes alternately form an uneven surface, making it
challenging for the rover to perform tasks. The leg design
could help the rover move effectively on artificial and
natural terrain. Based on this criterion, several basic
locomotion tasks (LTs) of our rover are analyzed.

First, in ensuring stability at high speed on flat roads or
expressways, the rover has a deployable function to
efficiently widen its wheelbase (support polygon).
Similar to Fig. 3(a), the initial position of the leg output
link in the leg base coordinates can be represented by a
vector r=[rx, ry, rz]T, where rx, ry, and rz are the
lengths of r projected onto the x-, y-, and z-axis,
respectively. If the leg output link rotates with the twist
$,, where s, =[0,0,1]", then the rover can change the
wheelbase with the original direction:

S
rxs,

$1=

]:[0, 0, 1, ry, —-rx, 0. (1)

In narrow roads, factories, parking lots, or valleys,
omnidirectional motion is extremely efficient for the
rover. As shown in Fig. 3(b), if the leg output link rotates
with the twist $,, where s, = [0,1,0]", then the rover can
achieve the omnidirectional motion by changing the
direction of each wheel.

_ § _ _ T
$2_[r><s2 =[0, 1, O, rz, 0, rx]'.

2)

In altering the wheelbase when the rover is moving
laterally, the leg output link can rotate in accordance with
the twist $5, where s; =[1,0,0]":

S=k$ +kf,+ k8 + k8, + k85 =k, ko, ks,
where ki, ky, k3, k4, and ks can be arbitrary real numbers.

Therefore, the wrench of the leg output link is as follows:

83
rXS;

$3=

]:[1, 0, 0, 0, rz, =ry]". (3

The steering function is used frequently for the rover.
In accomplishing an Ackerman steering, the front two
wheels should rotate at a certain angle based on the twist
$,. In achieving pivot steering, all wheels must rotate on
the basis of §,, as shown in Figs. 3(c) and 3(d).

The performance of the suspension system will directly
affect vehicle’s handling stability and ride comfort. At
present, MacPherson and double wishbone independent
suspensions are commonly used in cars [36-38]. As
shown in Fig. 4(a), when the rover confronts the
fluctuation of terrain, the active suspension can be
achieved by making the leg output link move along $,
and simulate the spring damping system, where
s, =[0,1,0]".

$4=[S0}=[0, 0, 0, 0, 1, 0. (4

When the rover encounters obstacles and cannot drive
normally, the walking ability is necessary. As shown in
Fig. 4(b), if the leg output link makes translational motion
in accordance with $, and §,, where s5 =[1,0,0]", then
the rover can give a step walking:

$5=[SO]=[0, 0, 0,1, 0, O] (5)
5

Given these five basic motion forms (MFs), combining
the used twist, the rover can achieve some more complex
motions. As shown in Fig. 5(a), when the rover is trying
to pass through the uneven terrain, based on the
translation along twists §, and $;, the rotation around
twists §, and §, can substantially expand the workspace
and adjust the orientation of the foothold adaptively. As
illustrated in Fig. 5(b), after executing the translation
along §,, the implementation of twist §, can lower the
chassis and then allow the rover to crawl through low
obstacles. Similarly, as shown in Fig. 5(c), by allowing
motions to cooperate with one another depending on
twists $,, $,, and $s, the rover can accomplish a jumping
action. In actual operation, different combinations of
twists applied to the leg can make the rover obtain varied
motion states, which improves the flexibility and multi-
selectivity of the motion strategy. Then, the twist system
of the leg output link includes $,, $,, $,, $,, and $,. A
general twist can be given by a linear combination of the
five abovementioned basis twists:

ks +kiry—kyrz, ki—kirx+ksrz, kyorx—k; ry]T, (6)
$=[0, 0, 1, ry, -rx, O]T. 7
When ry=rx=0, $°=10, 0, 1, 0, 0, 0]".
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Fig. 3 Motion forms only use rotation degree of freedoms: (a) deployable function, (b) omnidirectional motion, (c) Ackerman steering,

and (d) pivot steering.

Consequently, this leg output link should achieve three
rotations and two translations, that is, a 3R2T (3 revolute
joints and 2 translations) 5-DOF motion. Notably, the use
rate and motion range of each twist are different.
However, depending on special tasks, the assembly size
of parts, and interference conditions, 5-DOF is currently
an ideal solution.

4 Design of the novel 3R2T 5-DOF
side-mounted leg mechanism

4.1 Two feasible configurations of the desired leg
mechanism

As described in Section 3, the motion DOF of the output
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link of the leg mechanism should be 3R2T, that is, the leg
output link should be able to rotate around the x-, y-, and
z-axis and to translate along the x- and y-axis. In
implementing this 5-DOF leg mechanism based on the
parallel mechanism, a pure parallel mechanism or a
serial-parallel multistage hybrid mechanism can be
selected. The series structural transmission chain with
two or more joints may lead to more inertial forces, more
cumulative errors, and multiple solutions of inverse
kinematics. Thus, the following two side-mounted
designs of the 5-DOF leg mechanism are prioritized.

(1) If the leg output link is regarded as a moving

platform, then this leg can be achieved by a 3R2T side-
mounted parallel mechanism. As shown in Fig. 6(a), the
wrench of its moving platform is presented as follows:

$=[0, 0, 1, 0, 0, 0] ®)

(2) As described in Section 3, the usage frequency of
the rotational motion by twist §, is high, and its range of
motion is large. Therefore, a driving joint must be used to
provide this rotation, thereby increasing the control
efficiency. Hence, this leg can be achieved by a hybrid
mechanism with a 2R2T side-mounted parallel mecha-
nism and an R joint serving as a steering device (Fig. 6(b)).
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Fig. 6 Wrench of the two feasible configurations of the side-mounted leg mechanism: (a) 5-DOF side-mounted parallel leg mechanism
and (b) hybrid leg mechanism using a 4-DOF side-mounted parallel mechanism and a revolute steering joint. DOF: degree-of-freedom.

The wrench of the moving platform is as follows:

{$r1=[0, 0, 1, 0, 0, O, ©)
$,=0, 0, 0, 0, 1, 0"

4.2 Design attempt of the leg using symmetrical structures

In general, the use of a symmetrical structure should be
initially considered for the leg because of its good
isotropy (Fig. 6(a)). Based on screw theory, Fang and
Tsai [39] proposed a synthesis method of 5-DOF
symmetrical parallel robot, whereas Li and Huang [40]
presented a synthesis method of 4-DOF symmetrical
parallel manipulators. The proposed synthesis theories
have been authoritative, which can be used to achieve the
3R2T 5-DOF symmetrical parallel mechanism. Using the
relevant theory, this paper applies the combination of
several F-limbs (the limb provides only one constraint
force) [39] with the same structure to construct the
mechanism. The R and prismatic (P) joints are the basic
joint types used for each limb, and the R joints have two
types. Type-1 revolute joints, denoted as R, intersect the
wrench axis at a common point. Type-2 revolute joints,
denoted as Rj, are parallel to the wrench axis. The
intersection point of R; determines the location of the
constraint force, whereas the direction of the constraint
force is determined by R,. Thus, the structure of all F-
limbs must satisfy the following conditions to provide
only one linearly independent wrench for the moving
platform:

C1. All type-1 R joint axes in the F-limbs intersect at a
common point.

C2. All type-2 R joint axes in the F-limbs must be
parallel to one another, and their direction is consistent
with the constraint force $" = [0, 0, 1, 0, 0, 0]".

Side-mounting the base and arranging the F-limbs
based on C1 and C2, some 5-DOF symmetrical parallel
mechanisms can be obtained (Fig. 7). In general, these

mechanisms have only one driver on each limb, which are
complex and have no engineering advantages for a rover.

Next, for the second configuration described in Subsec-
tion 4.1 (Fig. 6(b)), the mechanism should be composed
of a 2R2T 4-DOF symmetrical parallel mechanism and an
R joint in series. Similarly, the following conditions are
given to accomplish the parallel mechanism part:

C3. The constraint force contributed by the F-limbs
must be parallel and in the same direction.

C4. The constraint force contributed by the F-limbs
cannot be collinear.

Based on the abovementioned conditions, some feasible
configurations are listed in Fig. 8. When four limbs are
used to form the mechanism, the two limbs on one side
form a group, and the axes of R; joints of each group
intersect at one point. However, these leg mechanisms are
complex, and their instantaneous motion characteristics
may pose challenges for practical applications. Thus, the
4- or 5-DOF symmetrical parallel mechanism is not
suitable for the side-mounted leg design of the earth over.

4.3 Design of the novel leg mechanism using asymmetrical
structures

In designing a 3R2T 5-DOF asymmetric structure for the
leg, the passive constraining limb [41,42] can be used to
construct the mechanism. In general, the structural feature
of using the passive constraining limb is that one passive
limb completely constrains the motion of the platform,
whereas several 6-DOF limbs (such as SPS (spherical—
prismatic—spherical) and UCU (universal—cylindrical—
universal) limbs) provide the driving force. Following
this method, the 3R2T 5-DOF asymmetric parallel
mechanism can be designed (Fig. 9). Each of the five 6-
DOF limbs has an actuator that provides the driving
force: One F-limb provides a constraint force along
$°= 10, 0, 1, 0, 0, 0]", and the six limbs can reach the
required motion characteristic for the platform.
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SR(R;R;RR Ry) and (b) 4-4R1P(PR,R,R R). P: prismatic joint, R: revolute joint, R;: type-1 revolute joint, Ry: type-2 revolute joint.
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Fig. 9 Two examples of 3R2T 5-DOF asymmetrical parallel mechanisms using passive constraining limb: (a) 5-SPS&PPRU and (b) 5-
UCU&RRRC. C: cylindrical joint, P: prismatic joint, R: revolute joint, S: spherical joint, U: universal joint.

When designing the 2R2T 4-DOF asymmetric parallel
mechanism, the structure is similar to that of 5-DOF
mechanism, but the passive constraining limb should
provide the constraint force $,= [0, 0, 1, O, O, 01"
and the constraint couple $,= [0, 0, 0, 0, 1, 0]" (as

shown in the upper part of Fig. 10). In this paper, this
limb is known as an Lipic limb. This limb only consists
of four basic passive joints, including m R joints and »n P
joints (m+n =4, n<2). Other types of joints, such as
universal joints (U) and cylindrical pairs (C), can be
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formed by these two basic joints. The structure of the
Liric limb must meet the following two conditions:

CS. The axes of its R joints must intersect or be parallel
to the constraint force, and they must be perpendicular to
the constraint couple.

C6. The axes of its P joints are perpendicular to the
constraint force and linearly independent.

Considering the position characteristics of side-
mounting, all feasible Lipjc limbs are enumerated in
Table 1 for the convenience of design.

Furthermore, when side-mounting, the overall weight
of the leg must be considered. Hence, the mechanism will
be more concise for engineering applications. Through
observation, the number of limbs is greater than the DOF
of the platform because the actuator is only assembled on
the 6-DOF limbs. Therefore, an actuator can be added in
the Lipic limb to reduce a 6-DOF limb, whereas this
Liric limb can provide the constraints and partial drives
required by the mechanism (as shown in the lower part of
Fig. 10). Thus, as shown in Fig. 11, the two 2R2T 4-DOF
asymmetric parallel mechanisms all have three 6-DOF
variable length limbs and one Lg;c limb. Compared with
the mechanism described in Subsection 4.2, this structure
family is more concise. In addition, by arranging the
limbs, the workspace of the leg can show the

characteristics of mirror symmetry. This side-mounted
structure is an ideal option that can simultaneously
provide flexibility and stability for the legs, which is
suitable for the lightweight design of the earth rover.

4.4 Initial boundary conditions of the side-mounted leg
mechanism design

By referring to the motion requirements mentioned in
Subsection 3.2, we selected an appropriate structure for
the novel side-mounted leg mechanism in accordance
with the following boundary conditions:

(1) For the moving platform, the angular motion range
around §, (attitude angle about the x-axis) should be
a € [-10°, 20°]; the angular motion range around §, (atti-
tude angle about the y-axis) should be g€ [-90°, 90°],
and the angular motion range around §, (attitude angle
about the z-axis) should be y € [-30°, 30°].

(2) When the height of the side-mounted base along the
y-axis is & and the width of the side-mounted base along
the x-axis is w, the movable distance of the moving
platform along the x-axis should be at least 3w/2, and the
movable distance along the y-axis should be 4#4/5.
Therefore, motion flexibility must be ensured, and space
occupancy must be reduced.
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Table 1 Feasible L;f;c limbs for side-mounting

4R feasible limbs

Joint type

3RI1P feasible limbs 2R2P feasible limbs

Only exists basic joints

RRRR; RRRR; RiRRR,

Exists equivalent cylindrical pairs -

Exists equivalent universal joints

UR,R,

RRU R,UR,

RRR,P RRPR, RRR,}P

R,PRR, RRRP

R,R,PR

Moving platform
(@

Moving platform

(®)

Fig. 11 Two examples of 2R2T 4-degree-of-freedom asymmetrical parallel mechanisms using the L;gic limb: (a) 3-UCU&PPU and (b)
3-SPS&RRRR. C: cylindrical joint, P: prismatic joint, R: revolute joint, S: spherical joint, U: universal joint.

(3) In ensuring a simple structure, low cost, easy
maintenance, and appropriate stiffness, fewer limbs and
joints must be used. Given the stress characteristics of
side-mounting, U pair must be used instead of S joint in
6-DOF limbs.

(4) In ensuring that the control scheme is simple and
reliable, one drive must be adopted on each limb, and less
P joints must be used in the Lg;c limb.

Based on the abovementioned conditions, we
preselected a (3-UPRU&RRRR)&R hybrid leg mecha-
nism as the research object, where P means the prismatic
joint with actuation and R stands for the revolute joint
with actuation. This typical mechanism conforms to the
second configuration described in Subsection 4.1. It
consists of a 3-UPRU&RRRR 4-DOF side-mounted

parallel mechanism that belongs to the mechanism family
(Fig. 11) and a steering R joint connecting with the
wheel. The conceptual diagram of the mechanism is
shown in Fig. 12.

5 Performance analysis of the novel side-
mounted 3R2T 5-DOF leg mechanism

5.1 Kinematic analysis

Kinematics is an indispensable part of mechanism design.
Position analysis can reflect the control difficulty of the

mechanism, whereas singularity analysis can provide
reference for the arrangement of the limbs.
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Fig. 12 Conceptual diagram of the side-mounted (3-UPRU&RRRR)&R hybrid leg mechanism. P: prismatic joint, P: prismatic joint with
actuation, R: revolute joint, R: revolute joint with actuation, U: universal joint.

5.1.1 Position analysis of the 3-UPRU&RRRR
side-mounted parallel mechanism

The 3-UPRU&RRRR mechanism is the core part of the
leg, and its inverse kinematics is described as follows. As
shown in Fig. 13, the base coordinate system x—y—z is
located at the original point Op, and its x-axis connects
the starting point of the two UPRU limbs, whereas its z-
axis is perpendicular to the base plane. The moving
platform coordinate system xp—yp—zp is located at the
center point Op of the moving platform. Its xp-axis always
coincides with the axis of the last joint in the RRRR limb,
whereas its zp-axis is perpendicular to the moving
platform. The moving platform can only rotate around its
xp- and zp-axis under the structural constraints, and the
rotation angles are o  (—w/2<a’ <w/2) and Y
(-m/2 <y <m/2). We use By to represent a vector v in the
base coordinate, Py to represent a vector in the moving
platform coordinate and Vv to represent a vector in the
wheel coordinate. The position of the platform in the base

frame is defined as ®p = [p,,p,,p.|". @, B, and y are the
attitude angles of the platform relative to the x-, y-, and z-
axis of the base frame. The length /; (i = 1, 2, 3) of the
drive P joint (there we define it the length of the vector

’A_,-B\,.‘) in the UPRU limbs and the rotation angle 6 of the

R joint in the RRRR limb must be functions of the
variables a, 8, 7, and Bp. For example, the rotation matrix
BRy is used to define the orientation of the moving
platform in the base coordinate system. For the UPRU

limb, we define a; = OgA;, b; = OpB;, p= O30, [, = |A—,1§\,‘
and assume that u;; is the unit vector of P joint. Then, the
closed-loop equation is defined as follows:

BP = Bai + |m‘3uu _Bbi = Bai + liBuli _BRPPbis (10)

l,«Bul,« =Bp_Bai+BRPPbi. (11)
In eliminating Pu,, both sides of the abovementioned
equation can be multiplied by themselves:

Fig. 13 Schema diagram of the 3-UPRU&RRRR parallel mechanism (left) and the (3-UPRU&RRRR)&R hybrid leg mechanism (right).
P: prismatic joint with actuation, R: revolute joint, R: revolute joint with actuation, U: universal joint.
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17 =[Pp-"a+"R,"b) . (12)

Then,

li= |BP_Bai+BRPPbi ., 1>0. (13)

For the RRRR limb, its first three joints are parallel to
one another, whereas the fourth joint is perpendicular to
other joints. We define d = CD, e = DE and assume that
u, = [cos6,sind,0]" is the unit vector of the linkage CD
(CD is connected with R joint). Given the geometric
constraints, 8 (—m/2<6<m) can be solved using a
simpler geometric method. Using the cosine theorem, we
obtain the following equations:

le|* = |d|’ + p’.+ p} —2|d|- |p>+ p3cos LDCE,  (14)

2 2
pi+p;+ldl —lel

2|d| \Jpi+p;

Then, 8 can be calculated as follows:

(DCE = arccos , .DCE € (0, m). (15)

0 = arctan by _ (DCE, arctan Py € (0, m).

x X

(16)

5.1.2 Position analysis of the (3-UPRU&RRRR)&R
hybrid leg mechanism

Next, we analyze the inverse kinematics of the hybrid leg
mechanism (3-UPRU&RRRR)&R. Given the orientation
and position of the leg-end (i.e., the center of the wheel),
l;(i=1,2,3), 0, and the rotation angle ¢ of the steering R
joint connected with the leg-end must be obtained. The
position vector of the leg-end in the base coordinate is
Bpy. As shown in Fig. 13, we define the center of the
steering R joint as K and the center of tIE_IEg-end (i.e.,
M) as Ow. We define k = OpK, w = KOy, and py, =
O3Oy,. The rotation matrix PRy is used to solve the
orientation of the leg-end in the moving platform frame,
whereas the rotation matrix BRy is used to define the
orientation of the leg-end in the base frame. Notably,
PRw=Rot(y, ¢) (rotate ¢ about the y-axis), and ®R,, can be
obtained as follows:

"Ry = Rot(xp, @) Rot(y, p)-Rot(z, )
cocy’ —Cosy’ sp
= |ca'sy +sa’cy’sp ca’cy —sa’'spsy —sa’co |,
sa’'sy —ca’'cy’sp ca’'cy
7)
where ¢ stands for cos and s for sin. If ca’ > 0 at [-n/2,

7/2], then we can calculate ¢ by s¢ and ca’ce in BRy,.
The closed-loop equation is defined as follows:

sa’'cy +ca’spsy

"oy ="p+°k+"w="p+ "Ry (Vk+"w)

:BP+BRw(WRPPk+Ww), (18)

Bp — BPW_BRW(WRPPk+WW),
where VR, is the inverse of TRy,.
Then, for limb UPRU, the following equation is
obtained:

(19)

Pw ="a;+1°u; +°R)"b, + "Ry "Rk +Vw).  (20)
Similar to Eq. (13), there is
l,‘ = |Ba[_pW+BRPPb,'+BRW (WRpPk"FWw)l. (21)

Hence, for limb RRRR, after obtaining ®p from Eq.
(19), 6 can be directly solved by using Egs. (14)—(16).

5.1.3  Singularity analysis of the 3-UPRU&RRRR
mechanism

The 3-UPRU&RRRR mechanism (Fig. 14) is the main
driving part of the leg. It affects the control difficulty of
the whole leg, and its potential singularity may cause the
leg to abruptly lose or gain DOF during use, thereby
affecting the safe locomotion of the rover. Consequently,
the Jacobian matrix must be constructed for analysis
[42-44].

Each limb in the parallel mechanism can be regarded as
an open-loop chain composed of several basic joints that
connect the moving platform to the base. Therefore, the
instantaneous twist of the moving platform can be written
as follows:

g
. Bw - . 5]:‘2
$p =X = [Bvo } = Zqij$ij =8, 1o Bl e
P J:l .
q[n

(i=1,2,...m), (22)

where X is the velocity of the moving platform, B is the
angular velocity, and ®v,, is the linear velocity of the
moving platform in the base coordinate system. If the
parallel mechanism has m limbs and each limb has »
basic joints, then ¢,; (j=1,2,...,n) denotes the intensity
and $,; (j=1,2,...,n) represents the unit screw of the jth
joint in the ith limb.

Based on Eq. (19), we initially analyze the UPRU 6-
DOF limb. As shown in Fig. 14(a), each UPRU limb has
a linear actuator, and the other joints are all passive,
including the R joints composed in the U joints. The
instantaneous twist §, is defined as the velocity of the
moving platform, and then the ith UPRU limb is defined
as follows:

$o =018 +0080+18+ 08,4+ 0585+ 08, (1 =1, 28%5

_ 03><1
> $i3_ si3 s
Si6

_| S _
> $i5_|:bi><si5:|a and $i6_|:bixsi6

S;

1 S
(b;=1)xs;

where $il:[ > $i2:[(b-—l-)><s-2

s..

_ i3
B = |:(bi —1)Xxs;




Yifan WU et al. Design of a high flexibility leg mechanism for a multi-mission earth rover 13

(@)

®)

Fig. 14 Schematic diagram of the limbs in the 3-UPRU&RRRR parallel mechanism: (a) UPRU limb and (b) RRRR limb.

[; is the linear velocity of the P joint, §,, (n=1,2,...,6) is
the intensity (there is the angular velocity) of the passive
joinﬁnd s; is the direction vector of §,, b; = OpB; and
I, = A;B;. Correspondingly, these six twists have no screw
reciprocal. Next, the P joint in this UPRU limb is locked,
and then the reciprocal screws for the limb can form a
one-system. The only screw in this system is defined as
follows:

: T
$i=ss bixss]. (24)
Taking the orthogonal product of both sides of Eq. (23)
with §7, we obtain
$7(A8,) =1, (1=1,2,3),

E3><3
03><3

(25)

where A = [ ; } is a symmetric matrix, and E is

| Eso
the dentity matrix.

Then, we can de_duce an equation of all UPRU limbs,
and get the vector L which contains all velocities of the P
joints:

(b, XS13)T ST3 l:l ]
J verudp = | (b2 X $2)" Sy | X $p = l.z =L. (26)
(b, XS33)T s; I8

To date, Jix ypru is the actuation Jacobian for the
UPRU limbs. Next, we analyze the RRRR limb. Similar
to Eq. (23), we obtain

8o =08, +008,+ 943$43 +0,8., (27)
| 843
> $43 - [03X1 :|3

where §,, =

S41 $., = Sp
—e' XSy |P"® T |d —e x5,
S44
and §,, = [03 1]'
X

6 is the angular velocity of active R joint; ,,, 6,3, and
6., are the angular velocity of the remaining passive

joints. d’ = @ and e = @ (D' and E’ are the inter-
section points of $, and §$,; with the base plane,
respectively). Notably, there is an infinite pitch screw $,
that is orthogonal to $,,, $.,, $.;, and §,,, s}, is orthogonal
to s4 and on the moving platform plane. Then, the
reciprocal screws of this four-system are defined as
$ = [6934; } and §;, = [(;?{21 }

Taking the orthogonal product of both sides of Eq. (27)
with §), and $,,, we can obtain

$,,(A$,) =0, (j=12). (28)

The abovementioned equation is written in matrix
form:

T
01><3 s43
T
siz 0l><3

JciRRRR$P = [ X$P =0. (29)

Then, J. rrrr 1S the constraint Jacobian for the RRRR
limb.

After locking the active joint in the RRRR limb, an
additional screw §; is reciprocal to all the passive joint
screws. The §,, is coplanar with $,,, $,;, and $,, (it can

d—-e
take %, = ——), then

@ =el
] s
sl |

Taking the orthogonal product of both sides of Eq. (27)
with §,, the relational equation between the RRRR limb
driver velocity and moving platform’s twist is defined as
follows:

(30)

5 (ASp) = (54 (=€’ X 541))0
SFIAS, (sl (- x5.)) =0, (31)
Integrating Eqgs. (26), (29), and (31), we can obtain the
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following Jacobian matrix of the 3-UPRU&RRRR
parallel mechanism:

(b, x513)" Sis l:l
(b, x 523): O L
(b3 X S33) ST l’3 -
J$ = 33 , )($ =|:1=0,
' 03 (s%s/ (845 - (=€’ % S41)))T "le ¢
0]><3 SIS O
sz 0]><3 0
(32)

where the first four rows of J comprise the actuation
Jacobian submatrix, and the last two rows represent the
constrained Jacobian submatrix. Q is the (6x 1) vector,
which contains the velocities of all joints.

Based on the Jacobian matrix, some apparent singular
configurations can be pointed out. Based on the first three
rows of the matrix J, if they are linearly correlated, then
the manipulator will be under the architecture singularity.
Thus, the three UPRU limbs are parallel to one another
(Fig. 15(a)). Architecture singularity also occurs when the
first three screws and fifth screws become linearly
dependent (Figs. 15(b) and 15(c)), where the axial vectors
of the four limbs intersect at one point or the actual rank
of the four axial vectors is three.

Moreover, the fourth row of the J is observed. If
8%, - (—e’ X s4) =0, then it will lead to inverse kinematic
singularity of the 3-UPRU&RRRR parallel mechanism.
Two situations can explain this singularity: (1) If

Base

Moving platform

@ (©

s, = [0 0 O]T, which indicates that the first joint and

the third joint of the RRRR are concentric, then the
position of second joint is arbitrary (Fig. 15(d)); (2) if
s, L(—€' X s4), then OgD’ and D'E’ are collinear (Fig.
14(b)), and the moving platform cannot move along
OgE’. This situation is illustrated in Figs. 15(e) and 15().
In addition, the mechanism will not have a constraint
singularity configuration because the last two rows of J
cannot be linearly correlated. The potential occurrence of
the abovementioned singular configurations can provide
guidance for the reasonable design of the side-mounted
leg.

After obtaining the inverse kinematic model and the
Jacobian matrix of the 3-UPRU&RRRR side-mounted
parallel mechanism, velocity mapping between its
moving platform and the actuators can be established.
Based on the design requirements of BJTUBOT, the
overall size of the 3-UPRU&RRRR mechanism is within
the range of 600 mm x 600 mm X 600 mm. Thus, the engi-
neering design of each component of the mechanism is
carried out, and the corresponding structural parameters
of the model are listed in Table 2. Figure 16 shows the
velocity mapping analysis of the side-mounted mecha-
nism. The mechanism model is constructed using
MATLAB (Fig. 16(a)), and the initial configuration of the
moving platform is as follows: @« = § =9y =0, x =
=120 mm, y = 200 mm, and z = 582 mm. Under the
constraint, the moving platform cannot rotate around its

Base Moving platform

©

r=|0,D|+ |D'E|

®

Fig. 15 Singularity configurations of the side-mounted 3-UPRU&RRRR mechanism: (a) three UPRU limbs are parallel, (b) the axial
vectors of all limbs intersect at one point, (c) the rank of the of all limbs’ axial vectors is less than four, (d) the 1st and 2nd joints of the
RRRR limb are concentric, (¢) OgD’ and D'E’ are stretching collinear, and (f) OgD' and D'E" are folding collinear.
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Table 2

Important structural parameters of the 3-UPRU&RRRR mechanism

Structural parameter

Value/mm

[

BOpA;
OBD"

|D’E/

|E’0p

POPB

BogA| =[175, 0, 170.5]T, BOgA, = [-175, 0, 170.5]7, BOgA3 =

POpB; = [-80V3, —80, 21.51%,POpB, =

[0, 420, 170.5]T
220

225
582

[80 V3, —80, 21.51T, POpB; = [0, 160, 21.5]T

own y-axis. Within 300 s, the platform must follow a test
trajectory according to the time ¢ In detail, its position
function on the x-axis is x (), its position function on the
y-axis is y(#), its orientation function about ' is @’ () and
its orientation function about y’ is y’ (¢):

x(H)=t,

() = 60 sin(%z‘) +200,

T
a (1) = 6s1n(50 )
T
7= 6sm(100t)
By solving inverse kinematics and differentiating, the
position and velocity of each drive joints can be obtained
real time (Figs. 16(e) and 16(f)). Using the actual speed
of the moving platform (Fig. 16(d)) and the Jacobian
matrix, the velocity of each drive joint can also be
directly calculated. The validity of the Jacobian matrix
can be verified by comparing the error between the
calculated and actual velocities of the drive joints. In
addition, by observing the velocity mapping between the
moving platform and drivers, the speed curves of the
drivers are continuous and smooth, and no sudden change
is observed. All results can approve the control efficiency
of the concise structural design.

(33)

5.2  Workspace analysis of the side-mounted leg

In verifying the locomotion capacity of the side-mounted
leg mechanism, workspace is an extremely important
factor.

First, assuming that the P joint length /; of each UPRU
limb meets the limits: lnin < I < lLnax (=1, 2, 3, lnin =
433 mm, /nx = 533 mm). Then, using the structural
parameters shown in Table 2, the workspace of the 3-
UPRU&RRRR mechanism is computed in MATLAB by
using the traversal method (Fig. 17(a)). Constrained by
the RRRR limb, the workspace is located on a plane on
the side of the rover. If we set the motion limits to avoid
potential interference or singularities, then it will further
reduce the effective workspace. Moreover, the reachable
workspace of the moving platform depends on its current
attitude angle o' and y' (Figs. 17(b)-17(f)). When control-

ling the motion of the moving platform, these influencing
factors should be considered. This side-located planar
workspace can be used directly for efficient gait
trajectory planning during walking tasks.

Afterward, we analyze the workspace of the whole
(3-UPRU&RRRR)&R hybrid leg mechanism. As shown
in Fig. 13, the position of the leg-end in the moving
platform frame can be expressed as OOy = [0,602,
—152.5]". Although the workspace of the moving
platform is located in a side-located plane, the workspace
of the leg-end is a spatial geometry because of the three
rotational DOFs (Fig. 18(a)). This finding reflects the
contribution of §; and $; to the leg’s flexibility. If motion
limitations are not considered, then its workspace can be
larger (Fig. 18(b)). The top, left, and front view of the
workspace are shown in Figs. 18(c)-18(e). Considering
that the center point of the leg-end is designed to be
located on the rotation axis of the steering R joint, the
leg-end can reach all positions at any angle ¢ in the
workspace. Based on the distribution characteristics of
the spatial workspace, the side-mounted legs likely
interfere with one another than the inverted legs. This
design can effectively improve the flexibility of the leg
and reduce the difficulty of the control algorithm.

5.3 Dexterity and global performance analysis

In evaluating the kinematic performance of the side-
mounted leg, the dexterity of its 3-UPRU&RRRR
mechanism should be analyzed [45]. Dexterity primarily
reflects the possible mapping distortion between the input
speed of the drive and the output speed of the moving
platform, as well as the motion/force transmission
characteristics. Mechanisms with good dexterity tend to
have a longer service life. Using Eq. (32), the relative
deviation between Q and $, can be defined as follows:

198, . N190]|

1.1 el

where 5Q is the driving velocity deviation, 68, is the
velocity deviation of the moving platform, and ||A|| is the
Frobenius norm of matrix A,,.,. If each element of matrix
A is ay, then

<IN 34
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Fig. 16 Velocity mapping analysis of the side-mounted 3-UPRU&RRRR mechanism: (a) initial configuration of the mechanism,
(b) desired trajectory of the moving platform, (c) position and orientation curve of the moving platform, (d) velocity curve of the moving
platform, (e) driver position curve, (f) driver actual speed curve, (g) driver calculated speed curve, and (h) error between the actual and
calculated driver speed. ¢; (i = 1,2,...,6) are the six virtual drive joints considered when calculating the driving speed through the Jacobian

matrix, in which ¢; corresponds to /1, ¢z to ks, g3 to /3, and g4 to 6, while ¢s and ¢¢ do not correspond to any drive joints in the mechanism,
they are only for analysis.

k(J)=JIIlJ "l in Eq. (34) is known as the condition
number of the Jacobian matrix J, and its reciprocal is
known as the dexterity or the local condition index (LCI).

Al =
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Fig. 17 Workspace of the side-mounted 3-UPRU&RRRR parallel mechanism: (a) @' = 0, ' = 0 in spatial view, (b) @' =0, ' =0 in
plane, (c) @' =—10° 7" =0 in plane, (d) @' = 20°, ' = 0 in plane, (¢) @' = 0, y’ = —30° in plane, and (f) &’ = 0, ' = 30° in plane.
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Fig. 18 Workspace of the 3-UPRU&RRRR hybrid leg mechanism: (a) in spatial view,
view, (d) left view, and (e) front view.
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1
LCI KD

In general, 0 < LCI < 1, the larger the LCI, the better
the dexterity of the mechanism. When LCI = 0, the
mechanism is in a singular configuration. When LCI = 1,
the mechanism exhibits the best motion transfer perfor-
mance, which is known as isotropic. Based on Eq. (36),
based on the workspace (mechanical interference
restrictions are not considered), the dexterity of the 3-
UPRU&RRRR mechanism was calculated in the initial
and each ultimate pose (Fig. 19).

As shown in the figure, the dexterity of the mechanism
in the working space is greater than zero. As the attitude
angle @' of the moving platform increases, the dexterity
also increases. Notably, the dexterity of the mechanism
can provide a reference for trajectory planning and
selecting a transition posture of the moving platform. For
example, if the attitude angle y’ of the moving platform is
close to the limits of —30° and 30°, then the trajectory
should be avoided from the position with poor dexterity
to enhance motion accuracy.

Furthermore, in evaluating the overall kinematic
performance of the 3-UPRU&RRRR mechanism in a
given posture, the global conditioning index (GCI) can be
analyzed. GCI was proposed by Gosselin and Angeles
[46]. The velocity of the moving platform can be written
as follows $, = [P, v,,]", and then Eq. (32) can also be
written as follows:

(36)

. ‘o B B
0=J$:=[Jo J.||u, |=ULIl0l+1TI1v,].
(37
where J, is the angular velocity mapping part of J, and

J, is the linear velocity mapping part of J.
Their condition number is defined as follows:

k() = LI

k(1) = 1T (39

Then, the following GCI of the linear and angular

motion of the mechanism #, and 7, are proposed as
follows:

(39%)

1

——dWS
B fws k(J.)
Ny =7 3o > (40)
Jys AWS
1
——dWS
B jws k(J,)
0= = (41)
Jis WS

where WS is the workspace under the current posture
condition.

The mathematical meaning of the GCI is the average
value of the condition number of the Jacobian matrix over
the workspace, 0 <7, <1 (i = w,v). Notably, the larger #,
is, the better the motion performance of the mechanism is
and the higher the motion accuracy is.

Considering attitude angles o' and y’ as variables, the
GCI of the 3-UPRU&RRRR mechanism is demonstrated
in Fig. 20. 5, and #, indicate that the overall motion
performance of the mechanism is good, and the linear
motion performance is better than that of the angular
motion.

As the main component of the side-mounted leg, the 3-
UPRU&RRRR mechanism has good kinematic perfor-
mance based on the dexterity and GCI analysis.

5.4 Static and kinetostatic simulation analysis

In this research, the leg structure has a side-mounted

60 60 | 60
o —— I\ o w5 | wop A N\
150 150 - 150 | / L
£ 200 g 200 g 200 ~ \
£ 250 £ 250 £ 250
300 300 1\ 300 1\,
350 c 350 0 350 F N
a0 SN [ A 400 ' A 400
300 200 100 0 —100 —200 —300 300 200 100 0 —100 —200 —300 300 200 100 0 —100 —200 —300
X/mm X/mm X/mm
(@ (®) ©
60 60 M =0.005
100 100 ARy
150 - / 150 el 0.004
£ 200 £ 200 0.003
£ 250 £ 250 4 LCIR oo
300 300 / :
350 350 o~ 0.001
400 400 =0.0002
300 200 100 0 —100 —200 —300 300 200 100 0 —100 —200 —300
X/mm X/mm
@ (e)

Fig. 19 Dexterity map of the 3-UPRU&RRRR mechanism in initial posture and ultimate posture: (a) o' =—10°,y'=0°, (b) &' =0°, y' =
0°, (c) @' =20°,y'=0° (d) @' =0°,y'=-30° and (e) @' = 0°, ' = 30°. LCI: local condition index.
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Fig. 20 Global conditioning index of the 3-UPRU&RRRR mechanism under different postures: (a) 74, (b) 7y, and (c) boxplot of 7, and
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Fig. 21 Static simulation of the side-mounted leg under different common force conditions: (a) condition 1, (b) condition 2, (c) condition 3,

and (d) condition 4.
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Fig. 22 Driving force and torque of actuators of the side-mounted leg in static simulation: (a) condition 1, (b) condition 2, (c) condition 3,
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characteristic, and analyzing the force of the actuator in mechanism and provide reference for further engineering

this design is necessary. This section of content can be
used to evaluate the mechanical performance of the leg

design, such as part selection. Figures 21 and 22 show the
static simulation of the side-mounted leg under different
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common force conditions and the results of driving force
and torque of actuators. The main research objects are the
driving forces on linear actuators /i, [, and /3 and the
driving torque on the rotary actuator 6 (Fig. 21(a)). First,
the statics of the leg mechanism is analyzed in ADAMS.
Assuming that the joints of the leg are locked, the driving
force required to lock each joint is statically balanced
with the external load on the leg. The initial configuration
of the moving platform is defined as follows: a ==y =
0°, x = 0 mm, y = 200 mm, and z = 582 mm. On the basis
of different common force conditions of the leg, the
driving forces or moments are solved:

(1) When the attitude of the rover shifts or the rover
runs on an uneven road, its legs are subjected to gravity,
and a support force changes along the y-axis direction (G
and F in Fig. 21(a)). In ADAMS, we define F to follow
its time-varying function F,(¢) = 100sin(nt—m/2)+ 100.
The simulation result is shown in Fig. 22(a).

(2) When the rover remains stationary, the legs are
subjected to gravity, a supporting force, and static friction
along the x-axis (shown as G, N, and F, in Fig. 21(b)).
Considering the weight of the rover, the supporting force
is set as N = 200 N; we define F, to follow its time-
varying function F, () = 200 x 0.25 sin (nf) to simulate the
static friction force for the leg-end on the road with
different surface smoothness. The simulation result is
shown as Fig. 22(b).

(3) When the rover remains stationary, the legs are
subjected to gravity, a supporting force, and static friction
along the z-axis (shown as G, N, and F3 in Fig. 21(c)).
The supporting force is set as N =200 N; we define F5 to
follow its time-varying function F; () = 200 X 0.25 sin (ntf)
to simulate the static friction force from the z-axis on
different contact surfaces. The simulation result is shown
in Fig. 22(c).

(4) The leg remains stationary. If the leg-end rotates
around the y-axis, in addition to gravity and supporting
force, then it will receive a torque caused by friction
(shown as G, N, and M in Fig. 21(d)). The supporting
force is set as NV =200 N; we define M to follow its time-
varying function M (¢) =2/3 x 100 (sin(nz +7/2)— 1) x 0.1
to simulate a friction torque varying periodically from
zero. The simulation result is shown in Fig. 22(d).

Based on the simulation results, most of the driving
forces for static equilibrium are provided by linear
actuators /;, I, and /5 because of the 3-UPRU&RRRR
mechanism design in the legs. Given the self-locking
property of the lead screw, if the linear actuator selects
the lead screw, then it can greatly reduce the energy
consumption of the leg while maintaining static balance.
Under all simulation conditions, the driving force applied
by each actuator is continuous and smooth without
sudden change. In our design, the rated driving force of
the linear actuator is 2 kN, and the rated torque of the
rotary actuator is 40 N-m. The overall static performance
of the leg mechanism is good.

In addition to static analysis, the mechanical properties

of the leg in motion must also be analyzed. When the leg
mechanism moves in accordance with the given
trajectory, it is susceptible to the influence of inertia
force. In ensuring the stability of the leg mechanism, the
driving forces that maintain the dynamic balance must be
measured. When the side-mounted leg moves without a
load (for example, adjusting posture and stepping while
being suspended), it is subjected to its own gravity and
inertial forces. In ADAMS, two kinds of commonly used
composite motion are selected for the kinetostatic
simulation:

(1) The moving platform drives the leg-end to do a
composite translation in the x—y plane, with the following
trajectories:

{x(t) = 150sin (nt/200), “2)
y(#) = 60sin (nt/ 400 + 37/ 2) + 260.

This simulation result is shown in Fig. 23.

(2) The position of the moving platform does not move,
only adjusting the posture of the leg-end with the
following trajectory (the attitude angle covers the limit
pose):

@' (t) =/ 12 x sin (nz/ 200 — arcsin (1/3)) + n/ 36,
y' (f) = 1/ 6 X sin (nt/ 400) .

This simulation result is shown in Fig. 24.

Based on the abovementioned simulation results, in
maintaining dynamic balance, each driving force curve is
continuous and smooth. The driving forces applied by the
linear actuators do not exceed 600 N, and the driving
torque applied by the rotary actuator does not exceed 30
N-m. Furthermore, the leg has a good static dynamic
performance.

(43)

6 Locomotion simulation of the quadruped
earth rover BJTUBOT

In verifying the flexibility and function of the side-
mounted (3-UPRU&RRRR)&R hybrid leg mechanism,
we equipped it on the virtual model of our rover
BJTUBOT. A 3D model of this quadruped robot is
illustrated in Fig. 25. Based on this model, simulations of
some LTs are performed. The CoppeliaSim simulation
environment used in our research contains gravity,
friction, inertia, and other dynamic factors that can
demonstrate the running state of the rover.

6.1 Forms of motion of the leg mechanism in simulation
As shown in Fig. 25, we define the forward direction of
the rover as the u positive direction. The upward direction
perpendicular to the top of the rover body is the w
positive direction, and that along the left side of the rover
is the v positive direction. In facilitating the design of the
basic locomotion form of the rover in the simulation, the
DOFs of the leg must be summarized into five basic MFs.
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Fig. 23 Kinetostatic simulation for a composite translation of the leg: (a) timing diagram, (b) driving force and torque of actuator, and

(c) position of actuator.
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Fig. 24 Kinetostatic simulation for posture adjustment of the leg: (a) timing diagram, (b) driving force and torque of actuator, and

(c) position of actuator.

Therefore, as described in Subsection 3.2, the basic MFs
of each side-mounted (3-UPRU&RRRR)&R hybrid leg
mechanism are as follows:

MF1. The moving platform rotates the angle y' (y' = y)
around $;. The wheel swings with the leg (Fig. 26(a)).

MF2. The moving platform translates along the y-axis,
and the wheel rise and fall with the leg (Fig. 26(b)).
MF3. The leg mechanism translates along the x-axis. If
the wheel is in the passive mode (the motor on the wheel
is unpowered and does not apply torque), then it can roll
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Leg base coordinate

w Robot coordinate

/ system
v

Fig. 26 Different forms of motion of the side-mounted leg mechanism in the virtual model of BJITUBOT for simulation: (a) MF1,

(b) MF2, (c) MF3, (d) MF4, and (¢) MFS5.

passively on the ground when it follows the leg
mechanism. If the wheel is in the active mode (the motor
on the wheel is powered on and holds torque), then it can
only slide on the ground (depending on the force of
friction) when it follows the leg mechanism (Fig. 26(c)).

MF4. The wheel rotates the angle ¢ (¢ = B8) around $,,
but its position does not change (Fig. 26(d)).

MFS5. The moving platform rotates the angle o' (¢’ = @)
around $3. The leg swings (Fig. 26(e)).

6.2 Locomotion tasks and simulation of the rover

As described in Subsection 3.2, if the four side-mounted
legs of the rover respectively or simultaneously perform
the abovementioned MFs based on certain rules, then the
whole rover can achieve different LTs. Notably, the
wheels of the rover contain drive motors. In active mode,
the wheels can hold torque and drive the rover, whereas
in the passive mode, they are used as passive wheels.
Afterward, we will briefly introduce the basic LTs of the

rover, give the trajectories of its leg-ends or its body’s
center of mass (CoM), and verify its performance through
the corresponding simulations:

LT1. By combining MF1, MF4, and MF5, the wheel-
base and support polygon of the rover can be adjusted,
and the robot can achieve omnidirectional motion (there
are only straight lines in the trajectory of leg-end shown
in Fig. 27). As shown in Figs. 27(a)-27(c), the rover can
increase or decrease the u-direction wheelbase by making
the leg perform MF1. As shown in Figs. 27(e) and 27(f),
all wheels can rotate 90° by executing MF4. Thus, the
rover can move along the v-direction. As shown in Figs.
27(f) and 27(g), the rover can change the wheelbase in
the v-direction by making the leg perform MF5.

LT2. By implementing MF4, the different rotation
angles of the inner and outer wheels can lead to
Ackermann steering of the rover (Fig. 28). By adjusting
the rotation angle of the steering R joint in the (3-
UPRU&RRRR)&R leg mechanism, the body of the rover
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can turn with different radius (Figs. 28(b)-28(d)).

LT3. By implementing MF4 or in combination with
MF3, the rover can achieve a pivot steering locomotion
(Fig. 29). By adjusting the rotation angle of the steering R
joint, the rotation axes of the four wheels intersect with
the w-direction axis, and then the rover can rotate in
place. By altering the wheelbase of the rover (as shown in
Figs. 29(d) and 29(f)), the rotation radius of pivot steering
can be changed (Figs. 29(c), 29(e), and 29(h)).

LT4. By combining MF2 and MF4, the rover can
achieve an active suspension function, thereby reducing
the impact on rough terrain (Fig.30). As shown in
Figs. 30(a)-30(d), the road on one side of the rover is
undulating. If the suspension is not available, then the
rover will experience great turbulence on uneven terrain,
and its body can hardly maintain balance. As shown in
Figs. 30(a) and 30(e)-30(g), based on the information

sent by acceleration sensors, the leg can use MF2 to make
an active displacement along the z-direction to effectively
adjust the attitude of the rover, and the CoM trajectory
fluctuates regularly and gently. Furthermore, MF4 can
adjust the forward direction of the rover to make it move
smoothly and more balanced.

LTS. By combining MF2 and MF3, the rover achieves
the basic walking locomotion (Fig.31). MF2 and MF3
can make the leg move in the x—y plane without changing
the attitude, thereby allowing the leg-end to follow the
simplest gait trajectory. Figures 31(a)-31(d) show the
first cycle of the locomotion to allow the rover moves
from the initial posture to the gait. Figures 31(e)-31(1)
show two cycles of walking locomotion. If MF1 and MF4
are executed simultaneously, then walking can be more
sophisticated and adaptive.

In addition to the abovementioned basic tasks, we also

Trajectory of leg-end ()

Fig. 27 Omnidirectional locomotion of the rover: (a) t=0s,(b)t=1s,(c)t=3s,(d)t=5s,(e)t=10s,(f)t=11s,(g) t=13s,and

(h)r=14s.

Fig. 29 Pivot steering locomotion of the rover: (a) t=0s, (b)t=1s,(c) t=9s,(d)t=14s, (e) t =20s, (f) 1 =255, (g) t =26 s, and

(h) t=28s.
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simulated some more special tasks: When the rover
attempts to pass through a low obstacle, it will execute
MEF2 first (Figs. 32(a) and 32(b)). However, as shown in
the CoM trajectory, this form of motion is not effective
because of the limited range of motion. After executing
MF1 (Fig. 32(c)), the rover can reduce the body height,
thereby achieving the crawling locomotion (Fig. 32(d)).
Moreover, jumping can be an efficient form of the
obstacle crossing task (Fig.33). During jumping, the

height and acceleration of taking off cannot be ensured by
applying MF2 and MF3 alone because of the limits of
motion range and actuators’ performance. Thus, by
combining MF1 and taking advantage of the rotational
motion, the jumping height can be effectively improved.
In addition, the CoM trajectory is smooth, which
indicates that the rover can maintain the dynamic balance
in the air by swiftly adjusting MF1.

By simulating the LTs of the rover, it can verify the

Trajectory of CoM

Fig. 30 Active suspension system function of the rover: (a) =0 s, (b) # = 4 s without suspension, (c) # = 8 s without suspension, (d) ¢ =
11 s without suspension, (e) =4 s with suspension, (f) # = 8 s with suspension, and (g) = 11 s with suspension. CoM: center of mass.

Fig. 31
1)t=8s,(G)t=9s,(k)r=10s,and () =11 s.

Basic walking locomotion of the rover: (a) t=0s,(b)t=1s,(c)t=2s,(d)t=3s,(e)t=4s,()t=5s,(g)t=6s,(h)t=7s,

Trajectory of CoM

Fig. 32

Crawling locomotion of the rover: (a) t=0s, (b) t=4s, (c) =7 s, and (d) =10 s. CoM: center of mass.
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/ A’ajectory of leg-end

Fig. 33 Jumping locomotion of the rover: (a) t=0s,(b)t=1s,(c)t=2s,(d)t=4s,(e)t=8s,(f)t=10s,(g)t=12s,and (h) t=14s.

CoM: center of mass.

validity of the side-mounted leg mechanism design. By
integrating different forms of motion, the leg mechanism
can enable the rover to multi-task with flexibility.

7 Conclusions

This paper presents a novel side-mounted 3R2T 5-DOF
leg mechanism for an earth rover BITUBOT. Based on
screw theory, the desired MFs of the leg mechanism are
introduced on the basis of the LTs of the rover. In
achieving these MFs, two feasible side-mounted
configurations of the leg are presented. Based on the
constraint synthesis method, some asymmetric structures
are listed for designing the novel leg. Utilizing the 6-DOF
limbs with an Lg ¢ limb, a more concise and efficient (3-
UPRU&RRRR)&R hybrid leg mechanism is designed.
The inverse kinematics and singularity configurations of
this mechanism are analyzed. The workspace of the leg is
given, which indicates that it can complete spatial tasks.
The dexterity and global performance of the leg
mechanism indicate its flexibility, whereas the static and
kinetostatic simulations indicate that the leg has good
mechanical properties. Furthermore, a virtual prototype of
the earth-quadratic rover is built. Its basic and special LTs
such as omnidirectional motion, active suspension,
steering, walking, crawling, and jumping have been
simulated. The simulation results demonstrate the high
flexibility of the side-mounted leg, which allows the
rover to multi-task. The design process mentioned in this
paper can also provide reference for the construction of
other wheeled-leg robots in specific fields.

Nomenclature

Abbreviations

C Cylindrical joint

COM Center of mass

DOF Degree-of-freedom

GCI Global conditioning index

Liric Passive constraining limb provides both a constraint
force and a constraint couple

LCI Local condition index

LT Locomotion task

MF Motion form

P Prismatic joint

P Prismatic joint with actuation

R Revolute

R Revolute joint with actuation

Ry Type-1 revolute joint

R» Type-2 revolute joint

S Spherical joint

T Translation

U Universal joint

Variables

a; Vector m

Ba, a; in the base coordinate

|| Al Frobenius norm of matrix A4,,x,

b; Vector @\,

Bp, b; in the base coordinate
Dimension of the wrench system
Vector CTD\

d Vector m

e Vector E\;

e' Vector OB_E\

ya Constraint force

F A support force or static friction

Fy Support force along the y-axis

Fy, F3 Static frictions along the x- and z-axis, respectively

Fi(2), Fa(t), F5()
G Gravity force

Time-varying functions of F'j, F, and F3, respectively
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Height of the side-mounted base along the y-axis
Jacobian matrix of the 3-UPRU&RRRR parallel
mechanism

Constraint Jacobian for the RRRR limbs

Actuation Jacobian for the UPRU limbs

Linear velocity mapping part of J

Angular velocity mapping part of J

Vector O_,J\(

k in the base coordinate

k in the moving platform coordinate

k in the wheel coordinate

Condition number of the Jacobian matrix J

Length of the vector m

Vector m

Linear velocity of the P joint

Maximum length of the P joint

Minimum length of the P joint

Vector which contains all velocities of the P joints
Constraint couple

Torque caused by friction

Time-varying function of M

Support force

Original point of the base coordinate system

Original point of the moving platform coordinate system
Original point of the leg-end coordinate system

Vector 53_5;

Vector m

Position vector of the leg-end in the base coordinate
Intensity of the jth joint in the ith limb

Velocity vector of all joints

Location vector of the twist §

Location vector of the ith twist or screw §;

Location vector of the dth constraint screw §,

Rotation matrix from the moving platform frame to the
base frame

Rotation matrix from the leg-end frame to the base frame
Rotation matrix from the leg-end frame to the moving

platform frame

Inverse of "Ry,

Direction vector of the twist §

Direction vector of the ith twist or screw $;
Direction vector of §;

Direction vector of the dth constraint screw $,
Time

Unit vector of P joint

Unit vector of the linkage CD

uy; in the base coordinate

5
o8

Vector v in the base frame

Linear velocity of moving platform

Vector v in the moving platform frame

Vector v in the leg-end frame

Width of the side-mounted base along the x-axis
Vector m

Workspcae

x-axis of the base coordinate system

Velocity in the x direction

x-axis of the moving platform coordinate system
Position function on the x-axis

Velocity of moving platform

y-axis of the base coordinate system

Velocity in the y direction

y-axis of the moving platform coordinate system
Position function on the y-axis

z-axis of the base coordinate system

z-axis of the moving platform coordinate system
Attitude angle about the x-axis

Velocity of

Rotation angle about the xp-axis

Orientation function about o'

Attitude angle about the y-axis

Velocity of 8

Attitude angle about the z-axis

Velocity of y

Rotation angle about the zp-axis

Orientation function about y’

Value of GCI

GCI of the linear and angular motions, respectively
Rotation angle of the R joint in the RRRR limb
Angular velocity of active R joint

Intensity or angular velocity of the passive joints
Rotation angle of the steering R joint connected with the
leg-end

Angular velocity of moving platform

Driving velocity deviation

A screw or a twist

A wrench system

ith twist or screw

Unit screw of the jth joint in the ith limb
Instantaneous twist of the moving platform

dth constraint screw
Reciprocal screws for the ith UPRU limb

Velocity deviation of the moving platfrom
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