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Abstract
This paper presents a kinematics modeling and hybrid motion planning framework for wheeled-legged rovers. It is
a unified solution for wheeled-legged rovers to traverse multiple challenging terrains using hybrid locomotion. A
kinematic model is first established to describe the rover’s motions. Then, a hybrid motion planning framework is
proposed to determine the rover’s gait patterns and parameterize the legs’ and the body’s trajectories. Furthermore,
an optimization algorithm based on B-spline is utilized to minimize the motors’ energy dissipation and generate
smooth trajectories. The wheeled and legged hybridization allows the rover for faster locomotion while maintaining
high stability. Besides, it also improves the rover’s ability to overcome obstacles. Prototype experiments are carried
out in more complex environments to verify the rover’s flexibility and maneuverability to traverse irregular terrains.
The proposed algorithm reduces the swing amplitude by 83.3% compared to purely legged locomotion.

1. Introduction
Remarkable strides have been achieved in the field of planetary exploration [1, 2]. While traditional
rovers typically employ passive suspension mechanical systems [3, 4], the Zhurong rover integrated the
active and passive suspension systems, enhancing its ability to traverse soft terrains effectively [5]. The
emergence of wheeled-legged rovers featuring actively actuated suspension systems introduces a higher
degree of flexibility and terrain adaptability due to their increased degrees of freedom and active joints.
These systems demonstrate superiority in flexibility and terrain adaptability, which may become a trend
in future planetary exploration.

Wilcox et al. [6] argue that wheeled-legged vehicles can get rid of stuck in soft soil compared to
purely wheeled vehicles. In addition, they use less energy and roll more efficiently than typical-legged
robots. There are some active suspension systems already been developed. MTR [7] has three subsys-
tems, namely the Steering/Drive System, the Shoulder Articulation System, and the Active Compliant
Differential Suspension. These subsystems are designed to relocate the CoM and execute operations.
ATHLETE rover’s [8] wheels can be locked during walking and used for maneuverability in the form
of driving. The planning and control module of the system initially models the terrain and the robot.
Subsequently, collisions are detected, and the motion planning employs the Single-Query Bi-Directional
(SBL) approach. Finally, the path is smoothed and optimized. LRU [9] is a small and agile rover pro-
totype with four individually powered and steered wheels. The rover receives the velocity command,
which is used to calculate the desired velocities and steering angles for each wheel. Slip detection
and traction control are implemented to improve performance in rough terrain. This rover features
active and passive suspension due to the serial elastic actuators in two bogies. MAMMOTH Rover
[10] is a wheel-on-leg rover with high degrees of mobility. It employs the HBFMT∗ planner for con-
tinuous domain sampling-based planning, achieving continuous planning in the configuration space

C© The Author(s), 2023. Published by Cambridge University Press.

https://doi.org/10.1017/S0263574723001406 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574723001406
https://orcid.org/0000-0001-6765-1738
mailto:jhe@sjtu.edu.cn
https://doi.org/10.1017/S0263574723001406


154 Bike Zhu et al.

of grid-based planners. SherpaTT [11] allows itself to change the wheels’ location through a variable
footprint. The Ground Adaptation Process (GAP) handles active terrain adaptation by force leveling
control. Wheels can be actively lifted and repositioned based on instructions or by detecting sinking
wheels. The Body Height Control (BHC) optimizes the rover’s leg workspace by adjusting the body
height. The active differential system also can be used passively due to the spring-loaded backlash of
the pulley drive. RoboSimian rover [12] utilizes a constrained lookup table to map points within a rectan-
gular workspace to individual joint configurations. A desired end-effector trajectory is generated through
two-dimensional interpolation using the planar lookup table.

Rovers with actively actuated suspension systems have demonstrated their capabilities in increasing
locomotive maneuverability and escaping from soft soil or steep slopes [13, 14]. However, the additional
degrees of freedom increase the complexity of the kinematic model and control framework. Zarkandi
[15] discusses the problem of dynamic modeling and power optimization for a parallel platform. Han
et al. [16] propose a unified kinematic modeling method for reconfigurable landing and roving probes
with full consideration of six-dimensional foot-terrain interaction. Du et al. [17] present a model taking
into account wheel mobility and rolling-based locomotion for a wheel-legged robot using centroidal
dynamics. Wheel velocity and acceleration are derived by both the legged motion and the CoM transla-
tion motion reference. Maufroy et al. [18] integrate posture and rhythmic motion controls for a general-
legged locomotion controller. In addition, a lot of studies have been carried out to investigate the optimal
problem in robot trajectory generation and motion planning. Potts et al. [19] propose an iterative algo-
rithm to minimize energy loss in kinematic chains of legged robots. Tian et al. [20] present a motion plan-
ning method for six-legged robot using optimized the configuration approach. Researchers from ETH
[21, 22] use an online trajectory optimization framework based on the ZMP approach for wheeled-legged
quadrupedal robots. The hierarchical control framework optimizes whole-body accelerations and con-
tact forces to improve the robustness of the robot. Robosimian [23] formulates the locomotion problem
into a trajectory optimization problem by minimizing the energy costs when moving the end-effector.
Zhornyak [24] analyzes the gait characteristics of a quadruped rover and optimizes these characteris-
tics. Tarokh [25] establishes a unified kinematics modeling algorithm with optimization and control for
universal robots. Lee et al. [26] propose a trajectory generation method that enables the consideration
of lots of robotic constraints.

Table 1 presents a comparison of existing active suspension rovers. It can be observed that differ-
ent structures of rovers demonstrate variations in their planning and control methods. Some of the
wheeled-legged platforms only utilize active suspension capabilities [10, 11]. However, some use legs
as alternative locomotion. Considering that the control and motion planning algorithms must be devel-
oped to fully utilize wheeled-legged rovers’ capabilities [27], the combination of rolling and crawling
could profit a faster and more efficient motion for the platform. Therefore, this paper focuses on propos-
ing an innovative locomotion planning approach. This method effectively leverages the advantages of
both wheeled and legged locomotion, preserving the efficiency of wheeled locomotion while retaining
the flexibility of legged locomotion. Furthermore, it reduces the lateral sway of the rover during hybrid
locomotion.

Based on our previous works of the terrain-adaptive wheeled-legged (TAWL) rover on its design [28]
and mapping method [29], this paper presents a kinematics modeling and hybrid locomotion planning
framework for the rover. In the process of building the environment representation map, a plane clus-
ter algorithm is proposed to construct unstructured terrains. This algorithm reduces irregularly shaped
obstacles to some flat areas and staircases. When navigating through regularized terrains, the locomotion
planning process can be regularized in advance, thereby being simplified. Consequently, the proposed
framework in this paper is considered to be a unified solution for wheeled-legged rovers to traverse
multiple challenging terrains, while maintaining stability, reducing slippage, and minimizing motors’
energy dissipation. The main contributions of this paper are summarized as follows:

1. A locomotion planning framework for wheeled-legged rovers is established. The trajectory gen-
eration layer determines the rovers’ gait patterns and parameterizes trajectories, and the motion
generation layer generates and optimizes continuous motions to reach the trajectories.
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Table I. Comparison of existing active suspension rovers.

Rover’s Number of legs Dof per Locomotion Achievable Planning and
name with wheels leg speed locomotion modes control method
ATHLETE 6 6 0.83 m/s Wheeled and legged locomotion,

active terrain adaptation
Single-query bi-directional

Robosimian 4 8 \ Wheel rolling, wheel walking,
inchworming

Constrained lookup table

SherpaTT 4 5 0.10 m/s (nom);
0.70 m/s (max)

Wheeled and legged locomotion,
active terrain adaptation

The motion control system, includes
ground adaptation process, body
height control, force leveling
control, etc

MAMMOTH 4 4 0.08 m/s Wheeled and legged locomotion,
active terrain adaptation

HBFMT∗ planner

Hylos 4 4 0.15 m/s Wheeled locomotion, active
terrain adaptation

Posture control based on stability
potential field

MTR 4 3 0.07 m/s Wheeled locomotion,
inchworming

The steering/drive system, the
shoulder articulation system, and
the active compliant differential
suspension

LRU 4 2, and 2
additional in
suspension

1.11 m/s Wheeled locomotion Individual control of wheel speed
and steering; slip detection and
traction control

Zhurong 6 2, and 2
additional in
suspension

0.06 m/s Wheeled locomotion,
inchworming

Body height control, inchworming
control
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Figure 1. The TWAL rover’s structure.

2. A hybrid wheeled-legged locomotion strategy is proposed. It regularizes the complex hybrid gait
patterns and redundant motion combinations of wheeled-legged rovers and provides a unified
solution for hybrid locomotion.

3. Calculations, simulations, and prototype experiments are carried out to validate the effectiveness
of the proposed algorithms and the rover’s flexibility and maneuverability to traverse irregular
terrains

The remainder of this paper is structured as follows. Section 2 introduces the TAWL rover’s struc-
ture and establishes its kinematic model. Section 3 presents the locomotion planning framework
and the hybrid locomotion strategy. Then, the body trajectories parameterization and regulation, the
support polygon and wheels’ trajectories regulation, and the wheel’s camber angle regulation are ana-
lyzed. Section 4 optimizes and generates smooth motions based on B-splines. Section 5 verifies the
proposed framework and the optimization results through calculations and prototype experiments.
Section 6 concludes the paper.

2. System overview
The platform discussed in this paper is the TAWL rover developed for planetary exploration purposes.
In such situations, the rover is requested to have high maneuverability, security, energy efficiency, etc.
The TAWL rover has 20 degrees of freedom. Legs are designed using planar five-bar mechanisms with
two additional revolute joints. Each leg has 3R1T motion characteristics and an active wheel attached to
the end-effector, as shown in Fig. 1. The hip coordinate frame {H} is defined as the intersection of four
active joint axes. Four legs are arranged symmetrically. The body frame {B} is located at the center of
the rover’s body, with the z-axis oriented upwards and the x-axis pointed to the heading direction. The
ground coordinate {G} is defined as the projection of the original body frame, with zG alone the ground
normal, as shown in Fig. 2.

2.1. System modeling
The kinematic model is analyzed in this section. Each leg has four inputs except the active wheel, which
does not provide additional motion to the leg’s end-effector. The end-effector of the leg is defined at the
wheel center, marked as point F. Therefore, input vector q is denoted as qFj

= [θ1, θ2, θ3, θ4]T , j = 1 . . . 4.
j is the index of the legs.
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Figure 2. Structure diagram of the TWAL rover.

The lower leg is a planar five-bar mechanism defined in frame {S}. The transformation matrix
between frame {S} and frame {H} is SHT. Mark f as the position vector of point F. It can be expressed
with respect to hip frame {H} as

Hf = H
S TSf (1)

The differential kinematic model of each leg is analyzed as follows. For the parallel mechanism of
each leg, the displacement of the end-effector xF in the frame {S} is obtained. By differentiating xF, the
task velocity can be computed from

SJχF
SẋF = SJqq̇ (2)

If JχF has full rank, then the forward kinematic Jacobian matrix can be expressed as
SẋF = SJFq̇ = SJ−1

χF
SJqq̇ (3)

Take the second derivative, the Hessian matrix is written as
SẍF = SJFq̈ + q̇T SHFq̇ (4)

Define the z-axis direction vector as s1, x-axis direction vector as s2, y-axis direction vector as s3. In
the hip frame {H}, the velocity of point F satisfies

H ẋF =
[

HωF

HvF

]
=
[

03×3
S
HR

S
HR 03×3

]
SẋF +

[
s1 × Hf s2 × Hf

s1 s2

] [
θ̇1

θ̇2

]
(5)

Together with Eqs. (3) and (5)

H ẋF =
[

HωF

HvF

]
=
[

03×3
S
HR

S
HR 03×3

]
SJF

[
θ̇3

θ̇4

]
+
[

s1 × Hf s2 × Hf

s1 s2

] [
θ̇1

θ̇2

]
(6)

Each leg’s velocity Jacobian can be expressed in the unified form of a matrix as
H ẋF = HJFK q̇F (7)

where

q̇F = [
θ̇1, θ̇2, θ̇3, θ̇4, 0, 0

]T

The whole-body kinematics are analyzed as follows. The transformation matrix from body frame
{B} to the ground frame {G} can be expressed as

BGT =
[

RXYZ (φ, θ ,ψ) Gb

01×3 1

]
(8)

where
Gb = (

GxB, GyB, GzB

)T
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RXYZ (φ, θ ,ψ)=
⎡
⎢⎣

cψcθ cψsθsφ − sψcφ cψsθcφ + sψsφ

sψcθ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ cθsφ cθcφ

⎤
⎥⎦

From each hip frame {Hj} to the body frame {B}, the transformation matrix is

Hj
BT =

⎡
⎢⎣R

(
Bz,
(j − 1) π

2

)
Bhj

01×3 1

⎤
⎥⎦ (9)

where Bhj is the position vector between frame {B} and frame {H}. The position vector f j of the j leg
can be translated from the frame {Hj} to the frame {B} by

Gf j = G
B THj

BTHj f j =⇒ Hjf j =
(

G
B T B

Hj
T
)−1

Gf j (10)

Body velocity in the frame {G} is referred to as GẋB = [ωT
B, vT

B]T , and the end-effector velocity in
the frame {Hj} is referred to as Hj ẋFj = [HjωT

Fj
, HjvT

Fj
]T . Therefore, the end-effector velocity in the frame

{G} is [
GωFj

GvFj

]
=
⎡
⎣ I3×3 03×3

−G
B R
(

B
Hj

RHjf j + Bhj

)
× I3×3

⎤
⎦[ GωB

GvB

]
+
[

G
B R B

Hj
R 03×3

03×3
G
B R B

Hj
R

] [
HjωFj

HjvFj

]
(11)

Which can be written as

GẊB = G
Fj

J

[
GωFj

GvFj

]
− G

Fj
J

[
G
B R B

Hj
R 03×3

03×3
G
B R B

Hj
R

] [
HjωFj

HjvFj

]

It can also be expressed as
GẋB = Fj

GJGxFj + Hj
BJFj q̇Fj

(12)

where ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Hj
BJFj = −

⎡
⎣ G

B RB
Hj

R 03×3(
G
B R B

Hj
RHjf j + G

B RBhj

)
× G

B RB
Hj

R G
B RB

Hj
R

⎤
⎦ HjJFj

G
Fj

J =
⎡
⎣ I3×3 03×3(

G
B RB

Hj
RHjf j + G

B RBhj

)
× I3×3

⎤
⎦

Listing Eq. (12), for all four legs,
BJx

GẋB = BJqq̇B + FGJGẋF (13)

where BJx is a 24 × 6 matrix, BJq is a 24 × 16 matrix, and FGJ a 24 × 24 matrix⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

BJx = [I6×6, I6×6, I6×6, I6×6]
T

BJq = blkdiag
(
HB

1 JF, HB
2 JF, HB

3 JF, HB
4 JF

)
FGJ = blkdiag

(
FG

1 J, FG
2 J, FG

3 J, FG
4 J
)

q̇B =
[

q̇FT
1
(1: 4) , q̇T

F2
(1: 4) , q̇T

F3
(1: 4) , q̇T

F4
(1: 4)

]T

BẋF =
[

ẋT
F1

, ẋT
F2

, ẋT
F3

, ẋT
F4

]T
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Figure 3. Wheel-ground contact model.

Hence, the inverse and forward velocity equations of the rover can be expressed as⎧⎨
⎩q̇B = BJ+1

q
BJx

GẊB − BJ+1
q FGJGẊF

GẋB = BJ+1
x

BJqq̇B + BJ+1
x FGJGẊF

(14)

When the ground is hard enough and frictional, GẋFj = 06×1.

2.2. Wheel-ground contact modeling
Due to the end-effector having 3 rotation degrees and 1 translation degree, contact interactions between
the wheel and ground could be complex. In Section 2.1, the position of the end-effector f and its kine-
matics are discussed. However, when a cylindrical wheel is mounted on the end-effector, the orientation
of the wheel center frame affects the camber angle. Thus, the synthesis velocity needs to be considered.

For the simplification of the calculation, the ground and the wheel are assumed to be hard enough
without taking into account deformations. As illustrated in Fig. 3(a), R and w are the radius and width
of the wheel. Point F is attached to the end-effector of the leg and located at the center of the wheel. It is
regarded as frame {F} and does not rotate with the actuation of the wheel. The x-axis is defined perpen-
dicular to the ground normal, and the y-axis coincides with the wheel axis. λ is the angle between vectors
zF and s1. It can be calculated from the kinematic model. Point C is the contact point, regarded as frame
{C}, with the z-axis parallel to the contact normal and the y-axis perpendicular to the ground normal.
Notably, the contact surface may not be the ground. Therefore, contact normal does not necessarily coin-
cide with s1. ϕ is the camber angle. It is defined as the angle between the vector zC and the wheel plane.
It cannot be obtained directly. ρ is the angle between vector zC and s1. Point C is located at the midpoint

of the contact line when the camber angle remains zero. Therefore, ‖FC‖ =
⎧⎨
⎩
√

R2 + w2/4ϕ �= 0

Rϕ = 0
.

Assume that the vision system already obtains the convex envelope of the obstacle. Hence, the contact
normal zC is known in advance. The transformation matrix between the frame {F} and the frame {C}
can be expressed as

F
CT =

[
F
CR FC

01×3 1

]
=
⎧⎨
⎩Rot (y, ρ)Rot (x, −λ) Trans (x, −R) Trans (y, −w/2) ϕ �= 0

Rot (y, ρ) Trans (x, −R) ϕ = 0
(15)

https://doi.org/10.1017/S0263574723001406 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574723001406


160 Bike Zhu et al.

With the rotation velocity ωw, the synthesis velocity of the contact point on the wheel C′ satisfies⎧⎨
⎩

GωC
′ = GωF + ωw

GvC
′ = GvF + FGT

(
ωw × FC

) (16)

When the wheel is not actuated, it cannot rotate relative to the end-effector. Due to the wheel’s
radius and the arc surface, the contact point changes with the angle of the shank to the ground. A small
angular change leads to a certain rolling distance and causes interference and slippage between wheels.
This offset will not affect the wheel position during foot tip trajectory planning. But during the base
trajectory planning, changes in contact points should be considered when the support points of the rover
are supposed to remain constant. Assuming that the lateral contact line is collinear to the wheel axis. In
Fig. 3(b), S0D0F0C0 is the leg’s initial position. SDFC is the desired position. S’ D’ F’ C’ is the actual
position without control compensation. When the angle between the shank and the ground changes for

Φ, it causes the wheel to roll by 
Φ, and the wheel center moves for 
d. Given the desired position
f j, and the initial posture of the rover f j0, from kinematic Eq. (10), the desired angle between shank and
ground Φ j and its initial position Φ j0, j = 1 . . . 4 are obtained. Therefore,


dj =
(
Φ j − Φ j0

) · R (17)

The command position in the control process follows

f jcmd = f j − f j0 −
dj (18)

3. Hybrid locomotion planning
3.1. Locomotion planning framework
Generally, the rover can achieve three types of locomotion: legged locomotion, including static walking,
trotting, etc.; wheeled locomotion; and hybrid locomotion. Since legged and wheeled locomotions have
been studied thoroughly, they will not be repeated anymore. The proposed hybrid locomotion adds an
extra wheeling phase into the stance and swing phases based on the feasible gait patterns and utilizes
the wheeled motion to adjust the support polygon, maintain static stability, and result in non-lateral
movement. For more clarity, the swing phase (SP) is defined as at least one leg swinging. The wheeling
phase (WP) is defined as at least one wheel-rolling. Hereinafter, four wheels rolling at the same time at
the same speed is called normal driving (ND). The stance phase is defined as all the legs in the support
condition, and no wheel is rolling.

The characteristic of this locomotion planning framework is that it provides an intuitive and uni-
fied approach for wheeled-legged rovers to traverse obstacles, achieving the purpose of simplifying the
decision-making process and responding quickly when facing irregular terrains. By establishing the
mapping relationship between terrain geometry and locomotion methods, the rover does not have to
recalculate similar motions in similar situations every time, but instead identifies the obstacle classes
and efficiently determines the locomotion method. Its framework is separated into two levels, as shown
in Fig. 4. The trajectory generation layer determines gait patterns and yields corresponding trajectories
according to desired targets, terrain geometry, and kinematics ability. Furthermore, wheeled motions
are generated to ensure stability while taking into account the maximum use of the working space of
the legs. The motion generation layer optimizes the planned trajectories and generates continuous joint
motions to reach the trajectory. Feet trajectories are generated by utilizing B-splines. Besides, constraints
are imposed to ensure safety and stability. The chamber angle is required to remain zero when the wheels
are in contact with the ground or obstacle.

3.2. Hybrid locomotion strategy
Instead of inducing lateral movement of the CoM when raising legs, the proposed hybrid locomotion
strategy utilizes the wheeling phase to adjust the supporting triangle and cause non-lateral movement. Its
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Figure 4. Locomotion planning framework.

framework illustration is shown in Fig. 5. Given the desired target and the obstacle geometry obtained by
the vision system, the locomotion planning system recognizes the obstacle and generates the following
motions. The rover approaches the obstacle by normal driving. When the obstacle is positioned at the
extreme limits of the leg’s reachable space, the rover raises the hip and adjusts its position for optimal
obstacle negotiation, enhancing its performance in crossing obstacles. Consequently, the rover elevates
its body to an appropriate height to prevent collisions and expand the workspace. Legs adopt the wheel-
ing phase to adjust the support triangle simultaneously. Subject to the stability criteria being met, the
swing phase is adopted to cross the obstacle and repeats the previous steps to prepare for the following
steps. At least two swing phases are needed, as the first lifts the front leg and the second lifts the hind
leg.

3.3. Base trajectory parameterization and regulation
The rover’s base only moves in the heading direction or shifts vertically. In the normal driving stage, the
rover detects the obstacle at the distance do and approaches it with
do(t). The base is being transferred
upward for hs to maximize the reachable space and avoid collision between the shank and the obstacle. In
Fig. 6, the gray shaded area is the reachable space of the end-effector during default normal driving, and
the red shaded area corresponds to the reachable space after shifting the base. At this point, the hip frame
moves to {HII}, where the maximum lift height hmax-st covers the step edge. Purple shank FIIDII

′ shows
the collision condition without base shift. f is the trajectory of end-effector F. During approaching, the
base trajectory is expressed as
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Figure 5. Hybrid locomotion strategy.

Figure 6. Illustration of the collision model and the base trajectory in the approaching stage.

⎧⎨
⎩

NDbx (t)= NDbx0 +
do(t)
NDbz (t)= NDbz0 +
hs(t)

(19)

The final position of F in the coordinate system {H} can be expressed as
Hf = [0, 0, hde + hs]

T (20)

where hde is the default height of the rover. Combined with Eq. (1),
Sf = SHT−1Hf (21)

https://doi.org/10.1017/S0263574723001406 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574723001406


Robotica 163

12

3 4

Base

2’

4’

12

3 4

y

2’

3’

x
Base

With the following swing phase of leg-1

(a) (b)

(c) (d)

With the following swing phase of leg-1 and leg-4

12

3 4

y

Base’

3’

4’

x
Base

With the following swing phase of leg-2

12

3 4

y

2’

3’

Base

With the following swing phase of leg-2 and leg-3

Base

1’

1’

4’

2’

x

WP trajectory

FSP trajectory

Base trajectory

Reachable space

y
x

2wd

4wd 3wd 4wd

2wd

3wd

spd

spd

maxd

Figure 7. Illustration of two typical hybrid locomotion strategies.

Bringing Eq. (21) into the inverse kinematic equation, θ3 and θ4 can be derived. With the forward
kinematic of point D, its position in the frame {F} can be expressed as [FxD, FyD, FzD]T = [l3c3, 0, hde +
hs − L1 − R − l3s3]T , where L1 is the offset along the z-axis between the origin of the frame {H} and
frame {S}. Therefore, in order to avoid collisions, the base trajectory should satisfy

ho − R ≤
FzD

FxD

db ⇒
hs (t)≥ l3c3 (ho − R)

do −
do (t)
+ L1 + R + l3s3 − hde (22)

3.4. Wheel trajectory parameterization and regulation
A mechanical system is statically balanced if the projection of CoM to the ground lies within the polygon
formed by supporting legs. Support polygon needs to be planned in the wheeling phase to ensure the
rover’s stability and in preparation for the following swing phase. The following swing leg and the base
movement both need to be taken into account. Positions of four wheel-ground contact points are known,
expressed in the projection frame of the new CoM as pj, j = 1, . . . , 4.p′

j is the position after the wheeled
motion. Therefore,

p′
j = pj + dwj, j = 1, . . . , 4 (23)

The position relationship between obstacles and the rover can be roughly divided into two types:
obstacle on one side, and obstacle on both sides. Figure 7 shows the leg arrangements of two typical
hybrid locomotion strategies. Based on them, variant hybrid locomotion with the same gait sequence
logic but more step circles can be generated.

When one of the front legs is blocked, wheels on the diagonal of the rover roll forward to prepare for
the swing. When one of the hind legs is blocked, the rover rolls wheels on the opposite side. Mark the
support leg as a, b, c, leg a is on one side, leg b and c are on the other, and b is in front of c. Position
vectors of four legs in Fig. 7(a) satisfy
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⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∣∣pa × pb

∣∣
2
∣∣pa − pb

∣∣ ≥ Smin,

∣∣pa × pc

∣∣
2
∣∣pa − pc

∣∣ ≥ Smin

(
pa + pb

)
x
> 0,

(
pa + pc

)
x
< 0

0 ≤ ‖dwi‖ ,
∥∥dwj

∥∥≤ ∥∥dsp

∥∥ /2
(24)

where (pa + pb)x is the component of the vector (pa + pb) on the x-axis. dwi, dwj are the rolling distance.
The second formula indicates the CoM is within the support triangle. dmax is the maximum reachable
distance. Smin is the minimum longitudinal stability margin. Smin = (dF + dR)/8, where dF and dR are the
distances from the CoM to the front and rear boundaries of the supporting polygon, respectively.

If the front legs are both blocked, the hind wheels roll forward for dwi, dwj. dwi equals to dwj and
satisfies ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
dwi sin tan−1

2b

2a − dwi

≥ 2Smin

dwi ≤ a − Smin

0 ≤ ‖dwi‖ = ∥∥dwj

∥∥≤ ∥∥dsp

∥∥ /2
(25)

where dwp is the base shifting trajectory, determined by Eq. (22). The first and second formulas in Eq.
(25) constrain the CoM within the double support triangle. A cycle of gait locomotion is completed with
the rolling of leg 2 and leg 3, and the legged movement of leg 1 and leg 4. Through the above analysis,
the rolling distance in the wheeling phase is calculated.

3.5. Wheel camber angle regulation
When the wheel hits the ground or an obstacle, the camber should be kept at zero to ensure full con-
tact. Therefore, an orientation constraint is applied. According to Section 2.1, the transformation matrix
between the frame {F} and the ground can be expressed as

G
F T = G

B TB
HTH

F T =
[

RXYZ (φ, θ ,ψ) Gf

03×1 1

]
(26)

The contact point position vector in the ground frame G
CT can be obtained from the map of the vision

system. Let ϕ = 0, Eq. (15) can be simplified as
F
CT = Rot (y, ρ) Trans (x, −R) (27)

Combine Eqs. (26) and (27), the full contact regulation is written as
G
F T = G

CTF
CT−1 (28)

Therefore, the posture of wheels during the wheeling phase and the initial and final posture during
the swing phase are restricted.

4. Motion generation and optimization
4.1. Smooth trajectory generation
B-splines are utilized to generate continuous trajectories for the legs. There are 4 cases of hybrid loco-
motion for each leg, as shown in Fig. 8. (a) corresponds to the wheeling phase with base adjustment. (b)
is the leg support phase with base adjustment. (c) is the wheeling phase without base adjustment. (d) is
the swinging phase of the leg.

The key points on the desired trajectory in Cartesian space with respect to the {S} frame are given,
marked as f s, with the initial point f 0 and the final point f n−k+1, 0 ≤ s ≤ n − k + 1. The normalized
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Figure 8. Cases of hybrid locomotion for each leg.

formula is expressed as

f (τ )=
n∑

i=0

piNi,k(τ ) (29)

where f (τ ) is the position of the point on the trajectory at node τ , pi is the control point, Ni,k(τ ) is the
spline basis function with k being its degree. n + 1 is the number of the control points. τ = [τ0, . . . , τm]
is the node vector, m = n + k + 1, τi ∈ [0, 1]. Ni,k(τ ) satisfies⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
Ni,0 (τ )=

⎧⎨
⎩1, τi ≤ τ ≤ τi+1

0, otherwise

Ni,k(τ ) = τ − τi

τi+k − τi

Ni,k−1 (τ )+ τi+k+1 − τ

τi+k+1 − τi+1

Ni+1,k−1 (τ )

(30)

The normalized node vector τ can be expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
τ0 = τ1 = . . .= τk = 0

τj = τj−1 + ∣∣
tj

∣∣ /T , j = k + 1, k + 2, . . . , n

τn+1 = τn+2 = . . .= τn+k+1 = 1

(31)

where Tis the total time consumption. Time intervals between different nodes 
tj can be obtained by
optimization equation.

According to the De Boor formula, the rth derivative of f (τ ) can be expressed as

f r (τ )=
n−r∑

i

pr
i Ni,k−r(τ ) (32)

where pr
i is the rth derivative of the control point, expressed as

pr
i =

⎧⎪⎨
⎪⎩

pi r = 0

k − r + 1

τi+k+1 − τi+r

(pr−1
i+1 − pr−1

i ) 0< r ≤ k
(33)

Therefore, with discrete points vector f on the planned trajectory, the control points could be derived
by solving Eq. (29) under the boundary derivative conditions of the trajectory.⎧⎨

⎩ f r|τ=0 = f r
0

f r|τ=1 = f r
1

r = 1, 2, 3 (34)
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4.2. Motion optimization
With the planned trajectory of the end-effector, the motion generation algorithm should generate smooth
and continuous trajectories to meet the requirements while optimizing some performance indexes.
Assumed that joint angle rotates from the position θm to θ n during time T . In order to minimize the
energy dissipation in the motor, the solution to the following equation needs to be determined.

Iω̇ = M (35)

s.t. ∫ T

0

ω (t) dt = θ n − θm (36)

where I is the moment of inertia of a rigid body, and it is constant. ω = θ̇ . M is the joint torque. The
performance index to be minimized is set to be:∫ T

0

MTQMdt (37)

where Q is an identity matrix. In summary, for a total number of I drive joints, the cost function is
formulated as

min ξ =
I∑

i=1

√√√√ 1

T

(
n−k∑

j=k+1

[
θ̈ i

∣∣
t=tj

]2


tj

)
(38)

s.t. ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎨
⎩

θ̇ = J−1
F ẊF

θ̈ i =
[
J−1

F

(
ẌF − θ̇

THF θ̇
)]

i :∑n−1
j=k+1 
tj = T

‖dw−min‖ ≤ ‖dw‖ ≤ ‖dw−max‖
b = b0 + d
Gf − f convex > 0

G
F T = G

CTF
CT−1∥∥θ̇ i

∥∥≤ θ̇max,
∥∥θ̈ i

∥∥≤ θ̈max

where θ̇max, θ̈max corresponding to the maximum velocity and acceleration of joint i. f convex refers to the
convex shape of the obstacle. It is derived from the vision system.

5. Simulations and experiments
5.1. Simulations of trajectory generation
For cases (a), (b), and (c) in Fig. 8, the end-effector F moves in a straight line with respect to the reference
frame {S}. Take case (a) as an example. Take k = 3 as 3-degree B-splines are utilized throughout the
optimization. The node vector is expressed as

τ =
⎡
⎣0, .., 0,︸ ︷︷ ︸

4

τ4, τ5, . . . , τn−1, τn, 1, . . . , 1︸ ︷︷ ︸
4

⎤
⎦ (39)
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Figure 9. Optimized and fitted trajectories. (a) represents the optimization result for case (a). (b)
represents the optimization result for case (c). (c) represents the optimization result for case (d).

Define

τ5 − τ4 =
t1, τ6 − τ5 =
t2, . . . , τn − τn−1 =
tn−4 (40)

The optimization function inputs are desired points on the planned trajectories. Select 5 points, cor-
responding to the node vector τ3, τ4, . . . , τ7, with the initial point at τ3 and the final point at τ7. Variables

t1,
t2, . . . ,
t4 are needed to solve from the optimization equation. Use the interior point solver to
solve the problem. Optimization and fitted results are shown in Fig. 9(a). Qualitatively speaking, the
optimization process is to smooth the speed curve of the driving joints, reduce the fluctuation, and keep
the motions as uniform as possible, thereby reducing the motors’ energy dissipation.

The unoptimized trajectory is obtained by moving f x with a constant velocity along the x-axis while
keeping the velocity at 0 at both ends. The position, velocity, and acceleration of f can be derived
by the forward kinematic model as Eqs. (1), (2) and (4). Fc can be calculated by Eqs. (15) and (28).
Accordingly, the driving velocity of the wheel ωw is expressed as Eq. (16). Therefore, leg motions of
case (a) are generated.

The optimization process of case (b) is similar to (a), except the wheel is not actuated. However, for
case (c), assume that the node vector τj, j = k + 1, k + 2, . . . , n is distributed symmetrically about the
origin of the hip coordinate system and (n − k) is odd. Define

τ5 − τ4 =
t1, τ6 − τ5 =
t2, . . . , τ n+k+1
2

− τ n+k−1
2

=
tf , τ n+k+3
2

− τ n+k+1
2

=
tf , . . . , τn − τn−1 =
t1

(41)
Thereby,

(
n−k−1

2

)
variables need to be solved from the optimization equation. Select 5 points on the

desired trajectory corresponding to the node vector τ3, τ4, . . . , τ7. Variables
t1,
t2 are needed to calcu-
late from the optimization problem. Results are shown in Fig. 9(b). All curves go through the midpoint.
Wheel velocity is also obtained by Eq. (16). It is worth noting that under the constraints of the joint
velocity and acceleration, the ratio of time intervals obtained from the optimization results affects the
shape of the fitted curve. However, time scale elongates the curve. Therefore, time is normalized to
facilitate the comparison of optimization results.

In case (d), the trajectory of the end-effector is also symmetrical about the origin of the hip coordinate
system, as shown in Fig. 9(c). The upper two curves are the x-axis components of the end-effector
trajectory, and the lower two curves correspond to the z-axis components. Equation (41) is utilized to
define the node vector. Desired points are distributed at the initial, final, and highest points of the curve.

To evaluate the proposed algorithm, same inputs are applied to different types of trajectory genera-
tion methods with the same tolerance settings. Performance comparison results are shown in Table 2.
Opt. B-spline refers to the method utilized in this paper, which is based on B-spline curve optimization.
Un-opt. B-spline refers to the B-spline curve fitting method. It approximates data points using a smooth
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Table II. Performance comparison of different trajectory types.

Case (a) Case (b) Case (c) Case (d)
Trajectory Cost Acceleration Cost Acceleration Cost Acceleration Cost Acceleration
type function amplitude function amplitude function amplitude function amplitude
Opt. B-spline 20.9/Ref. 15.1/Ref. 25.3/Ref. 23.6/Ref. 14.4/Ref. 7.2/Ref. 50.4/Ref. 28.1/Ref.
Un-opt. B-spline 22.2/6.2% 21.6/43.1% 29.6/17.0% 32.2/36.4% 16.7/16.0% 10.1/40.3% 68.9/36.7% 37.7/34.1%
Poly 22.6/8.1% 16.6/9.9% 26.4/4.4% 26.7/13.1% 17.4/20.1% 8.0/11.1% 77.0/52.8% 46.4/65.1%
LSPB 21.3/1.9% 16.2/7.3% 26.1/3.2% 25.4/7.6% 15.4/6.9% 7.9/9.7% 72.4/43.7% 44.5/58.4%
Unit: ◦/s2.
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Figure 10. Simulation of stepping over the obstacle.

Figure 11. Joint torques for stepping over the obstacle in different locomotion strategies. (a) and (b)
correspond to joints 3 and 4 of leg 1, respectively. (c) and (d) correspond to joints 3 and 4 of leg 2,
respectively.
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Figure 12. Simulation of climbing on the obstacle.

Figure 13. Joint torques for Simulation II in different locomotion strategies. (a) and (b) correspond to
joints 3 and 4 of leg 1, respectively. (c) and (d) correspond to joints 3 and 4 of leg 2, respectively.

curve represented by B-spline functions, which are characterized by being piecewise-defined polynomial
functions. Polyfitting approximates data points using a polynomial function and minimizes the dispar-
ity between actual data and predicted values through algorithms like least squares regression. LSPB is
short for the Linear Segment with Parabolic Blend fitting method. It divides curves into multiple linear
segments, each representing a portion of the data. The transition between adjacent linear segments is
achieved by smoothly blending them using parabolic curves. Both cost function values and acceleration
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Table III. Energy costs of different locomotion strategies for the simulations.

Serial number Static walking (kW•h) Hybrid locomotion (kW•h) Reduction rate
Simulation I 8.76 2.06 76.44%
Simulation II 29.51 5.70 80.70%

Table IV. Comparison of existing methods.

Platform Platform Obstacle Obstacle Maximum base
Locomotion length width height length swing amplitude
algorithm (cm) (cm) (cm) (cm) (cm)
Pholus hybrid locomotion 61 61 15 120 9

10 Thin 7

Static walking locomotion 148 127 15 120 16.4
10 5 12.6

PROPOSed hybrid locomotion 148 127 15 120 3.6
10 5 2.1

Figure 14. The rover body’s trajectory when crossing the outcrop (obtained from visual odometry).

amplitude are evaluated, indicating the energy efficiency and curve performance, respectively. Worth
noting that the acceleration amplitude in this table refers to the difference between the maximum and
minimum acceleration in the joint space. In case (a–c), Poly and LSPB fit the straight line trajectories
through endpoints, while B-spline fits the trajectory through points sequence on the path, so the opti-
mization effect is not very prominent. However, when the end trajectory is complex, for example, in case
(d), interpolation through poly will bring poor trajectory performance and high costs.

5.2. Simulation of hybrid locomotion
The proposed hybrid locomotion strategy is tested in two simulation scenarios using the TAWL rover.
They are two basic gait strategies for crossing obstacles. Simulation I is to step over the obstacle on
the left side. In the simulation, The width and height of the obstacle are 10 cm × 10 cm. The motion
sequence is shown in Fig. 10. Under the normal driving condition, the rover’s body is generally kept
low to maintain better stability. From Fig. 10 (1) to (2), the centroid is raised to enlarge the reachable
space of the foot tip. Wheels 2 and 4 roll forward to adjust the support polygon, preparing for leg 1
to step over the obstacle. At this point, the rover stays in a static and stable state. From Fig. 10 (5) to
(6), wheels 3 and 4 roll forward, and the body shifts simultaneously. Hence leg 2 is ready for the swing
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Figure 15. Prototype experiment I of crossing the obstacle on both sides. The images above depict
the sequential diagrams of this experiment, while the images below illustrate the corresponding gait
sequence.

phase. After it steps over the obstacle, wheels 1 and 3 roll forward, and the body goes down to return to
standard normal driving. The amplitude of the lateral swing is reduced nearly to zero.

The experiment corresponding to the simulation is performed. In the experimental environment, the
rover traverses the same terrain using identical locomotion strategies. The joint torques of both the
experiment and the simulation are collected, as shown in Fig. 11. It can be observed that these two
curves exhibit the same trend, validating the correctness of the simulation.

Simulation II is the basic locomotion strategy of climbing upon an obstacle. The height of this plat-
form is 18 cm. Its motion sequence is shown in Fig. 12. From Fig. 12 (1) to (2), wheels 2 and 3 roll
forward while lifting the body. Next, two front legs step upon the obstacle successively. The base is
shifted forward from Fig. 12 (5) to (6). However, due to the workspace of the front legs, there is only a
small stability margin at this time. It will most likely roll over when the last leg leaves the ground. After
all the wheels step on the obstacle, the rover adjusts the wheels’ position and lifts the body to return
to standard normal driving. The flexibility of the support polygons when wheeled motion is considered
allows the rover to traverse uneven terrain more swiftly.

As comparisons, in the simulated environment, the rover traverses the same terrain using hybrid
locomotion and static walking locomotion, respectively. Figure 13 presents the joint torque curves of
simulation II obtained from the simulated environment under different locomotion modes. It can be
observed that the adoption of hybrid locomotion effectively reduces torque magnitude and diminishes
sudden changes in joint torque. Table 3 shows the comparison of energy consumption between the static
walking locomotion and the hybrid locomotion. In Simulation I, the energy consumption of the hybrid
locomotion is 76.44% lower than that of the static walking locomotion. In Simulation II, hybrid loco-
motion reduces energy costs by 80.70% compared to static walking locomotion. Moreover, based on
the motion generation algorithm, the torque curves of the hybrid locomotion are smooth without abrupt
changes.
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Figure 16. Motor current collected in the experiment. The upper image in (a) displays the optimized
and unoptimized current of joint 3, while the lower image shows the proportion by which the current is
reduced after optimization. The upper image in (b) displays the optimized and unoptimized current of
joint 4, while the lower image shows the proportion by which the current is reduced after optimization.

5.3. Prototype experiments
Prototype experiments are performed to verify the effectiveness of the proposed locomotion plan-
ning framework. Symmetrical and asymmetrical terrains are set in the experimental environments. The
TAWL rover is equipped with an Intel RealSense camera to acquire real-time environmental information
about its surroundings. This camera is positioned at a 60◦ angle relative to the body and is primarily
used for obstacle recognition in the rover’s forward direction. Visual algorithms are processed by a ded-
icated onboard computer running on Ubuntu. These algorithms are capable of accurately identifying
the location and geometric shape of obstacles. Other sensors like IMU, force sensors, and encoders are
connected to the motion control computer via data cables and exchange information with the visual
processing computer through wireless communication.

Table 4 shows a comparison of existing methods. To compare the existing hybrid locomotion meth-
ods, the TAWL rover is asked to traverse two different types of obstacles similar to the test condition
of another wheeled-legged robot, Pholus. Note that the testing data of the robot Pholus comes from
the published paper [30]. Even though the TAWL rover’s overall dimension is larger than that of the
robot Pholus, it has a smaller maximum base swing amplitude when utilizing the proposed locomotion
algorithm.

Besides, the static walking locomotion of the TAWL rover is also tested as a comparison. The rover
body’s trajectories are shown in Fig. 14. The hybrid locomotion method exhibits a maximum body
swing amplitude of 21 mm, whereas the amplitude for static walking locomotion is 126 mm. The swing
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Table V. Repetitive experiments on power consumption.

Operating Repeat Average current without Average current with Average reduction
conditions time optimization (I/s) optimization (I/s) reduction rate
Experiment I 1 0.1586 0.1381 12.9%

2 0.1455 0.1283 11.8%
3 0.1482 0.1301 12.2%

Experiment II 1 0.1219 0.1120 8.1%
2 0.1301 0.1170 10.1%
3 0.1263 0.1138 9.9%

Average \ \ \ 10.8%

Figure 17. Prototype experiment II of crossing obstacles on a single side. The images above depict
the sequential diagrams of this experiment, while the images below illustrate the corresponding gait
sequence.

amplitude is reduced by about 83.3% compared to static walking locomotion. The proposed framework
has a clear effect in reducing the lateral movement of the body.

The rover’s obstacle-crossing ability is also tested using different locomotion algorithms. Using static
walking locomotion, the maximum obstacle-crossing height is 18 cm. However, the proposed hybrid
locomotion can achieve 25 cm obstacle-crossing height, because the use of wheeled locomotion to
adjust the CoM and support triangle makes the support polygon more flexible. In addition, structural
interference limits the working space of the CoM during walking locomotion.

Experiment I verifies the condition of climbing on the symmetrical terrain, as shown in Fig. 15. When
both front legs are blocked, the rover exploits the wheeling phase to adjust the support polygon. Then it
lifts the front two legs successively. The base is transferred to prepare for the swing phase of the hind
legs afterward. When front legs step on the terrain, their wheel centers are relatively close to the body
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Figure 18. Joint position of experiment II. At time t1–t2, the rover crosses the first obstacle. At time t3–t4,
the rover crosses the second obstacle. At time t5, the rover detects the obstacle that needs to be avoided.
Due to the limitation of the turning radius, the rover moves backward from t5–t6 and then maneuvers to
avoid the obstacle from t6–t7.

and the hip frame. This leads to the limitation of the workspace. Hence, the range of body motions is
limited. The request of no rollover occurs when the last leg steps on the terrain determine the height
of the obstacle that the rover can climb. Energy efficiency can be obtained by the motor current shown
in Fig. 16. In order to achieve a more direct comparison result, the current offset caused by supporting
body weight in the standing position has been removed. Assuming a constant power supply voltage for
the motor. The decrease rate in energy efficiency can be represented by the proportion of reduction
in current. iIave-opt and iIave-unopt represent the average current for leg i with and without optimization,
respectively. The average reduction rate Re of 4 legs over time period T can be obtained by

Iave =
∑i=4

i=1

(∫ t=T+t0
t=t0

∣∣iI∣∣ dt
)

T
(42)

Re = Iave-unopt − Iave-opt

Iave-unopt
(43)

Multiple repetitive experiments are conducted under different operating conditions to determine the
effectiveness of energy conservation. The experimental results are listed in Table 5. Each set of experi-
ments is performed with three repetitions each for both the optimized and unoptimized processes. From
the experimental results, it can be observed that in Experiment II, which involves longer distance trav-
eling using wheeled locomotion, the average current is smaller. However, since the optimization is only
performed during legged locomotion, the optimization impact in Experiment II is relatively small, result-
ing in a lesser average reduction rate compared to Experiment I. Generally speaking, in order to achieve
the same motion trajectory, the average energy efficiency after optimization is 10.8% lower than that of
the unoptimized scenario.

Experiment II verifies the situation of the rover traversing irregular terrains on a single side. In Fig. 17,
it first lifts the body and crosses the obstacle on the left side, and returns to standard driving condition
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after completely passing the first obstacle but before the second one. Gravel on the ground does not cause
any hindrance due to the rover’s adaptability. The second obstacle has two stairs. The rover successfully
traverses these obstacles while maintaining a good margin of stability. For the third obstacle, the rover
recognizes the wooden pillar, retreats for a short distance, and takes a right turn. Figure 18 shows the
joint position of each leg. All joints’ motions conform to the velocity and acceleration limits. The height
of obstacle 1 is 10 cm, and the two steps of obstacle 2 are 10 cm and 20 cm, respectively. Gait graph
depicted in Fig. 17 shows that the rover is able to autonomously choose appropriate hybrid gaits when
facing different obstacle environments.

6. Conclusions
In this paper, kinematics modeling and hybrid locomotion generation framework for wheeled-legged
rovers are proposed. In the harsh environment of planetary exploration, it is an important scientific
issue to fully utilize rovers’ capabilities. Improved versatility of wheeled-legged rovers increases control
complexity. Therefore, an accurate kinematic model is derived to mathematically describe the kine-
matic relationship of the mechanisms. Besides, wheel-ground contact is modeled to maintain motion
consistency between the wheel and the end-effector. The rover generates proper gaits based on the pro-
posed locomotion planning framework, kinematic ability, and environmental information. The hybrid
locomotion strategy models complex gait patterns into a logical framework. Two basic strategies are
presented and analyzed, from which variant gait graphs with more complex cycles can be derived. With
the planned trajectories, B-splines are utilized to generate joint motions. An optimization equation is
applied to minimize the motors’ energy dissipation.

In the prototype experiments, symmetrical and asymmetrical terrains are both tested. Cluttered obsta-
cles make the experiments difficult. However, results show that the rover is able to identify the obstacles
and choose the appropriate hybrid gaits to traverse. The proposed framework shows its effectiveness in
improving rover flexibility and maneuverability.
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Appendix
Abbreviations used in this paper and their corresponding meanings:

CoM Center of Mass
IMU Inertial Measurement Unit
DoF Degrees of Freedom
ZMP Zero Moment Point
MTR Multi-task Rover
LRU Lightweight Rover Unit
ND Normal Driving
SP Swing Phase
WP Wheeling Phase
FSP Following Swing Phase
FWP Wheeling Phase
L/RF Left/Right front leg
L/RH Left/Right hind leg

Cite this article: B. Zhu, J. He and J. Sun (2024). “Kinematic modeling and hybrid motion planning for wheeled-legged rovers
to traverse challenging terrains”, Robotica 42, 153–178. https://doi.org/10.1017/S0263574723001406

https://doi.org/10.1017/S0263574723001406 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574723001406
https://doi.org/10.1017/S0263574723001406

	Kinematic modeling and hybrid motion planning for wheeled-legged rovers to traverse challenging terrains
	Introduction
	System overview
	System modeling
	Wheel-ground contact modeling

	Hybrid locomotion planning
	Locomotion planning framework
	Hybrid locomotion strategy
	Base trajectory parameterization and regulation
	Wheel trajectory parameterization and regulation
	Wheel camber angle regulation

	Motion generation and optimization
	Smooth trajectory generation
	Motion optimization

	Simulations and experiments
	Simulations of trajectory generation
	Simulation of hybrid locomotion
	Prototype experiments

	Conclusions
	Appendix
	



