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Abstract: Mobile robots can replace humans to fulfill tasks in dangerous environments, which
has been a research focus in recent years. This paper proposes a wheel-legged mobile robot with
multi-locomotion and a low-energy consumption planning method. Different from the existing
wheel-legged mobile robots, it can realize low-energy movement in different terrains with simple
structures, and it can realize three modes: synchronous, tumbling, and curl-stretch. Then, based on
the kinematics and dynamics model, a low-energy planning method is proposed, and low-energy
motion planning is carried out for the three modes to obtain the low-energy driving law in each
mode. A robot prototype is developed, and the experimental results show that the robot can move
through the three modes with lower energy consumption in all three terrains. The planning method
provides an effective reference for applying wheel-legged mobile robots.

Keywords: multi-locomotion; low-energy planning; wheel-legged mobile robots

1. Introduction

Mobile robots are widely used in military reconnaissance and energy exploration [1-3].
Traditional mobile robots use wheeled [4,5], legged [6-8], or tracked [9,10] traveling mecha-
nisms, which only have an advantage in maneuverability or obstacle-crossing performance,
making it challenging to consider both characteristics. They cannot adapt to complex
environments and feature high energy consumption when facing specific environments.
To address the problem of poor terrain adaptability, some scholars proposed the concept
of combining wheels and legs in the same traveling mechanism and designed the wheel-
legged mobile robot [11-17]. Typical examples of wheel-legged mobile robots are RHex
series robots [18-25], Whegs series robots [26-31], and Asgard series robots [32], in which
circular wheels are transformed into discrete fork forms. These wheel-legged mobile robots
greatly simplify the overall structure, lower the control difficulty, and increase terrain
adaptability. However, wheel-leg robots often cannot play their role when facing some
types of terrain. Also, the robots consume a lot of energy due to the control method. Given
the above problems, some scholars have proposed adding motors or unique mechanisms
to make a robot switch between the two states of wheeled and legged forms, realizing a
variety of modes to improve robot performance. The ATHLETE robot [33], PAW robot [34],
and Rolling-Wolf robot [35] are typical representatives. The wheel-leg-integrated mobile
robot solves the maneuverability and obstacle-crossing problems of the legged structure,
expands terrain adaptability, and reduces energy consumption by adding a switching de-
vice between the wheels and legs. However, it increases the difficulty of structural design
and does not propose a low-energy control method for legged movement, so the energy
consumption of the robot is still high when it moves in the legged mode.

Aiming at the shortcomings in the current research, this paper proposes a low-energy
wheel-legged mobile robot with a variable body. The kinematics and dynamics model of
the robot are established, and a low-energy planning method is proposed for low-energy
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multi-locomotion planning. On this basis, the energy consumption of the robot on flat
ground, soft ground, and downhill is analyzed. The influence of the motion mode and
driving law on the mechanical energy consumption of the robot when it moves in different
terrains is also studied. Finally, the effectiveness of the planning method and low-energy
motion planning is verified by experiments.

2. Structure Design

The wheel-leg structure designed in this paper is shown in Figure 1. The shape
parameters include the spoke chord length R4y, the spoke radius of curvature 7, and the
number of spokes, which is three. The angle between the spokes is the same. The spoke
shapes of the wheel-legs investigated in this paper are all inferior arcs. The chord length
Rinax is taken as the primary dimension. The parameters are shown in Table 1.

Figure 1. Sketch of the wheel-leg structure.

Table 1. Parameters of the wheel-leg.

Symbol Value
r Ruax/V/3
Y 86.9°
g 33.1°
@ 30°
R 0.795R iax
01 33.1°
B 3.1°
Rinax 17.5 mm

The robot’s structure is shown in Figure 2. The body is made of five connecting rods
with a length of 25 mm, and the drive and electronic components, etc., are arranged inside
the body.

Figure 2. Robot’s structure.

3. Modeling

In contrast to general wheel-legged mobile robots, the wheel-legged robot proposed in
this paper can realize multiple modes through body deformation and wheel-leg rotation to
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adapt to different terrains. In particular, the robot’s body deformation and the wheel-leg’s
rotation are controlled by the angle of the drive [36,37]. The kinematic and dynamic models
of the robot are derived in this section [38].

3.1. Kinematics Model

The following assumptions are made: the center of gravity of the wheel-legged mobile
robot parts is located at the geometric center of the parts; the body is symmetrically
distributed to the geometric center; and it is assumed that there is no longitudinal slip and
transverse slip during the robot’s motion.

From Figure 3, it can be seen that each joint angle of the robot body satisfies:

P2 = @3+ 93, 4= @i+ 93+ 93, )

where ¢; represents the angle between rod A; _1A; and A;A; 41 (i = 2~5); (pé (i = i~2) repre-
sents the angle between rod A;A;,1 and A>Ay4; and ¢}, (i = i~3) represents the angle between
rod A3A4 and AyAy, rod AyAy and AgAg, and rod A4As and AgAg.

A
YA Ay Y /@/
- 7 e
Ly — //
/
A - — I/ L,
Alé N }y_fl 0 0i ) V4
Ny (= 77
/a// r“\\}’z L; f(\ >
0 A, ~A, X
(a) (b)

Figure 3. Mechanism sketches. (a) Mechanism sketch of the robot. (b) Mechanical sketch of a part of
the robot body.

In Figure 3b, a closed loop can be found from point A,.
Az A1+ A1Ag = ArAy + AyAg, ()
Equation (2) can be obtained by projecting onto the X- and Y-axes:

{ Lcosyy + Lacosy; = Ly + Lycos7y, 3)

Lsinvyy + Lasiny; = Lpsiny,

where v; (i = 1, 2, 4) represents the angle between A1 A, A1A¢, and AyAg and the positive
direction of the X-axis; L1, L, and L3 represent the length of L1, L, and L3, respectively;
and L represents the length of rod A;A;11 (i = 1~5).

Solving (3) gives:
_ Lpsinyy — Lsin
m= g (AR ), @
L1+ Lycosys — Lcosyr
’ ‘ ) ,71/2
Lz = {(L1 + Lycosys — Leosyy)” + (Lpsinys — Lsinty;) } , (5)

Equations (6) and (7) can be obtained by bringing the geometrical relations in Figure 3
into Equations (4) and (5):

] cos(B ot pat ps) + By (—Dcos(pi+ %5) ¢ 37
o=t ©)

- - - - - 2 — A~ + A 7
2sin %2 +sin( B + @+ ¢5) — Lo, sin(g; + L51) v 2 2
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XA7={

1
2

5 4 3 5
5 + 2cos (Z qn) +2) cos(pi+ it1) —2)_ cos(@i + @i1 + Piv2) — 2 cos@; )
i=2 i=2 i=2 i=2

Iy=L

The displacement of point A4 in the plane can be expressed as
5
OAs = 0A1+) . | AiAin, 8)
The projection of Equation (8) onto the coordinate axes can be expressed as

{xA6 =L 215’:1 cos0; + x 41 ©)

Yae=L-Y2  sinb; + x4

where 0; represents the angle between the rod A;A;;1 (i = 1~5) and the X-axis; A1 and Ag
are points on the body; x41(y41) represents the displacement of point A; on the X(Y)-axis;
and x46(y46) is the displacement of point Ag on the X(Y)-axis. Based on Figure 3a, we have:

. [ AgB . (Yyas —Yay
<P% = arcszn(A1A6> = arcsm(L3 , (10)

where (p% represents the angle between A;Ag and A1B; y45 represents the displacement in
the Y-axis direction of the front wheel-leg, and yay represents the displacement produced
by the rear wheel-leg in the Y-axis direction.

The geometric relationship in Figure 3b yields the expression of 6;:

01 = g1+ 93, (11)

The wheel-leg structure is shown in Figure 1; the four wheel-legs of the robot are
the same size. When the wheel-legs rotate clockwise, the center point of the wheel-legs
A7(Ag) in the X-axis and Y-axis displacements of a cycle of displacement can be expressed
as Equations (12) and (13):

Ryax - cosy —cos(07 +61), 0< 6, < T — B

: ' : , (12
s1+7-07—F+B—r-sinb; — T+ B+ Ryax -siny — T+ 61 — Ryax -sin(6y — ), T—p <6, < ¢ (12)
_ J Ruax-sin(f7+01),0<67,< 7 —B (13)
Ya7 Rmux'C0597_g+51+7’—7-c0597—%—|—’8,%_‘B§97§2T7t ,
where n
81 = Rynaxcosdy — Rm,szOS<§ -B+ 51)’ (14)

where 57 is the distance traveled in the first stage when the wheel-leg is turned clockwise.
The velocity equation can be obtained for the center point of the wheel-leg A7(Ag)
displaced by one cycle in the X-axis and Y-axis:

) . 67 - Ruax - sin(67 +61), 0 < 6, < 5 — B 15)
A 67'7’_97'7"C0567_%+ﬁ+67'Rmax'C0567—%+5], %—ﬁ§97§2§r,

Y { é7'Rmax'C05(97+51)./ 0§97§ %_ﬁ , (16)

0 =
Y\ O singy — F+B— 07 Ruax -sind; — 5+, F-p< O <Y

where v, and 0%7 are the robot’s velocities in the X-axis and Y-axis directions.
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For there to be no relative sliding between the wheel-legs and the ground during the
movement of the robot, the point A;(A¢) point on the body should be displaced in the same
way as the point Ay(Ag) point on the wheel-leg:

X6 = Xa8 + 5L, Yae = Yas, (17)
By bringing Equation (17) into Equation (9), we have:
68 = f9(92/ 03/ 94/ 95/ 97)/ (18)

where 6; (i = 7~8) is the turning angle of the wheel-leg.
Combining Equations (9)-(13) yields a parametric expression for the displacement of
point M; on the robot as
Xj =xa7+ L}:;.;% cosb; + %cos@i 1
i1 . L. s b=1L1n~ 5, (19)
Vi =Ya7 + szzl sinb; + 7sind;

where x;, y; is the displacement of point M;(i = 1~5) in the direction of the X-axis and Y-axis.
Z;;% cost)j and E};% sinfj are 0 whenj>i— 1.
From Equation (19), the velocity equations of M;(i = 1~5) in the direction of the X-axis
and Y-axis can be obtained as
vf =0}, —L- Z;;% Qj -sind; — 91' .

v = Uﬂ7+L-Z;;% Gj-cosej+9i-

1

- sinb;
(20)

NI N

7
- cosb;

where v7, vly is the displacement of point M;(i = 1~5) in the direction of the X-axis and
Y-axis. Z;;% 9]- - cost)j and Z;;% éj -sinf; are 0 when j>i — 1.

3.2. Dynamics Model

The dynamics of the robot is modeled by Lagrange’s dynamical equations:

q:igéfEJ:ZNaz (21)
dt a@l 801

where L equals the kinetic energy minus the potential energy of the robot. The displace-
ments and velocities of the joints and parts of the robot were solved in the previous section,
so the total kinetic energy of the robot can be expressed as:

15 2 1«5 .21 2 1 2
Ir= 521:1 m [(Uf)z + (U‘;/) } + 521':1 Ji0; + 5maz {(027)2 + (vfﬁw) } + 5Jarty, (22)

where m; represents the mass of the ith linkage of the robot, J; represents the rotational
inertia of the ith linkage of the robot, m,47 represents the mass of the wheel-leg, and J47
represents the rotational inertia of the wheel-leg.

The gravitational potential energy of the robot can be expressed as

U= Zle migyi +maz8Y az, (23)

Based on Equations (21)—(23), the drive joint torque 7; can be solved.
The mechanical power during robot motion is:
5
P= Zi:Z

7,0; ,i=2~5 (24)

+ ’T797
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Based on the DC motor characteristic curve, it is known that the torque of the DC
motor is proportional to the current. Therefore, the actual mechanical energy consumption
of the robot in one cycle of motion is:

Er Ziﬂ(ﬁfwhad0—+ﬁfabéﬂﬁ

,i=2~5, (25)

where Et represents the energy consumed by the robot per unit distance, S represents the
distance the robot moves in one mode, and « represents the coefficient of proportionality
between current and torque.

4. Low-Energy Motion Planning

According to the body structure and the kinematic model, the robot can realize three
modes: the synchronized mode, the tumbling mode, and the curl-stretch mode. In this
section, low-energy motion planning is carried out for the three modes of the robot, and
a low-energy motion method is proposed to obtain the driving law of the robot’s driving
angle under each mode to provide a theoretical basis for the subsequent motion control of
each mode.

4.1. Synchronized Mode

The angle of the body does not change when the robot is in the synchronized mode.
All the wheel-legs have the same initial angle and move periodically with the same angular
velocity. The sequence of the robot’s motion on the flat ground is shown in Figure 4. State
2 is the posture of maximum gravitational potential energy of the robot in synchronized
mode, and states 1 and 3 are the postures of the minimum gravitational potential energy of
the robot.

________ b} D e | |' -_— "
| State 1 ' | State 2 ' | State3 '
| M L L '
[P - | - |
L £ Je)( £ ! |l S b R g |
| bl | ' | —

Figure 4. Locomotion sequence of the synchronized mode.

Therefore, the driving law of the robot in synchronized mode can be obtained
as follows:

07 =0, 92 = @3 = @4 = @5 = &, (26)

From Equation (26), it is obtained that a general wheel-legged mobile robot tends to
adopt the uniform rotation form of the wheel-legs. The driving law for a single cycle is:

oh(t) = (%—5l>t,0 <t<T, (27)

When the robot moves with Equation (27) as the driving law, the robot has the same
gravitational potential energy in state 1 and state 3 in one cycle. The wheel-legs collide with
the ground at the end of state 3, and the kinetic energy of the robot is almost completely
converted into elastic potential energy. Therefore, when the kinetic energy of the robot is 0
in state 2, the mechanical energy consumption of the robot can be reduced. In states 2-3,
the drive performs negative work and does not utilize the gravitational potential energy,
increasing the energy consumption of the robot. Therefore, relying on gravity to drive the
robot at this stage reduces the mechanical energy consumption of the robot.

Based on the above analysis, a driving law is planned in which the work performed by
the drive in states 1 and 2 is completely transformed into the gravitational potential energy
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of the robot, and the robot relies on the work performed by gravity to realize the motion in
states 2 and 3. The constraints for the drive turn angle can be obtained as

#7(0) =0, ¢7(t1) = g —B,97(0) =0,¢7(t) =0, (28)

where t; is the moment when the wheel-leg rotates to 7r/2-p.
When t; = 1, the driving law is fitted with a polynomial. Since there are four known
quantities in Equation (28), a cubic polynomial is used to reduce the difficulty of subsequent

control. We have:

569 . 569
t) = —— 71t — 7Tt <t<1 2
7(t) = —500 ™t + o7t 0 SESL (29)

when t > 1, the robot falls freely, relying on gravity.
Based on Equations (21), (24), (27) and (29), the mechanical power curves of the robot
under two synchronized mode drive laws can be obtained, as shown in Figure 5.

0.04

—— Before (¢7)
—— After (9

S
>
(5]

Power /W
=)
=
=1

.c
=
[l

0 0.5 1 1.5 2
Time /s

Figure 5. The mechanical power curve of the synchronized mode.

It can be observed that the overall mechanical power of the robot is reduced. The
distance of one cycle of the robot moving in synchronized mode is 2.18 cm. By bringing
Equations (27) and (29) into Equation (25) to calculate the mechanical energy consumption
of the robot under the two synchronized mode driving laws, respectively, we can obtain
the energy consumption of the robot, as shown in Figure 6. The energy consumption before
planning is 1.794 ] /m and that after planning is 0.461 J/m. The energy consumption ratio
of the robot after planning becomes 25.69% of that before planning, and the planning is
considered effective.

2.5

1.794]/m

2_

Energy Consumption / (J/m)
[
N

0.461J/m

After Before
Optimization Optimization

Figure 6. Mechanical energy consumption of the synchronized mode.
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4.2. Tumbling Mode

All wheel-legs are stationary when the robot is in a tumbling mode. The change in
the position of the center of gravity after the deformation of the robot’s body moves the
robot forward under the effect of gravity. To minimize the impact of inertial forces on the
tumbling mode, the robot miniature changes slowly and can be considered to be at rest
during tumbling. The locomotion sequence on flat ground is shown in Figure 7.

Figure 7. Locomotion sequence of tumbling mode.

The constraints for realizing the tumbling mode are as follows:
In states 1~3, the robot is lifted by the rotation of the body with the following law:

g05:7r—%7rt,0§t§0.5, (30)

In states 3~10, to ensure the clockwise rotation of the robot, the direction of the robot’s

gravitational moment about Agy,,g must be clockwise; otherwise, the robot will rotate

around Aggy,4, causing the motion in states 3~10 to fail. In addition, the direction of

the robot’s gravitational moment about By, must be counterclockwise. Therefore, the
constraints for ¢; (i = 2~5) in states 3~10 are obtained:

Aground Aground

MGruUity = Z:19:1 m;gr; = fTB,l ((PZ' P3, P4, 4)5) <0

B TOUMN B TOUMN (31)
Mty = Lieg migr; ™" = frpo (92, 93,94, 95) > 0

. A roun B roun . .
In Equation (31), MGfaZ;it; and M ;vit‘; are the gravitational moments of the robot at

Aground and Bgroyug, where Agyo,nq and Bgyong are the robot’s left and right contact points in
contact with the ground. In this paper, the gravity moments are negative clockwise and

B 'ground

f . . A
positive counterclockwise. m; is the mass of each part of the robot, and r; " and r,

are the distances of the parts to Agpyng and Bgroyng-
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The driving law for each state can be obtained from Equation (31):

goie[(p?,(pff],i:zNS, (32)

where @] represents the turning angle of each drive in the previous state, and gol-Tf represents

the turning angle that satisfies the requirements of Equation (31) in the current state. (pin
B
ground _ 0

Gravity —
The robot is fully deployed in states 10-11 and completes one tumbling cycle. The
driving pattern is as follows:

can be solved by M,

(pie[goff,n},i:2~5, (33)

Based on Equations (30)~(33), the driving law that conforms to the constraints can
be obtained, as shown in Figure 8. Figure 8a shows the drive turning angle curve before

planning. In the same way as the previous method, Figure 8b shows the drive turning
angle curve after planning.

2 4 2 4

— —

kY o

2 —_— oh —_— 0
< 2 — 03 < 2 — 0
éﬂ — (04: %0 — Yy
é — 5 é —_— 5
= =)

= |

0 2 4 6 8 0 2 4 6 8
Time /s Time /s

() (b)

Figure 8. Driving law of tumbling mode. (a) Driving law before planning (¢'f). (b) Driving law after
planning (¢y).

Based on Equations (21) and (24), the mechanical power curves of the robot under two
tumbling mode driving laws can be obtained, as shown in Figure 9.

04
Before (¢))
> — After (99
502
3
5
a
ol " ,
0ab 2 cd4 6

Time /s

Figure 9. The mechanical power curve of tumbling mode.

In some periods (a~b, c~d, etc., shown in Figure 9), the mechanical power is higher
when the robot moves with the optimized drive law. In the case of periods a-b, the speed
and torque of the body linkage are higher when it moves in a cubic curve. Still, the overall
mechanical energy consumption of the robot is calculated to be reduced in this process,
which is in line with reducing energy consumption. The robot moves in a tumbling mode
for one cycle with a distance of 29.71 cm. By bringing the two tumbling mode driving laws
into Equation (25) and calculating the mechanical energy consumption of the robot under
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the two tumbling mode driving laws, a graph of the energy consumption of the robot can
be obtained, as shown in Figure 10.

B o 1.823)/m
K

0.933)/m

[\

[y

Energy Consumption/ (J/m)

After Before
Optimization Optimization

Figure 10. The mechanical energy consumption of the tumbling mode.

It can be obtained that the energy consumption before planning is 1.823 J/m, and
the mechanical energy consumption of the robot after planning is 0.933 J/m. The energy
consumption ratio of the robot after planning becomes 51.16% of that before planning.

4.3. Curl-Stretch Mode

In the curl-stretch mode, the robot’s wheel-legs and body move in concert to curl and
stretch, and the wheel-legs rotate in response to the body’s movement. The sequence of the
robot on the flat ground is shown in Figure 11. The front wheel-legs of the robot remain
relatively stationary to the ground in states 1~3, and the rear wheel-legs of the robot remain
relatively stationary to the ground in states 3~5.

ImTTTTTTT |
: State 1 : : State 2 : : State 3 :
[ | |
| M T R !
| € Y (el § | y Va G | ? {;—-‘
| /“\\_ "‘ t""‘ ‘f -fg“‘ : | ») ,fg\"‘. : | ./(‘ .j'\x‘ :
e e e o — 2 e e e —
e — |———-‘(——|
| State S | | State 4 |
! | ' |
I — gy |
L poimiey K4 N )
e —— 2 e — 2

Figure 11. Locomotion sequence of the curl-stretch mode.

According to the previous method, the driving laws before and after planning can
be obtained as Equations (34) and (35). When the robot operates with these two laws, the
wheel-legs rotate by 120 degrees in one cycle, and it can move to the next cycle. We take
¢'4 as the drive law before planning and ¢, as the drive law after planning.

T—Zt,0<t<048

N BN B A
¢2_(P3_(P4_¢5_{221§T+73Tt,0.48§t<0.96’ (34
2= @3 = @y = T+ 28713 —2.077-t2, 0 < t < 0.48 35)
@5 =+ 197713 — 1427+, 0 < t < 0.333 ’

After calculation, when 0.333 < t < 0.48, the body joint A5 can complete the subsequent
transportation by gravity, and when t > 0.48, all the body joints can complete the extension
movement by gravity.
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Based on Equations (21), (24), (34) and (35), the mechanical power curves of the robot
under two kinds of curl-stretch mode driving laws can be obtained, as shown in Figure 12.

0.3 -
e Befor (¢,)
w— After  (94)
= 021/}
~ [}
5 I
Z |
o ]
~017/) :
L
A {
0 1 1 A A
0 a b cdo5s 1
Time /s

Figure 12. Mechanical power curves of the robot’s curl-stretch mode.

It can be observed that the robot’s mechanical power is higher when it moves with
the optimized drive law in periods a~b and c~d. Still, it is significantly reduced in the
other periods. The robot’s distance in one curl-stretch motion cycle is 4.36 cm. By bringing
Equations (34) and (35) into Equation (25) to calculate the mechanical energy consumption
of the robot under the two synchronized mode drive laws, respectively, we can obtain the
energy consumption of the robot, as shown in Figure 13.

4
S | 3.039J/m
. B

2

22 1.561J/m

O

5

After Before
Optimization Optimization

Figure 13. Mechanical energy consumption of the robot’s curl-stretch mode.

The energy consumption of the robot before planning is 3.039 J/m and that after
planning is 1.561 J/m. The energy consumption ratio after planning becomes 51.36% of
that before planning.

5. Experiment

The multi-mode wheel-legged robot is constructed with a rigid structure, as shown in
Figure 14. The robot’s dimensions are 14 cm X 11 cm X 3.3 cm, the body linkage is 25 mm
long, and the mass is 250 g. It consists of wheel-legs made of steel splices and a robot body
made of aluminum alloy. Each wheel-leg is a three-spoke wheel-leg made of four steel
parts spliced together, and screws fix the four parts to the shaft of the encoder DC motor
(GM12-N20VA), which is directly fixed to the body. A planar five-link structure was chosen
for the robot’s body. A separate encoder DC motor drives each joint. Each motor on the
body is screwed to a linkage structure, and the shaft of the motor is connected to another
body linkage through a flange structure.
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Upper
computer

data

Control
System Motor

Wheel-leg Battery

Figure 14. A physical prototype of the mobile robot.

The robot control system comprises four controllers, each consisting of an
STM32F103RCT6 chip, two DC motor drivers, and a serial converter chip. Two DC encoder
motors can be controlled simultaneously on each controller. Each controller can receive ex-
ternal signals and start operation simultaneously through a signal receiver. Each controller
collects motor torque data through the ADC sampling function of the control system and
sends the data to the computer through USART. The control system framework is shown in
Figure 15.

Motion
signal

Upper
computer

¢ |
—P»1 motor driver 1 [—P» Encoder
motor 1
—»{ Controller 1
) Encoder
T »| motor driver 2 —P motor 2
|
¢ |
——»| motor driver 2i-1 —P» Encode.r
motor 2i-1
—{ Controller i
Encoder
data i i
T P motor driver 2i —P> motor 2i

i Represents the i-th controller, i=1~4

Figure 15. Control system framework.

Because each STM32 chip is expected to be enabled with data transmission, motor
motion control, and motion signal acceptance, the robot control system proposed in this
paper uses the design scheme of four controllers in a distributed arrangement, as shown in
Figure 16. This scheme can better utilize the chip’s computing power and save cost.
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Figure 16. Control system hardware.

To better conduct the experiment, the robot’s upper computer software was developed,
and its interface is shown in Figure 17. This upper computer software can be used to adjust
the robot PID parameters and can also display the robot’s energy consumption data in real
time, which is convenient for operation.

Usart Configuration 700
Port COMS5 BT ~

600
Baud rate 115,200
Check bit
IDEIERH
Stop bit
Operation

PID Values

Channel

Send PID
200
200
S 7 Send Period
Stere 1 00:01:000 00:02:000 00:03:000

Curve scaling - Time

CH1 O—CH2 O—CH3 O CH4 O—CH5
CH1 O—CH2 O—CH3 O CH4 O CH5

Start Reset | | Stop Export

Figure 17. Upper computer software.

During the experiment, it was found that there is friction in the motor reducer, and
gravity cannot completely overcome the effect of friction during the robot’s movement.
The detected driving torque 7. includes the theoretical torque 7; and friction torque Ty, as
shown in Equation (36).

T=ali=1+17,i=2~57, (36)

Equation (37) is the Coulomb-Viscous friction model.

T = fosgn (é,-) Yy, i=2~5,7, (37)

Measuring the robot’s torque deviation from the theoretical torque at different speeds
can be solved for f; = 0.00601 and f; = 0.00579. Therefore, the theoretical torque 7; can be
obtained from the measurement of 7. in the experiment.
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Multi-locomotion experiments of the robot under different terrains were conducted,
and the robot’s mechanical power data were sampled every 10 ms. Relevant video is
provided in Video S1.

5.1. Flat Ground

The motion sequence diagram for one cycle of the robot’s motion on a flat surface in
synchronized mode is shown in Figure 18.

Figure 18. Motion of the robot’s synchronized mode on flat ground.

The above robot motion was repeated five times, each with the before and after
optimized driving laws, and the average distance of each cycle of the robot’s synchronized
mode on the flat ground was measured to be 2.2 cm. The effect of current fluctuation was
reduced by a weighted average of the five data sets, and the mechanical power of the
synchronized mode on the flat ground was obtained, as shown in Figure 19.

0.04

e Before (97)
— After (¢7)

Power/ W
>
>
o

0 1 2
Time /s

Figure 19. Mechanical power curves of the robot’s synchronized mode on flat ground.

Compared with Figure 5, the mechanical power curve of the robot in synchronized
mode has fluctuations because only 300 pulses are used for control feedback when the DC
encoder motor rotates 360 degrees. The drive speed fluctuates greatly when PID feedback
control is performed, but the trend in the mechanical power measured by the robot is
basically the same as the theory. Based on the mechanical power curves shown in Figure 19,
the mechanical energy consumption of the robot’s synchronized mode on flat ground can
be obtained, as shown in Figure 20.
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Figure 20. Mechanical energy consumption of the robot’s synchronized mode on flat ground.

The mechanical energy consumption of the robot before planning is 0.477 ] /m and
1.827 J/m, respectively, and the energy consumption after planning is 26.10% of that before
planning. This is consistent with the theoretical results.

The motion sequence for one cycle of the robot on flat ground with a tumbling mode

e

is shown in Figure 21.
:
‘ =
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){/;? =y —_— —%AKIW;,Y.W i
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Figure 21. Motion of the robot’s tumbling mode on flat ground.

The above robot motion was repeated five times, each with the driving law before
and after planning, respectively, and the average distance moved by the robot’s tumbling
mode in each cycle on the flat ground was measured to be 27.2 cm. It was found that a
slide occurred during the experiment, so the actual measured value was smaller than the
theoretical value. The effect of current fluctuation is reduced by a weighted average of five
data sets. The mechanical power curve of the tumbling mode movement on flat ground is
obtained, as shown in Figure 22.
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Figure 22. Mechanical power curve of the robot’s tumbling mode on flat ground.
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Compared with Figure 9, the robot’s tumbling mode’s mechanical power curve fluc-
tuates more than the synchronized mode because the robot will collide with the ground
during the tumbling motion. However, the trend in the tumbling mode’s mechanical power
curve is consistent with theory. Based on the mechanical power curve shown in Figure 19,
the mechanical energy consumption of the robot’s tumbling mode on flat ground shown in
Figure 23 is obtained.

B v 1.969J/m
K

1.037)/m

Energy Consumption/ (J/m)

After Before
Optimization Optimization

Figure 23. Mechanical energy consumption of the robot’s tumbling mode on flat ground.

The mechanical energy consumption of the robot before planning is 1.969 J/m and
1.037 J/m, respectively, and the energy consumption after planning is 52.68% of that before
planning. This is basically consistent with the theoretical results.

The motion sequence for one cycle of the robot on flat ground with a curl-stretch
mode is shown in Figure 24.

Figure 24. Energy consumption of the robot’s curl-stretch mode on flat ground.

The above robot motions were repeated five times, each with the before and after
optimized driving laws, respectively, and the average distance traveled by the robot in
each cycle of the curl-stretch mode on flat ground was measured to be 4.4 cm. The effect
of current fluctuation was reduced by a weighted average of the five data sets, and the
mechanical power curves of the curl-stretch mode on flat ground were obtained, as shown
in Figure 25.
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Figure 25. Mechanical power curve of the robot’s curl-stretch mode on flat ground.

Compared with Figure 12, the power curve of the curl-stretch mode fluctuates, but
the trend is basically consistent with the theory. Based on Figure 25, the mechanical
energy consumption of the curl-stretch mode on flat ground, as shown in Figure 26, can
be obtained.

4
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Figure 26. Mechanical energy consumption of robot’s curl-stretch mode on flat ground.

The mechanical energy consumption of the robot before planning is 3.117 ] /m and
1.644 ]J/m, respectively, and the energy consumption after planning is 52.73% of that
before planning. This is basically consistent with the theoretical results. The above three
experiments show that the robot has the lowest energy consumption when running on flat
ground in synchronized mode.

5.2. Soft Ground

The motion of the robot’s synchronized mode on soft ground is shown in Figure 27.

Figure 27. Motion of the robot’s synchronized mode on soft ground.
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The robot moved on the soft ground for two cycles, and the average distance moved
by the robot in each cycle was measured to be 0.51 cm, which is much shorter than the
distance moved by the synchronized mode on flat ground. Therefore, it is considered that
the robot cannot achieve effective movement on soft ground when it relies on the wheel-leg
structure.

The motion sequence of the tumbling mode on soft ground is shown in Figure 28.

Figure 28. Motion of the robot’s tumbling mode on soft ground.

Repeating the above process five times with the before and after optimized driving
laws, we observe that the robot moves a distance of 22.1 cm in one cycle on soft ground
with the tumbling mode. It is considered that the robot can achieve effective movement on
soft ground. The distance traveled by the robot in tumbling mode on soft ground decreases
compared with the movement on flat ground, which is caused by the fact that the soft
terrain cannot provide enough friction to the robot at some moments during the movement,
and the robot slips in the process of power transportation.

The mechanical power curve of the robot on soft ground is shown in Figure 29.

0.6
e Before (@)
0.4 [ — After  (¢))
=
o)
202
[a B
0
0 2 4 6
Time /s

Figure 29. Mechanical power curve of the robot’s tumbling mode on soft ground.

A comparison between Figure 29 with Figure 9 shows that the robot’s power moving
on soft ground has deviation from the theoretical analysis. When the robot moves on soft
ground, its position and attitude change, affecting its mechanical power. The effect of
soft ground on the robot’s motion can be reduced by weighing the data from multiple
experiments. The robot’s mechanical energy consumption, shown in Figure 30, is also
increased compared with the motion on flat ground.
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Figure 30. Mechanical energy consumption of the robot’s tumbling mode on soft ground.

The mechanical energy consumption of the robot before planning is 2.584 J/m, and
after planning, it is 1.278 J/m. The energy consumption after planning is 48.89% of that
before planning. It is concluded that the planning method is still effective when applied on
soft ground.

5.3. Downhill

The laws of motion for the synchronized mode and the tumbling mode planned in
the previous section cannot be applied to downhill slopes, so only the curl-stretch mode
is discussed. The motion sequence of the robot in the curl-stretch mode on a 30° slope is
shown in Figure 31.

Figure 31. Motion of the robot’s curl-stretch mode on downhill.

Repeating the above process with the before and after optimized driving laws five
times, we observe that the robot moves a distance of 7.1 cm for one cycle on the downhill
terrain with the curl-stretch mode. The robot slips due to friction, so the actual moving
distance is larger than the theoretical distance. The mechanical power curve of the robot
moving downhill is shown in Figure 32.
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Figure 32. Mechanical power curve of the robot’s curl-stretch mode on downhill.

Comparing Figure 32 with Figure 12, the mechanical power of the curl-stretch mode
downhill has some changes compared with the robot’s motion on flat ground because the
direction of movement is different from the direction of gravity the robot is subjected to.
As shown in Figure 33, the mechanical energy consumption of the robot before planning is
1.659 J/m, and after planning, it is 0.655 ] /m. The energy consumption after planning is
39.48% of that before planning. The mechanical energy consumption of the robot moving
downhill with the curl-stretch mode is also reduced compared with the movement on
flat ground. It is concluded that the planning method is still effective when applied to
downbhill terrain.

2
; 1.6591/m
K

0.655J/m

Energy Consumption/ (J/m)

After Before
Optimization Optimization

Figure 33. Mechanical energy consumption of the robot’s curl-stretch mode on downhill.

New driving laws can further reduce the robot’s energy consumption for the
curl-stretch mode on slopes. The driving laws before and after planning are shown in
Equations (38) and (39), where the A5 joint moves by gravity at ¢t > 0.33 until ¢5 = 137.4°.

902:%:4)4:4)5:71—%-1‘,0§t§0.71, (38)

m+1.36t3 —0.98t%, 048 <t <071 , (39)

02— g3 = g { T+28783 —2.07t2, 0 < t < 0.48
2 — @P3 = P4 —
@5 = m+1.98t> — 14312, 0 < t < 0.33

When the robot moves with Equations (38) and (39) as the driving law, the motion
sequence of the curl-stretch mode in downhill rolling is shown in Figure 34.
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Figure 34. Rolling of the robot’s curl-stretch mode on downhill.

Repeating the above process five times with the before and after optimized driving
laws, we observe that the robot moves a distance of 61.2 cm for one cycle on the downbhill
terrain with the curl-stretch mode. The mechanical power curve of the robot rolling
downhill is obtained, as shown in Figure 35.
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Figure 35. The mechanical power curve of the robot’s curl-stretch mode rolling downhill.

There are some changes in the mechanical power curve shown in Figure 35 with the
robot’s curl-stretch mode on flat ground. As shown in Figure 36, the mechanical energy
consumption of the robot before planning is 0.114 ] /m and 0.104 ] /m, respectively, and after
planning, it is 91.23% of that before planning. The mechanical energy consumption of the
robot rolling downhill in the curl-stretch mode is reduced compared with the motion on flat
ground. It is concluded that the planning method is still effective when applied to downhill
terrain. The curl-stretch rolling mode has the least mechanical energy consumption when
facing long downhill distances.
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Figure 36. Mechanical energy consumption of the robot’s curl-stretch mode rolling downhill.
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6. Conclusions

In this paper, a low-energy wheel-legged mobile robot with multiple modes, including
the following three kinds of modes: the synchronized mode, the tumbling mode, and the
curl-stretch mode, is proposed. The kinematics and dynamics models of the robot are
established, and a low-energy planning method is proposed for three typical terrains: flat
ground, soft ground, and downhill terrain. The effects of the modes and driving laws on
the mechanical energy consumption of the wheel-legged mobile robot in different terrains
are investigated. The modes that consume the least amount of energy are obtained for the
three terrains. The experimental results show that the energy consumption of the robot is
significantly reduced after the planning of the driving law. Future work will focus on the
robot’s autonomous mode switching planning to realize the robot’s terrain recognition and
autonomous mode switching for different terrains to increase the robot’s application in
more terrains.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/machines12020098 /51, Video S1: Multi-locomotion experiments of the
robot under different terrains.
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