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Abstract

The electrically driven large-load-ratio six-legged robot with engineering capability can be widely used in outdoor
and planetary exploration. However, due to the particularity of its parallel structure, the effective utilization rate

of energy is not high, which has become an important obstacle to its practical application. To research the power
consumption characteristics of robot mobile system is beneficial to speed up it toward practicability. Based on the
configuration and walking modes of robot, the mathematical model of the power consumption of mobile system

is set up. In view of the tripod gait is often selected for the six-legged robots, the simplified power consumption
model of mobile system under the tripod gait is established by means of reducing the dimension of the robot’s stati-
cally indeterminate problem and constructing the equal force distribution. Then, the power consumption of robot
mobile system is solved under different working conditions. The variable tendencies of the power consumption of
robot mobile system are respectively obtained with changes in the rotational angles of hip joint and knee joint, body
height, and span. The articulated rotational zones and the ranges of body height and span are determined under the
lowest power consumption. According to the walking experiments of prototype, the variable tendencies of the aver-

the large-load-ratio multi-legged robots.

age power consumption of robot mobile system are respectively acquired with changes in duty ratio, body height,
and span. Then, the feasibility and correctness of theory analysis are verified in the power consumption of robot
mobile system. The proposed analysis method in this paper can provide a reference on the lower power research of
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1 Introduction

With the development of robotics, a large number of
autonomous mobile robots have been widely applied [1].
Intelligentization [2], high terrain trafficability [3], and
large load ratio [4] are generally regarded as the most
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important developments for the ground mobile robots.
According to the characteristics of mobile mecha-
nisms, most ground mobile robots can be classified into
five categories: wheeled robots, tracked robots, snake
robots, legged robots, and wheel-legged robots. Gen-
erally, although the wheeled and tracked robots have
high mobile speed, their trafficability is low to traverse
great rugged terrain. The snake robots have high terrain
adaptability, but they usually lack certain bearing capaci-
ties relative to other types of robots. The legged robots
can flexibly walk on the rugged terrain due to a series
of discrete footholds, but their mobile systems often
have high power consumption because of many driving
joints. Although the wheel-legged robots integrate many
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capacities from the wheeled robots and the legged robots,
they usually have large size, high mass and high power
consumption. In view of the excellent terrain trafficabil-
ity and load capacity, the legged robots usually attract the
interest of many researchers.

Load ratio is the ratio of the material load carried by a
legged robot to the weight of robot. The high load ratio
indicates that the legged robot has the high capacity to
carry the goods and materials on its body. According to
the load capacity of robot, the legged robots can be clas-
sified into two categories: small (non heavy-duty) legged
robots and large-load-ratio (heavy-duty) legged robots.
Based on the technical parameters of BigDog [5], Ambler
[6], ATHLETE [7], Dante II [8], and so on, Zhuang et al.
[9-11] concluded that the main characteristics of the
large-load-ratio legged robots roughly included the larger
body mass, bigger body size and large load ratio than the
conventional legged robots. The independent energy sup-
ply units necessarily need to be carried when the working
environment of large-load-ratio legged robots is changed
from the laboratory to the outdoor. However, the exces-
sive power consumption of robot system is inconsistent
with the insufficient storage capacity of energy devices.

Hence, to reduce the power consumption of legged
robots is an important means to improve their outdoor
survivability, especially for large-load-ratio legged robots.
Many scholars, such as Silva et al. [12-14], Sanz-Mero-
dio et al. [15], Roy et al. [16], and so on, all have pointed
out that optimizing power consumption is an important
problem for the legged robots.

The legged robots can walk through the periodic alter-
nation between the support phase and the transfer phase
[17-19]. No matter what kinds of gaits are employed by
the legged robots, the swinging legs are mainly used to
change the landing points and do not make direct con-
tributions for the walking of legged robots. Although
the foot trajectories of swinging legs can be any curves,
such as rectangular curve [20] and arc curve [21],
there is a requirement that the impact phenomenon
do not exist between the feet of legged robots and the
ground. Otherwise, the foot velocity is not zero at the
moment of landing. And the impact force will consume
the system energy of robot. Therefore, both the kin-
ematic and dynamic boundary conditions of the swing-
ing legs should be satisfied when the swinging legs are
lifted and landed. To reduce the impact phenomenon
between feet and ground, Lei et al. [22] used the com-
bined cycloid function to plan the foot trajectories of a
quadruped robot. In aspect of reducing the energy loss
of robot system, Zhuang et al. [23-26] developed a sin-
gle leg with three active degrees of freedom and four pas-
sive degrees of freedom for a large-load-ratio six-legged
robot. The prototype experiments were used to validate
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the effectiveness of proposed gait planning and the cal-
culation methods of the articulated torque and rotational
speed. Liu et al. [27] carried out the static force analysis
of foot for an electrically driven heavy-duty six-legged
robot under the tripod gait. Vanderborght et al. [28]
selected the controllable flexible actuators to achieve the
desired trajectories of a biped robot Lucy, which was pro-
pitious to cut down the control quantity and power con-
sumption of robot.

Some researchers studied the internal relations
between gait parameters and power consumption for
the legged robots. Kaneko et al. [29] analyzed the vari-
able tendencies of energy dissipation rate of the mobile
system with changes in the step pitch and body height
for an articulated quadruped robot. Estremera et al. [30]
calculated the energy efficiency of an electro-pneumatic
driven quadruped robot called KOLT. The energy loss
assessment was executed by the experiments of robot.
Zielinska [31, 32] discussed the poses of support legs and
the relation between link proportions and power con-
sumption when the legged robots linearly walked along
the horizontal/ inclined plane. Lin et al. [33] analyzed the
relation between walking speeds and power consumption
of system for a pantograph quadruped robot. Silva et al.
[34] and Jin et al. [35] discussed the connections between
gait parameters of a mammal like six-legged robot and
its power consumption. Marhefka et al. [36] measured
the energy dissipation rate with changes in the velocity
and duty factor for a pantograph six-legged robot. Nishii
[37] studied the energy dissipation rate of an articulated
six-legged robot when the walking speed and duty fac-
tor were changed. Santos et al. [38] not only discussed
the articulated power consumption under the uniform
walking in the tripod gait, but also analyzed the power
consumption of system with change in body height for an
imitation insect type of six-legged robot. Roy et al. [39]
analyzed the variations of average power consumption of
a six-legged robot with the changes of the height of trunk
body and radial offset under the statically stable wave
gaits. Many researchers mainly study the virtual proto-
types or prototypes of small legged robots in the aspects
of gait parameters and power consumption. In addition,
it is not easy to find related reports about the research
of power consumption for the large-load-ratio legged
robots.

When the articulated driving devices and actuating
devices are determined, some important parameters
can be obtained for calculating the power consumption
of robot mobile system, such as articulated transmis-
sion ratios, transmission efficiencies, torque constants of
servo motors, and so on. Actually, the power consump-
tion of robot mainly comes from the mobile system
and control system. The power consumption of control
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system is generally considered as a constant when the
control devices have been selected, and it is usually far
less than the power consumption of mobile system. Then,
the power consumption of robot mobile system is mainly
studied in this paper, and it can be divided into two parts:
power consumption of the support phase and of the
transfer phase. Meanwhile, power consumption of the
support phase is often greater than that of the transfer
phase because that the support phase bears the weights
of the robot and materials. Power consumption of the
transfer phase is mainly caused by the swing of swinging
legs.

In view of the above problems, an electrically driven
large-load-ratio six-legged robot is considered as an
example in this paper to present a research on the power
consumption characteristics of robot mobile system. This
paper is divided into nine sections. In Section 2, the con-
figuration of robot and walking modes are designed. In
Section 3, the mathematical expressions of articulated
torques in the support phase and transfer phase are
derived by the dynamics analysis of robot. In Section 4,
the mathematical models of the power consumption are
established for the single leg and robot mobile system.
In Section 5, the power consumption of mobile system
under the tripod gait is studied in view of the tripod gait
as the common gait and fastest gait of the six-legged
robots. The dimension reduction is implemented for the
statically indeterminate problem of the robot. In Sec-
tion 6, the constraint conditions of stable walking are dis-
cussed. In Section 7, the simplified mathematical model
of power consumption is built under the tripod gait. The
numerical solution is performed for the power consump-
tion of robot mobile system. The articulated rotational
zones and the ranges of body height and span are respec-
tively determined under the lowest power consumption.
In Section 8, the walking experiments of prototype are
carried out. The variable tendencies of the average power
consumption of robot mobile system are respectively
acquired with changes in the duty ratio (the ratio of the
time of one leg contacting the ground to the total time of
the whole gait, ), body height (/) and span (L,). In the
final section, conclusions and further work are presented.

2 Configuration and Walking Modes of Robot

2.1 Configuration of Robot

In order to facilitate appellation, the electrically driven
large-load-ratio six-legged robot is called the large-load-
ratio six-legged robot for short in this paper. Based on
the structure of ambulacra of the hexapod, the single
leg of robot is designed, and it includes three joints: an
abductor joint, hip joint, and knee joint. Meanwhile, the
axis of the abductor joint follows the direction of z. The
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axes of the hip joint and knee joint run parallel to the
y-axis. [, [, and [, are respectively regarded as the lengths
of coxa, thigh, and shin. The abductor joint, hip joint, and
knee joint of leg i are respectively set as A;, H;, and K. 5/
(i=1, 2, 3,4, 5, 6) is defined as the angle between the coxa
and the thigh of leg i. The angle B, (i=1, 2, 3, 4, 5, 6) is
between the coxa and the shin of leg i. The angle y, (i=1,
2, 3, 4, 5, 6) is between the thigh and the shin of leg i.
m, m,, and m are respectively regarded as the masses of
coxa, thigh, and shin. I, [;, and I, are respectively defined
as the moments of inertia for the coxa, thigh, and shin.

In order to keep the universal walking characteristics,
the configuration of the large-load-six-legged robot is
designed as a regular polygon. s, and ¢, are respectively
defined as the legs in the support phase and transfer
phase. The sets of the support phase and transfer phase
are set as s=(s;, =+, Sp - S,) and t=(t}, -, L, -, L),
respectively. The constraint conditions are 3<u<6 and
u+r==6. The structure of single leg and the mechanism
of the large-load-ratio six-legged robot are shown in Fig-
ures 1 and 2.

In Figure 1, The abductor )omt coordinate system of
leg i is made up of xgl), y(ll), and z; @ . The hip ]omt coor-
dinate system of leg i consists of xg), y(”, and z The
knee )omt Coordmate system of leg i is composed of x
yé’), and z ) In Figure 2, the body coordinate system is
set as ZB, and it is located at the center of body. >  is
regarded as the ground coordinate system. The prin-
cipal vectors and the principal moment are defined by
Fg = (FBx;FBy: FBZ)T and Mg = (MBx,MBy,MBZ)T The
zg )_axis is parallel to the Zy-axis of the body coordinate
system. The positive direction of xl )-axis deviates from
the coxa of leg i. The leg i can be regarded as lying on the
plane ZY) ) The abductor joint coordinate system _,.
and foot Coordlnate system Zﬁ of the leg i are in the same
positive direction. The positive directions of foot coordi-
nate system ), are parallel to the body coordinate sys-
tem ) . The foot force of leg s; (k=1, 2, 3, 4, 5, and 6) in
the support phase can be respectively divided into BF; ),
BFyS" ) and BES¥ in the Coordlnaze system >, , antg it can
be also respectively divided to Fy (fk ) ,and F; Uk in the
coordinate system Z The p051t10n Vector of foot end of
the leg s, is set as BP ) in the body coordinate system
> g A coordinate system connecting the leg i and the
body is defined as » ;. The coordinate system }, and
the abductor joint coordinate system ), will coincide
with each other when the rotational angle 8, of abductor
joint is O° for the leg i.

In Figure 2, the 0° line is parallel to the X} axis of the
> p> and it passes through the corresponding original
points of the abductor joint coordinate systems. Af, is
defined as the initial angle of abductor joint between
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Figure 1 Structure of single leg of large-load-ratio six-legged robot [10, 26, 27]: a Three-dimensional model of single leg, b coordinate systems of

joints in single leg

Figure 2 Mechanism and top view of large-load-ratio six-legged robot [10, 26, 27]: a Mechanism of robot, b top view of robot

the 0° line and the leg i, and it is used to set the ini-
tial position of abductor joint when the robot begins to
walk. The range of A, is from 0° to 60°. 6, is regarded
as the rotation angle of abductor joint based on the ini-
tial angle A6, of leg i. The initial angles A8, and Af; are
always zero for the leg 2 and leg 5 in this paper. The ini-
tial angles A6,, A5, Af,, and A, are from 0° to 60° for
the legs 1, 3, 4, and 6, and they are same when the robot
begins to walk. Then, the interference is taken as the
evaluation condition of joint rotation amplitude. Based
on the range of A@, the effective intervals of 0, f3/,
and B, are respectively obtained in the abductor joint

coordinate system ), of leg i by plotting analysis; they
are from -30° to 30° for 8, from —90° to 90° for B/, and
from 0° to 150° for S;.

As shown in Figure 2, @, is defined as the rotation angle
between the } _, and the > _; for the leg i. The values of the
rotation angle @; can be viewed as 120°, 180°, 240°, 300°,
360°, and 60° for the legs 1, 2, 3, 4, 5, and 6, respectively.
Then, the following equations can be obtained:

cos®; —sind; 0
sin®; cos®; 0 |, (1)
0 0 1

6RY = Rot(z, ®;) =
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-1 T
f p@ Bp(i)0 p(i Bp@)0 p(
OR(l) — (OR(Z)AR(I)) — (OR(I)AR(l))

= (Rot(z, ®;)Rot(z,6;)) .

(2)

where gR(i) is the rotation matrix from the >, to the
>_p for the leg i, SR € R*3. BR® is the rotation matrix
from the 3, to the 3 _p for the leg i, BRD e R3f3. FR® s
the rotation matrix from the ), to the > ., FRD ¢ R3S,
OR® is the rotation matrix from the Z{Ai to the ),
AR(i) e R3X3'

2.2 Walking Modes of Robot
Based on the configuration of large-load-ratio six-legged
robot, the typical walking modes of robot can be divided
into the crab type, ant type, mixture type I, and mixture
type 1L, as shown in Figure 3.

The initial attitudes of robot under the crab type and
ant type can be arbitrarily set through the initial angles
AB,, AB;, AB,, and Af,. The crab type and ant type can be
changed into the mixed type I and mixed type II, respec-
tively, when the condition is AG,=A0,=A0,=A0;= 60".
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In Figure 3, +0, and —6; are defined as the front swing
angle and rear swing angle based on the Af8,. Hence, +6;
and —0, represent the positive and negative intervals of
0, respectively. The straight lines /;, /,, and /; are respec-
tively orthogonal to the relevant axes of abductor joints.

3 Dynamics Analysis of Robot

The walking of large-load-ratio six-legged robot is
achieved by periodic alternating between the support
phase and the transfer phase. The swinging legs do not
refer to the foot forces, and their articulated torques can
be obtained by the dynamic equations. The support legs
not only support the body of robot and materials, but
also need to participate in the walking of robot. Hence,
the articulated torques of leg i in the support phase
are caused by the movement and foot force of the leg i.
Meanwhile, the articulated torques from the movement
of leg in the support phase can be gained based on the
dynamic equations. The articulated torques from the foot
forces can be calculated according to the Jacobian matrix
and characteristics of series manipulator.

?

+6) T

;Walking
R A4

Figure 3 Typical walking modes of large-load-ratio six-legged robot [26]: (a) Crab type, (b) ant type, (c) mixed type |, and (d) mixed type Il
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The expression of articulated torque can be written for
the leg i of large-load-ratio six-legged robot. Then

M= M; + Mg, (3)

where M is the vector of articulated torque of the leg i,
M; € R®*1. M; is the vector of articulated torque from
the dynamics item of leg i, M; € R¥*1, My is the vec-
tor of articulated torque from the foot force of leg i,
A7Ipi = (J;(q)BF; € R**L. (J;(q))" is the transpose of
velocity Jacobian matrix, (J; (@)T € R**3. BF; is the foot
force vector of leg i in the coordinate system 2B OrD
BF; € R®*1, The relations are BF; = Fs in the support
phase of robot and BF; = BF, = 0 in the transfer phase
of robot. Meanwhile, BF s, is a force vector of the foot in
the coordinate system ZB or Z for leg s, in the support
phase. BF,, is a force vector of foot in the coordinate sys-
tem ) por)_, forlegt, in the transfer phase.

Based on the characteristics of Lagrange method, it is
employed to perform the dynamic analysis of robot. The
Lagrange’s equation of articulated torque can be written
from the dynamics item of leg i. Then

—~ d /LD aL®
M; = - ,
T ( > dq @

where L® is the Lagrange function, L) = E®) — p®), F®
and P are the kinetic energy and potential energy of leg
i, respectively.

Due to no g in the potential energy, Eq. (4) can be
rewritten as follows:

—~ d [3E® QEWD  jp@)
i = ( )_ +

YT ar oq oq ()

Based on the solving of the kinetic energy E® and
potential energy P, the matrix of articulated torque
from the dynamics item of leg i can be gained as follows:

M=Di(q)§ + hi(q,q) + g:(@), (6)

where D;(q) is the inertial matrix of the joint of leg i,
Di(q) € R**3. hi(q,q) is the force vector of leg i includ-
ing the centrifugal inertial force and Coriolis inertial
force, hi(q,q) € R**. g:(q) is the gravity vector of leg i,
gi(q) € R3>*!, Meanwhile,

w 0 0
0 mtltz/4 + It + mslt2 mglils cos y,«/2 s
0  mglils cos yi/2 (msls2 + IS)/4

Di(q)=

7)
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0 0 0
hi(q,q)= | w 0 —mslilsy; sin vi/2 |,
w —mglilsy; sin y,/2 mglils ,B sin yl/2
(8)
T
g(@=(g(D11 &@Dn & D3 ) > )

where

W= mel? [ 4+ I + mi (I + I cos ]/ 2)*

+ my (le + Ly cos B + s cos (] + 1) /2)°,

W= mli (l + It cos B; /2) sin g; /2
+ mgb; (lC + li cos B} + Is cos (,Bi + yi)/Z)

x (lgsin B + Issin (B} + i) / 2),

W= %msl 6; (lc + [y cos ] + %ls cos (/Sl’ + yi)> X sin (/3,' + }’i):
g&@n = /
&i(@)y = — misglt cos ﬁz{ - %W:
8i(q)3; = —msglscos (B + i) /2.

Then, the dynamic equations of the support leg and
swinging leg can be acquired based on Egs. (3) and (6),
respectively. Generally, the maximum walking speed is
not much high for the large-load-ratio six-legged robot.
The moving speed of robot is often less than the maxi-
mum walking speed. Therefore, g and g can be approxi-
mately ignored in the dynamic analysis. The gravity
vector term is mainly considered.

To improve the stability of the large-load-ratio six-
legged robot, the bottom of body keeps parallel to the
ground when the robot walks. % is defined as the body
height of robot from the coordinate system ), to the
ground. In view of the foot force in the support phase of
robot, the articulated torques of the su})port leg s, can be
respectlvely gamed for the torque M of abductor joint,

mtglt cos /3

torque MS ) of hip joint, and torque MéK) of knee joint.
Then
M&() 0 R O Fa o
MEY | = Ryy 0 Ry F(fk) ,
MS](() lssin By 0 I5cos Bx F(fk)
(10)

where
Ria=lc + Iy cos By +Is cos fy,
Ryr=l sin B; + I sin By,
Ry3=l; cos B +1s cos .
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In view of the movement of robot in the support
phase, the articulated torques of the supg)ort leg s; can
be respectively obtalned for the torque M} of abductor
joint, torque MDH of hip joint, and torque MDK of knee
joint. Then

(sx)
MA ) _(°) 1
MpK | = | —3mugli cos By, — migli cos B, — 5msgls cos By |
M]()s{z) —migls cos ﬁk/ 2

(11)

Based on Egs. (3), (10), and (11), the total articulated

torques of the su%)port leg s; can be respectively acqulred

for the torque M, * of abductor joint, torque MH ) of hip
joint, and torque MK © of knee joint. Then

M = E (1, + I cos B, + I cos B,
MEO = P (1;sin 8] + L sin By)

") _ _ /
+<PZ mg /2 — msg )l cos By
+(F2(fk) — msg/ 2) Is cos Br,

Ml(gk) = Fx(fk)ls sin B; + (Fz(fk) — msg/ 2) Is cos By.
(12)

Based on Eq. (5), the articulated torques of the swin
ing leg ¢, can be respectively gamed for the torque M, 2

of abductor joint, the torque M ) of hip joint, and the
torque My of k Th
que My of knee joint. Then

T
(te) (te) (te)
(MA My My )
T
— (te) (te) (te)
= (MDA Mpy; Mpy )
0

= | —mgli cos ,Bé/Z — msgly cos B, — mgls cos ,Be/ 2

—misgls cos /33/ 2
(13)

4 Power Consumption Model of Robot

The power consumption of robot mobile system mainly
comes from the electronic control devices of robot con-
trol system and the articulated driving and actuating
devices of legs. Meanwhile, the latter occupies the main
part of power consumption. The effective power con-
sumption of robot mobile system is the basis for walking
smoothly and accomplishing the assigned tasks. In this
paper, the effective power consumption of robot mobile
system is studied. Actually, the driving torques of joints
directly determine the power consumption of robot
mobile system.

(2023) 36:26
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4.1 Power Consumption Model of Single Leg

The driving devices of joints are the direct current servo
motors for the large-load-ratio six-legged robot. The
actuating devices of joints are composed of the worm
gears and harmonic reducers. According to the charac-
teristics of servo motor, the final out%)ut torques of leg i
can be calculated for the torque M, © of abductor joint,
the torque M ) of hip joint, and the torque M1(<) of knee
joint. Then

i (K
M% =| K\nilhitnd |, (14)
M\ Kb

where KSRA, K (ZH, and K;}IK are respectively the torque

constants of servo motors for the abductor joint, hip
joint, and knee joint of leg i. 18\, 18_[, and lCK are respec-
tively the currents of servo motors for the abductor joint,
hip joint, and knee joint of leg i. lA), iy, and ll(<) are respec-
tively the transmission ratios for the abductor joint, hip
joint, and knee joint of leg i. n(l) nm and ’71< are respec-
tively the transmission efficiencies for the abductor joint,
hip joint, and knee joint of leg i.

The power consumption of every servo motor can be
expressed by the loaded voltage and its own current.
Then, the power consumption of servo motors can be
respectively written for the abductor joint, hip joint, and

knee joint of leg i. Then

y®;o

pX> A lcA
o= | i | (15)
Py @) <z>
K Uy ick

where P(l) P(i) and Pl(é) are respectively the power con-

sumptlon of servo motors for the abductor joint, hip
@ 770 ()

joint, and knee joint of leg i. U,”, Uy}, and Uy’ are respec-

tively the voltages of servo motors for the abductor joint,

hip joint, and knee joint of leg i.

Table 1 Performance parameters
actuating devices of joints

of driving devices and

Joint Rated Torque  Transmission Transmission
voltage constant ratio efficiency
udy) K\ iD(mm) p®

(mN-m)

Abductor 48 40.6 2240 0455

joint

Hip joint 48 84.9 2220 0455

Knee joint 48 40.6 4640 0455
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Based on Eq. (14), the currents of servo motors can be
gained. The corresponding currents are brought into Eq.
(15). Eq. (15) can be rewritten as follows:

(i) (@) @) () @)
p(’) My / KMAA A
(l
P, (l) (l) (l) (l) (l)
K UM | [ kG

Actually, when the specific models of the driving
devices and actuating devices of joints are determined,
the torque constants, transmission ratios, and transmis-
sion efficiencies in Eq. (16) can be also obtained for the
parameters of the servo motors. The homogeneous joint
of large-load-ratio six-legged robot has the same driving
device and actuating device in the abductor joints, hip
joints, and knee joints. The performance parameters of
joints of the leg i are shown in Table 1.

Based on Eq (16) the mathematical model of power
consumption PSum can be established for the leg i. Then

PE . =PY + P +PY. (17)

+o. 56(‘M(Sk)

(sx)
‘M K

u
Pum =Y (1 16’M(sk)
k

u

(2023) 36:26

)) + Z (1 16‘M(t“

= (‘1 16E) (1. + I cos B}, + Is cos fi ‘ n )0.5655’” (I sin B} + Ly sin i) + (0.56Fz(fk) — 0.28mg — 0.56msg>
k
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number of support legs and number of swinging legs
are u and r respectively and the conditions are u+r=6,
3<u<6, and 0<r<3, Eq. (18) can be rewritten as follows:

‘u(sk)M(sk)

(sx) () (sk)
KM’]‘—[ ]—[k ’h—[k

‘U(Sk)M(Sk)

(sx) () (sk)
KM’f( 1<k 1<k )

(51 4 r(sx)
sum —
P K(Sk)i(sk)n(sk)

(te) q(te) (t) p(te)
‘UH MH ‘UK M

A
r ‘u(te)M(te
+ + +
Z <(te) (h) (te) KIE/ﬁ-)lil(-?)n](-?) K;/ﬁ() (te)n(te)
(19)

Due to the consistent of started state or stopped
state for the joint rotation, the same rated voltages L/
of servo motors and low walking speed of robot, the
supply voltage of servo motor can be approximated
as a constant term of P, based on Eq. (19), although
the articulated rotating speed affects the input volt-
age of servo motor. It is assumed that the servo motor
operates near the rated voltage. Then, the final output
torque of joint is variable in Eq. (19). Egs. (12), (13) and
the data in Table 1 are brought into Eq. (19). The final
expression of mathematical model can be obtained for
the power consumption of robot mobile system. Then

+o. 56(‘1\/1“9

‘M;(te)

)

(20)

xl; cos B, + (0.56F}fk) - 0.28msg> I; cos ﬂk‘ T ‘0.56F,§fk)ls sin B + (0.565(/” - 0.28msg> x I cos By | )

.
+ Z (‘0.28mtglt cos B, + 0.56mgl; cos B, + 0.28msgls cos ,Be‘ + |0.28msglS cos Be |)
e

4.2 Power Consumption Model of Robot Mobile System

To easily analyze the power consumption of robot mobile
system, it is assumed that the robot does not have any
instantaneous random perturbations in the process of
walking, or the influences of instantaneous random per-
turbations can be approximately ignored on the mobile
system of robot. Based on Eq. (17), the mathematical
model of the power consumption Pg,,, of robot mobile
system can be expressed as follows:

6
Pam=>_ (PY + 20 +P0).
i=1

(18)

According to the characteristics of servo motor, it can
be obtained that the final output torque of servo motor
directly depends on the load torque of joint. When the

When the mechanical system of the large-load-ratio
six-legged robot is determined, the values of param-
eters [, I, I, m., m, an?fsn are known However, the
values of parameters Fy ", Fy k) F(fk , B B, and B,
in Eq. (20) can be Changed durlng the walklng of the
robot. To effectively reduce the power consumption of
robot mobile system is a guarantee on prolonging the
working time of the large-load-ratio six-legged robot.
The minimum power consumption of robot mobile sys-
tem can be regarded as a target. Then

min Pyum. )
Fx(fk)’ Fy(fk), Fz(fk)’ Bl Bube (21)
Based on Egs. (20) and (21), it can be obtained that

to calculate the minimum power consumption of robot
mobile system is translated to determine the minimum
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¥, O

Figure 4 Top view of foot coordinate system and pose of single leg / [26]: a Foot coordinate system, b pose of single leg i

foot force under the poses of robot. Owing to many
variables in Eq. (21), it is difficult to directly solve the
minimum power consumption of robot mobile system.
Therefore, the power consumption analysis of robot
mobile system can be implemented through simplifying
Eq. (20).

In Eq. (20), the foot force of leg i lies in the coordi-
nate system Zﬁ of foot end. To facilitate the analysis of
power consumption, the foot force FU) of leg i is con-
verted to the coordinate system }_, of foot end. The
top view of foot coordinate system and pose of single
leg i are shown in Figure 4.

For the convenience of subsequent analysis, s is
regarded as the step pitch of robot. In Figure 4, the span
L,; is the projection length of leg i in the coordinate
system of abductor joint. L’ ; represents the initial span
of leg i when the robot is about to walk. %; is defined
as the distance from the coordinate origin of the }_,
to the ground. It can be obtained that /; is equal to the
body height / of robot. GPg) is the position vector from
the foot of leg i to the ground coordinate system ) .
GP((;) represents the position vector from the coordi-
nate system ) . to the ground coordinate system } .
OPI(J) is defined as the foot position vector of the leg i in
the coordinate system ) .. BP(()’) is regarded as the posi-
tion vector from the coordinate system } _, to the body
coordinate system ) for the leg i.

Based on Eq. (2) and Figure 4, the rotation matrix
PR can be obtained for the leg 1 to leg 6. Then

f p(1) £ p(1)
FRD — (f)ﬁ%ll) ?2%12) 0 (22)
o oRo1 0By O |-
0 0 1

where
f.,Rgl): — 0.5cos 6 — 0.866sin 6},
(f.,RR;: — 0.5sin 01 + 0.866 cos 601,
f.,R%11 = 0.5sin6; — 0.866 cos 6,
(f-»Rzz): — 0.5cos6; — 0.866sin 6,
—cosfy —sinfy 0
f)R(z) = sinfp —cosby 0
0 0 1
£ 23 £ pB)
(20 _ [t 2 o
o 0R21 0R22 0
where
gzeg: — 0.5 cos 03 + 0.866 sin 63,
f)RB;: — 0.55in 63 — 0.866 cos 6,
f)R%; = 0.55in 63 + 0.866 cos 63,
PR = — 0.5 cos 63 + 0.866 sin 63,

f p@) fp@)
of11 oR1z 0

fRA — | £ @
OR 0R21 0R22 0

where
£RW 0.5 cos 64 + 0.866 sin 64,

£

o
o
R

W

9_
th_

22 T

0 0 1

0.5sin 04 — 0.866 cos 64,
— 0.5sin 64 + 0.866 cos G4,
0.5 cos 64 + 0.866 sin 6,
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(23)

(24)



Zhuang et al. Chinese Journal of Mechanical Engineering (2023) 36:26
cosfs sinfs 0
f)R(5) = | —sinf5 cosf5 0 |, (26)
0 0 1
f p(6) f 1(6)
oRll 0R12 0
FRO — | {0 fp®
oR oRa1 oRyy 0 27)
0 0 1
where

gRiZ): 0.5 cos B — 0.866 sin O,
gR%g;: 0.5 sin G + 0.866 cos O,

gR%& = — 0.55in 65 — 0.866 cos G,

PR = 0.5 cos 65 — 0.866 sin .

According to Figure 4, the foot forces of the support leg
s can be respectively gained in the coordinate systems

> o, and ka . The relationship is expressed as follows:

£ B ()
Fy(fk) — gR(Sk) BF;Sk) (28)
W BES

When Egs. (22)—(27) are brought into Eq. (28), the
mathematical expressions of the foot forces of legs 1 to
6 can be respectively rewritten based on the coordinate
system ) .. Then
FYY —(~0.5 cos 6, — 0.866sin 6,)PFSD)
+(—0.5sin 01 + 0.866 cos 1) F\*,
FM (0.5 5in6; — 0.866 cos 6)BESY
+(—0.5 cos 61 — 0.866 sin 61)°F,*",
Fz(fl) =BFZ<SI)1

Fx(fz)z —BF62) cos 6y — BF}E”) sin 6y,
EP) ZBEG ging, — BES) cos 0y, (30)

Fz(fz) :BFz(Sz)’

F¥) —(0.866 5in 05 — 0.5 cos 63)PE

+(—0.5sin 63 — 0.866 cos 93)pr<ss>,
Fy(fg) =(0.55in 63 + 0.866 cos #3)PF() (31)

+(—0.5 cos 03 + 0.866 sin 93)pr(S3),

FZ(}%) :BFéSB),
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FI) = (0.5 cos 04 + 0.866 sin 04)BES
+(0.55in 6y — 0.866 cos 03) "F**,
Fy(f4) =(0.866 cos 64 — 0.5 sin 94)BF£54) (32)
+(0.5 cos 64 + 0.866 sin 94)pr(54),

Fz(f4) =BFZ(S4)’

Fx(f5) =BF(5) cos 05 + BFy(S5) sin 65,
Fy(j%)z — BP£55) sin 05 + BFJESS) cos 0, (33)

Fz(fs)zBFZ(SS),

Fx(f%) =(0.5 cos 0 — 0.866 sin 0)PF®)

+(0.5 sin 6 + 0.866 cos 96)pr(86),
Fy(]%) =(—0.5sin 65 — 0.866 cos 0)BF(*®) (34)

+(0.5 cos 65 — 0.866 sin 96)BF}E$6)’

FZUG)ZBFZ(%).

The large-load-ratio six-legged robot can walk with
the different gait. Then, the power consumption of robot
mobile system under the body coordinate system can
be acquired when the foot forces of the support phase
among Eqgs. (29)—(34) are simultaneously brought into
Eq. (20).

5 Simplified Power Consumption Model of Robot
Mobile System under Tripod Gait

The tripod gait is a common gait and the fastest gait for the
six-legged robots. Although the tripod gait has relatively
low stability relative to the quadruped gait and pentagon
gait, the tripod gait is often employed by the hexapod and
six-legged robots. In this paper, the effective power con-
sumption of robot mobile system is mainly studied under
the tripod gait. When there is no special explanation, the
power consumption of robot mobile system in this paper
refers to the effective power consumption for the mobile
system of robot. According to Eq. (20), the mathemati-
cal model of power consumption under the tripod gait
has 21 variables for the mobile system of robot. Then, it is
very difficult to calculate the power consumption of robot
mobile system. Hence, the experimental method and analy-
sis means are selected to reduce the dimensionality of the
power consumption model of robot mobile system. The
simplified power consumption model of robot mobile sys-
tem can be established under the tripod gait.
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5.1 Simplification of Force Component of Foot

The static gait makes the six-legged robots in a statically
indeterminate state. It is very difficult to calculate the
foot force of each leg. The power consumption of robot
mobile system is not conducive to being calculated. Then,
the six-dimension force sensors are employed to collect
the foot forces of legs in the three periods of gait, when
the large-load-ratio six-legged robot walks on the hard
flat ground. The curves are drawn based on the maximum
foot force of each leg. The minimum force component of
foot force is determined for each leg. The dimensional-
ity reduction of statically indeterminate problem is real-
ized through neglecting the minimum force components
of foot forces. The negative sign in this paper only indi-
cates that it is the opposite to the perspective positive
direction.

5.1.1 Walking Experiments of Ant-Type Tripod Gait

The large-load-ratio six-legged robot selects the ant-type
tripod gait to walk along the Y} direction of body coordi-
nate system, when the condition of the initial angles is A8
1=A0;=A0,=A0, and their values are respectively set as
20°, 30°, 40°, 50°, and 60°. Meanwhile, the walking param-
eters are respectively regarded as 0.5 m, 0.68 m, 0.3 m, 0.3
s,0.03 m, and 0.1 m for the body height /, initial span L'},
step pitch s, movement time (TM), initial lifting height
hpp of leg, and maximum swinging height sy .. of leg.
The large-load-ratio six-legged robot does not undertake
the load when the robot walks. Then, the foot forces of six
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legs are collected in the three gait periods. The maximum
foot force of each leg is obtained. The curves of the maxi-
mum foot forces of six legs are drawn with the change in
the initial angle A6, under the ant-type tripod gait; they are
shown in Figure 5.

Figure 5 shows that the maximum normal forces of feet
gradually decrease for the legs 2 and 5 when the initial
angles of abductor joints of the legs 1, 3, 4, and 6 vary from
20° to 60°. The normal forces of feet are far greater than
the tangential forces. The maximum normal forces of legs
1 to 6 are approximately the same when the initial angles
AB; are 60°. The tangential forces of legs 1 to 6 are about 0
N in the y direction. The relation of fgot force components
can be obtained; it is Fz(fk SE* )>Fy(fk . Then, the foot force
components in the y direction can be ignored in the analy-
sis of the power consumption of robot mobile system.

5.1.2 Walking Experiments of Crab-Type Tripod Gait

The large-load-ratio six-legged robot respectively selects
the crab-type tripod gait to walk along the X} direction
of body coordinate system, when the condition of the
initial angles is A8;=A0,=A0,=A0,, and their values are
respectively set as 0°, 10°, 20°, 30°, 40°, 50°, and 60°. The
walking parameters in the crab-type tripod gait are the
same as that in the ant-type tripod gait. Then, the foot
forces of six legs are collected in the three gait periods.
The maximum foot force of each leg is obtained. The
curves of the maximum foot forces of six legs are drawn

—p— F(/l)

_ Ler —e— FlA)
£ 14l e ——— e )
:?/ - FU T —— \; . —o— Fj((_ﬁt)
2 1.0 —— )
= 08F —x— FW)
) i —X— F(/z)
« 0.6 | )
! A
§ 04 __ —— Fj;(fA)
S 02F —1—Fy§f;
o - — o _A_ F J6
= 0k F(fk){ A— v
g Ly | = ~__ —n— FZ(/l)
g 0.2 - Q _,—E —— };‘Z(fz)
NG M, 7
Tt —y— s

E _O 6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J v F;E/ i
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Initial angles of abductor joints A ;i (°) - F

Figure 5 Curves of maximum foot forces with change in initial angle under ant-type tripod gait
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Figure 6 Curves of maximum foot forces with change in initial angle under crab-type tripod gait

with the change in the initial angle Af; under the crab-
type tripod gait; they are shown in Figure 6.

Figure 6 shows that the maximum normal forces of feet
gradually decrease for the legs 2 and 5. The maximum
normal forces of feet gradually increase for the legs 1, 3,
4, and 6. The normal forces of feet are far greater than the
tangential forces with the change in the abductor joints
from 0° to 60° for the legs 1, 3, 4, and 6. The maximum
normal forces of legs 1 to 6 are approximately the same
when the initial angles are 60°. The tangential forces of
legs 1 to 6 are about 0 N in the y direction. The relation
of th ?ft force components can be obtained; it is F,’*
>Fy Uk >Fy""’. Then, the foot force components in the y
dlrectlon can be ignored in the analysis of the power con-
sumption of robot mobile system.

Based on Flguresf% and 6, it can be concluded that the
tangential force F,™*” can be neglected in calculating the
power consumption of robot mobile system with the
change in the initial angle A8,. When the initial angles are
60°, the large-load-ratio six-legged robot has the maxi-
mum carrying capacity because of approximately uni-
form foot force distribution for the legs 1 to 6.

5.2 Condition Analysis of Equally Normal Foot Forces

Based on the experimental data in Section 5.1, it can be
concluded that the normal foot forces of legs 1 to 6 are
about the same when the initial angles of abductor joints
are 60°. To perform the equally normal foot forces is
beneficial to develop the furthest capabilities of support

legs and make the large-load-ratio six-legged robot carry
more materials. In view of all the nice features in the
aspects of stability, walking speed, foot force distribution,
and so on, the mixed-type II tripod gait is preferred to be
employed for the large-load-ratio six-legged robot. Then,
the conditions of equally normal foot forces are analyzed
under the mixed-type II tripod gait.

The large-load-ratio six-legged robot walks from
the initial poses under the mixed-type II tripod gait.
Meanwhile, the initial attitudes of abductor joints, hip
joints, and knee joints are A89,=A80;=A0,=A0=60°,
AG,=AO;=0°, B'1=B'=B's5=Bs=PB's=P's and
B1=Pr=Ps=P.=Ps=P¢ respectively. The legs 2, 4, and
6 firstly stride forward a distance of s/2, and they will
transform from the transfer phase to the support phase.
Then, the legs 1, 3, and 5 can mobile a distance of s with
the body of robot, and they will transform from the sup-
port phase to the transfer phase. The initial spans of the
legs 2, 4, and 6 are equal; they are L'p,=L'p,=L'p4. The
scheme of the support phase of large-load-ratio six-leg-
ged robot under the mixture-type II tripod gait is shown
in Figure 7.

In Figure 7, ry,, is the effective radius of the bearing plat-
form. s, and s, are respectively defined as the upper point
of foot and nether point of foot when the robot walks.
The components of position vector for the foot end of
support leg s, are respectively regarded as BPI(:Z‘), BP(S"),
and BP )in the body coordinate system Y . The robot is
assumed to walk at a constant speed and in straight lines.
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Figure 7 Scheme of support phase under mixture-type Il tripod gait [27]

The height remains unchanged between the body and the
ground. The projection trajectory of the foot end of each
leg in the y direction is parallel to the moving track of
the gravity center of body. Based on Figure 2, the expres-
sion of principal moment Mj of the robot system can be
expressed as follows:

JMBFs = Mg, (35)

where Jy is the position matrix of foot ends of the sup-
port phase in the body coordinate system > p. BFy is a
force matrix of the foot in the coordinate system ) for
the leg in the support phase. Meanwhile, the correlation
matrix can be represented as follows:

I = (Bpgn L BPEO Bpgu>) c R3<3u,

BpGk) Bplk)
. 0o —Bpgr Bp
BPFSk — BPl(:s%k)) (Z ) _Bpl(?ik) c RSXB,
Bpk) Bplsk
—Bpg) Bp) 0 i
BFS:(BFSI BFSZ BFsk BFSM> ERSMXI.

In general, the large-load-ratio six-legged robot is
assumed to be unaffected by other external principal vec-
tors and principal moments except for the mass 1 of
robot and mass m, of carrying materials. The tangential

forces are 0 N for the support legs. The principal vector
F; and principal moment Mj of the robot system can be
written as follows:

Fg
Mgy

The legs 2, 4, and 6 are assumed to be located in the
support phase under the tripod gait. Meanwhile, the legs
1, 3, and 5 lie in the transfer phase. The normal forces of
support legs depend on the mass 1, of robot and mass
my of carrying materials. Then

):(OOng+ngooo)T. (36)

BFSZ T
BFS4 =(00BFZ(SZ) OoBFZ(S4) OoBFz(sé)) .
BF
6
37)

The generalized force matrix of the support phase can
be written for the large-load-ratio six-legged robot under
the tripod gait. Then

B
F
FB> (13x3 I3z I3x3 > By
= | BpG2) Bpa) Bplse) Fg, |, (38)
<MB PF52 PFS4 PF56 B S4

Fy,

where I343is the 3 x 3 identity matrix.
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Egs. (35), (36), and (37) can be brought into Eq. (38).
Then, the mathematical expressions can be obtained as
follows:

BFZ(SZ) _|_ BFZ(S4.) _|_ BF2(56) — ng _|_ ng’
BPI(:?) « BFZ(SZ) + Bpésyz;) « BFZ(S4) + BPI(:;O « BFZ(SG) =0,

BP}E‘?) X BFz(Sz) + Bpéiél) X BFZ(S4) + Bplgiﬁ) X BFZ(SG) =0.
(39)
According to Figure 7, the foot positions of support
legs in the x direction can be written in the body coordi-
nate system ) 5. Then

By = (rbp + Lpy)
Bpit | =1 (rbp + Lpy) cos60° (40)
By (rbp + Lpg) cos 60°
Eq. (40) can be brought into Eq. (39) based on the ini-
tial attitudes of abductor joints and the initial spans of
legs 2, 4, and 6: AB,=A0;=A0,=A0;=60°, AG,=AO;=0°,
and L' py=L'p,= L'pe. Then

BE(s2) 1 (mLg + mrg)

BESY 4 BRSO 2 (mLg + mrg) '

The feet of the support phase move back relative dis-

tance s when the body of large-load-ratio six-legged

robot moves forward a step pitch s. To make it easier to

facilitate the condition analysis of equally normal foot

forces, the robot body is assumed to be stationary. Hence,

all support points of the support phase move from the

upper point s, to the nether point sy. The ¥ coordinates

of foot ends in the body coordinate system )  can be
obtained for the legs 2, 4, and 6. Then

(41)

BP(SZ)

Fy _S/2
520 | = g+ s 2 ). a2
BPf:syﬁ) (bp + Lpg) sin 60° — s/ 2

To conveniently facilitate the following research, the
initial spans of legs 2, 4, and 6 are L'p,=L'p;=L'pg=L'ps.
Egs. (41) and (42) are introduced into Eq. (39). The math-
ematical expression can be gained as follows:

3 1
BEG) (é— (rop + Lpg) + ;) + — (mrg + mrg)s

6
ﬁ S
= BFZ(S6) X (2 (pr +Li)s) - E .
(43)

According to the initial attitudes of the abductor joints:
AO,=A0,=A0,=A0,=60° and AO,=A0;=0°, it can be
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concluded that a regular triangle is constructed by the
support feet. When the robot is about to walk, the dis-
tance between the foothold of the support feet and the
projection point of the center of bearing platform is
called the maximum stability margin, whose symbol is
defined as dy; . The regular triangle can provide the
maximum stability margin d,, .., for the large-load-ratio
six-legged robot. Then
1 /
AM-max = 5 (rbp + LPS)~ (44)
Actually, the maximum stability margin dy; ., limits
the range of step pitch s based on the stability of robot.
Then
o 1 /
scos30° < 3 (rbp + LPS). (45)
Based on Eq. (45), the maximum step pitch s, can be
written. Then

3

— (p + Lps)- (46)

Smax =
The maximum step pitch s, and Eq. (41) are brought

into Eq. (43). The normal foot forces of legs 4 and 6 can
be obtained. Then

BFZ(S“) _( (ng + ng) )
BpGe) | 5 (mig +mrg) )’
According to Eq. (47), it can be concluded that the nor-
mal foot force of leg 6 is greater than that of legs 2 and 4
when the robot is at the critical point between stability
and instability. It is not good for the large-load-ratio six-
legged robot to carry heavier materials.
The step pitch s=s,,,/3 and Eq. (41) are introduced

into Eq. (43). The normal foot forces of legs 4 and 6 can
be regained. Then

P )<l )

PES )\ A5 (g + mrg)
Based on Figure 7, the step pitch s=s,,,/3, and effective
radius r,, of bearing platform, the ranges of rotational
angles can be calculated for the abductor joints of legs

2, 4, and 6 when the length of initial span L'pg is 0.68 m.
Then

[[SEN e

(47)

(48)

—8.7° < 6, < 8.7°,
—3.8° < @4 <5°
—5° < @ < 3.8°.

(49)

According to Eq. (49), it is concluded that the rota-
tional angles of abductor joints have homologous
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characteristics. Namely, they can synchronously take the
positive value, the negative value, or the maximum value.

Based on Eq. (48) and the technology indexes of
robot, it can be thought that the normal foot forces of
legs 2, 4, and 6 are approximately equal and their value
are (mpg + ng) / 3, when the value of step pitch s is
Smax/3 and the robot walks in accordance with Figure 7.
Then, the errors of normal foot forces are less than 15%
between the actual value and the approximate value.
They are within the allowable error range. Hence, Eq. (49)
is the equal conditions of normal foot forces under the
tripod gait for the large-load-ratio six-legged robot.

Due to the periodic alternate between the support
phase and the transfer phase, the above analysis and reg-
ulations are equally applicable when the legs 1, 3 and 5
are in the support phase, and the legs 2, 4 and 6 are in
the transfer phase. According to the symmetry of six legs
evenly distributed body, it is only necessary to change leg
2 into leg 5, leg 4 into leg 3, and leg 6 into leg 1. The spe-
cific analysis is no longer in detail here.

5.3 Simplified Model of Power Consumption of Robot
Mobile System

Based on the above analysis, the tangential force Fy(fk) of
support leg can be neglected under the tripod gait. The
normal foot forces of support legs are about (11, g+m1g)/3
when the value of step pitch s is s,,,,/3, and the robot
walks under the mixed-type II tripod gait. Hence, accord-
ing to Eq. (20), the simplified power consumption model
of robot mobile system can be rewritten when the robot
walks from the initial attitudes under the mixed-type II
or ant-type tripod gait, the initial attitudes of abductor
joints are AB,=A0;=A0,=A0;=60° and AO,=AH,=0°,
and the legs 2, 4, and 6 are in the support phase. Then

Poum = Z (‘0.565@ (I sin By + Is sin By)

k=2,4,6
+ (0.187(mLg + mpg) — 0.28mg)
x (Iy cos By + Is cos Br) — 0.28(myg + mg)
x lgcos Br| + ‘0.561-"96(7(’0[S sin Bi
+ (0.187(mLg + mrg) — 0.28mg)ls cos By )
+ Z (|0.28mgl¢ cos B, + 0.56mgl; cos B,
e=1,35
+ 0.28m,gl; cos /3@| + }0.28m5gls cos Be D
(50)
The tangential force Fy(ﬁ) = 0 is brought into Egs. (30),

(32), and (34). The mathematical expressions of the foot
forces can be obtained for the legs 2, 4, and 6. Then
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Fx(fZ) —BF,gsz)/cos 0
EW BES [ sin (30° + 64) (51)
F%) BECO /sin (30° - 6)

Eq. (51) can be introduced into Eq. (50). The expanded
form of simplified mathematical model for the power
consumption of robot mobile system can be written
when the large-load-ratio six-legged robot walks under
the mixed-type II tripod gait. Then

sum2 + Psum4 + Psum6 + Psuml + PsumB + PsumS;

(52)
¢ are the power consumption
of legs 2, 4, and 6 in the support phase. P,,;, Poms and
P,..s represent the power consumption of legs 1, 3, and
5 in the transfer phase. Meanwhile, their mathematical

expressions can be written as follows:

Psum =

Where Psum2’ Psum4’ and Psum

Pgym1 = [0.28mgl; cos B] + 0.56mgl; cos B
+0.28m4gls cos 1 ’ + |0.28msgls cos 1

’

Peum> :’—0.56BF§S2) (I sin B3 + s sin By) / cos 6>
+ (0.187(mLg + mrg) — 0.28msg)
X (lt cos B4 + Is cos ,82) —0.28 (Wztg + msg)
x It cos ﬂé‘+‘—0-56BF£32)ls sin /32/ cos 6y

+ (0.187 (ng + ng) — 0.28msg) lscos B

’

Pgum3 = |0.28mgl; cos B3 + 0.56mgl; cos B
+0.28m,gl; cos B3 ’ + |0.28m5gls cos B3

’

Poams =|0.56°F{™ (1 sin B + L sin f) /sin (30° + 64)
+ (0.187(mrg + mgg) — 0.28mg)
X (lt cos By + Is cos ﬂ4) —0.28 (mtg + msg)
x I cos ﬂi|+‘0.56BF,£S4)ls sin B4/ sin (30° + 6,)

+ (0.187 (ng + ng) - 0.28msg)lS cos Pa

’

Poums = |O.28mtglt cos Bz + 0.56msgl; cos B,
+0.28m,gl; cos Bs ’ + |0.28msgls cos Bs

’
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Poums =056 F(" (1 sin i + L, sin fig) / sin (30° — 6)
+(0.187(mLg + mrg) — 0.28mg)
X (lt cos B¢ + Is cos ﬁ6) —0.28 (mtg + mgg)
x Iy cos ,Bé|—|—’0.56BF,§56)ls sin B/ sin (30° — 6g)
+(0.187(mLg + mrg) — 0.28mg) s cos Bg|.

6 Constraint Condition of Robot Stable Walking
under Tripod Gait

To realize the stable walking of robot, the certain inequal-

ity and equality constraints need to be satisfied for the

large-load-ratio six-legged robot under the tripod gait.

6.1 Inequality Constraint Conditions
6.1.1 Constraint Condition of Normal Foot Force
To maintain the contact between the support leg and the
ground, the normal foot force is nonnegative. The ine-
quality constraint condition of normal foot force can be
written for the support leg s;.

Then

BESo) > o,

6.1.2 Constraint Condition of Friction between Foot
and Ground

To ensure the stable walking of robot, it is assumed that
there is no slip between the feet and the ground. The
large-load-ratio six-legged robot has the universal walk-
ing ability. To highlight the relationship between the
ground friction and the components of foot force in the x
direction and y direction, the frictional constraint condi-
tion can be written for the support leg s;. Then

\/(BF,ESI()>2 + (BF}ESk)>2 < MBPz(Sk):

where y is the coefficient 8f ground static friction.

The tangential force Fy W 0 is introduced into Egs.
(48), (50), and (52). The mathematical expressions of tan-
gential forces in the body coordinate system 5 can be
obtained for the legs 2, 4, and 6. Then

(54)

BE(2) = PF) tan 6y,
BE(Y) = —PFSY cot (30° + 64),
B B o

F*® =PF{ cot (30° — 6¢).

(55)

When the normal foot forces of support legs and Eq.
(55) are brought into Eq. (54), the constraint conditions

(2023) 36:26
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of foot forces in the x direction can be written for the legs
2,4, and 6. Then

—% (mig + mrg) p cos 6y < BEEY
1
=3 (mLg + mrg) 11 cos by,
—% (mrg + mrg)wsin (30° +64) < Bp(ss)
(56)

1
=3 (mrg + mrg)msin (30° + 64),

—% (m1g + mrg) wsin (30° — 6) < BFL®

=<

(mrg + mrg) w sin (30° — ).

6.1.3 Constraint Condition of Articulated Driving

Due to the burden of carrying large quality materi-
als for the large-load-ratio six-legged robot, it is neces-
sary to consider the restrictions of the driving abilities
of articulated servo motors. The driving torque of each
joint should be within its maximum allowable range. The
maximum articulated torque should be determined by
comparing the articulated load torque calculated by the
maximum allowable current of driver with the articu-
lated load torque calculated by the locked-rotor torque
of servo motor. The weight of the robot and materials
is entirely borne by the support phase. In the aspect of
homogeneous joints, the torques of joints in the support
phase are greater than that in the transfer phase. Then,
the articulated torques need to be restricted in the sup-
port phase.

The articulated torques in the support phase can be
determined by both the foot forces and the motion of
robot. The constraint condition of articulated driving is
written for the total torque Ml(f") of abductor joint, the
total torque M}({sk ) of hip joint, and the total torque Ml(gk)
of knee joint under the support leg s,.

Then
(s%) (sx) (sx)
i) () < [
S, S, S,
M?fr)nax < M]({k) < M?fr)nax » (57)
S, Sk S
M Kfmax MK M Kfmax

where M].(Skn?]ax (i=A, H, K) is the maximum allowable
torque of joint j in the support leg s;.

The models of drivers at the 18 driving joints are Elmo
SOL-WHI 15/60 E02 whose the maximum allowable
current is 15 A. Based on the performance parameters

of driving devices and actuating devices in Table 1, the
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maximum allowable torques of joints can be obtained for
the abductor joint, hip joint, and knee joint of the sup-

port leg s;.
Then

k) ) o(s) (sk) . (sk)

MA_max - KMA lCA_maxlA Ny = 620 N - m,
(%) _ (e o(sk) (s) (k)

My max = KyicH maxit My = 1286 N - m,

M(Sk) _ K(Sk)'(sk) L(sk) . (sx) 1286 N
K max — fMKICK max!k Tk = - m,

(58)
By comparison, it can be concluded that the maximum
articulated torque calculated by the maximum allow-
able current of driver is far less than that of calculating
through the locked-rotor torque of servo motor. There-
fore, the articulated torques of robot can be limited by
Eq. (58). Based on Egs. (12) and (58), the constraints of
articulated torques are converted to the constraints of the
foot forces and rotational angles of joints. Then

—620N-m < Fy(fk) (I + It cos By, + s cos )
<620N-m,
~1286 N - m < F (i sin B + L sin )

() _ Mg () _ msg
+(Fz k) - msg)ltcosﬂli + (FZ k) T)lscosﬁk
<1286 N-m,

1
—1286 N-m < Fx(fk)ls sin B + (Fz(ﬂ() - gmsg> I5 cos B

<1286 N - m.
(59)
When the leg s, is in full extension, its maximum pro-
jection length is / +/+/,. According to Eq, (59), it can be
concluded that the maximum value of F,™*’ is 525 N-m
and it is much greater than the value of actual working
condition. Hence, the torque of abductor joint does not
need to be restrained. Based on Egs. (30), (32), (34), (55),
and (59), the constraint conditions of driving joints can
be written for the legs 2, 4, and 6. Then

BF;ESZ) (lt sin 85 + g sin ,82)
cos 6y

—1286N-m < —
1 1
+<3(ng + mrg) — 2msg) Is cos B

1 1 )
+ g(ng+ng)—fmfg—msg ly cos B,

2
< 1286 N - m, (60)
Br(s2); :
—1286N-m < _w
cos 6y

1 1
+ <3 (mLg + mrg) — 2m5g> Is cos By
<1286 N -m,

Page 17 of 31

~1286 N m = PF{ (e sin B + L sin ) / sin (30° + 64)

+((mLg + mrg) /3 — msg/2)ls cos Ba
+((mLg + mrg) /3 — mg/ 2 — msg)li cos By
<1286 N - m,

1286 N m = BF{¥isin iy / sin (30° + 64)

+((mLg + mrg) /3 — msg/2)lscos Ba
< 1286 N - m,

(61)
—1286 N - m < BESO (I, sin B + I sin ) / sin (30° — 65)

+((mLg + mrg) /3 — msg/ 2)ls cos Be
+((mLg + mrg) /3 — mg /2 — msg)l cos By
< 1286 N -m,

—~1286 N - m < BE(9) L sin B / sin (30° — 66)

+((ng + ng)/B - msg/Z)lS cos B¢
< 1286 N - m.

6.2 Equality Constraint Conditions
6.2.1 Constraint Condition of Body Height
To maintain the high load capacity of robot on the
ground, the bottom of body runs parallel to the ground
when the robot walks. The component BPl(:SZk ) of the posi-
tion vector BPG¥) in the z direction for the foot end of the
support leg s, is consistent with the body height # under
the body coordinate system > 5. Then
Bple) — _p, (63)
According to Eq. (63), the body height % can be
expressed by the legs 2, 4, and 6 in the body coordinate
system > . Then

h=lsin B + Issin B; (i = 2, 4, 6). (64)

6.2.2 Constraint Condition of Equal Foot Force

Due to no external forces in the walking process of robot,
the equilibrium constraint conditions of foot forces need
to be met for the support legs under the tripod gait. Then
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Bp(s2) 4 Bplss) 4 BpGse) — g,

BE() | BEG) | BEGS) — o,

Bl — Bl — BEGe) ~ %(ng + mzg),
BF2(52)BPS/2) _ BFy(Sz)BPéSZZ) + BFZ(S4)BPéSy4)
_BFy(SA')BPéS;) + BFZ(%)BPES;) _ BF;sﬁ)BPl(;ZG) =0,
BF;SQ)BPI(:S;) _ BFZ(sz)Bchz) + BF;ES‘L)BPS;) _
BF;M)BPS?) + BFygsé)BPésZe) _ BFz(Sg)BPI(:j?) =0,
BFy(sz)Bsz) _ BFész)BPl(:;z) + BF}M)BP&L) _

BFJESA;)BPlE;AL) + BF;S6)BP1E‘;6) _ BF9£86)BP1§—;6) =0.
(65)

According to Eq. (65), the constraints of foot forces in
the x direction can be written among the legs 2, 4, and 6.
Then

BpGa) _ _ cot (30° — 6¢) + cot (30° + 64) Bpse)
* tan 6y + cot (30° 4 64) ¥
Bp(a) _ cot (30° — 6) —tanbr )

* tanfy + cot (30° +64) %
(66)
Based on Eq. (66), —8.7°<6,<0°, —3.8°<6,<0°, and
—5°<6,<0°, Eq. (56) can be rewritten as follows:
cos (30° + 04 — 63) .

1 o
< g(?ﬂlg—’-MRg)Mm sin (30 —06).
(67)

According to Eq. (66), 0°<8,<8.7°, 0°<6,<5°, and
0°<6,<3.8° Eq. (56) can also be rewritten as follows:

‘B Foo

< %(ng +mpg)u BT 0 7 0) G (300 _ ).

‘BF(S())
* c0s (30° — G — 6)
(68)

Table 2 Working conditions of variable values
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7 Power Consumption Solution of Robot Mobile

System under Tripod Gait
According to Eq. (52), it can be concluded that the sim-
plified mathematical model has 18 variables for the
power consumption of robot mobile system when the
robot walks under the tripod gait. Although the range
of each variable has been known, the enormous amount
of computation will be caused by changing 18 variables
together. Therefore, the values of partial variables are
assumed in their range. The influences of remaining vari-
ables are analyzed on the power consumption of robot
mobile system.

Based on Egs. (52), (66), (67), and (68), it can be con-
cluded that Eq. (52) contains only the rotational angle
variables, which are 8/, 8., B¢ 1/, 55, and f5’ for the
hip joints and B,, B4, Be B1» By and B for the knee joints
of robot, when the values of BF,;*’ and rotational angles
0,, 0,, and 6, of abductor joints have been known. The
homogeneous joints have the same ranges of rotational
angles for the hip joints and knee joints. To reduce the
difficulty of numerical solution in the power consump-
tion of robot mobile system, it can be prescribed that
the homogeneous joints have the same rotational angles.
Then, Eq. (52) includes only the rotational angle 3/ of hip
joint and rotational angle f5; of knee joint, which is pro-
pitious to solve the power consumption of robot mobile
system under the tripod gait.

According to the assumed values of variables, the
power consumption solution of the robot mobile system
can be divided into three first order working conditions;
they are the working conditions i, ii and iii. Each of the
first order working condition contains three secondary
working conditions. Meanwhile, the first order working
conditions i, ii, and iii respectively correspond to the left
boundary of interval, zero value, and right boundary of

Working conditions
support phase (°)

Rotational angles of abductor joints under

X directional foot forces BF)((S") of leg 6 (N)

-1 6,= -8.7°,0,= 3.8, G= -5° BEUS) . — 0.1789(m1g + mag)
-2 6,=-8.7°,0,= ~3.8°, Og= -5° BEUS) . = —0.1789(mLg + Mag)ie
-3 6,=-8.7°,0,= ~3.8°, = —5° BFUS) =0
i ii-1 6,=6,=0,=0° BF max = 0.1667(MLg + MRt
ii-2 0,=0,=05=0° BECS) o = —0.1667(mLg + mrg)u
i-3 0,=0,=6,=0° BEC®) o = 0
i ii-1 0,=8.7°, 0,=59, 0;=3.8° BFCS) . = 0.1383(mLg + Mgt
iii-2 0,=8.7°,0,=5°, 6,=3.8° BE(S) o = —0.1383(MLg + MR
iii-3 6,=8.7°,6,=5°, 0,;=3.8° BFUS) . =0
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interval for the rotational angles of abductor joints. The
secondary working conditions i-1, ii-1, and iii-1 corre-
spond to the positive values of maximum constraint for
the x directional forces of leg 6 under the corresponding
first order working conditions. The secondary working
conditions i-2, ii-2, and iii-2 correspond to the negative
values of maximum constraint for the x directional forces
of leg 6 under the corresponding first order working con-
ditions. The secondary working conditions i-3, ii-3, and
iii-3 correspond to the zero values for the x directional
foot forces of leg 6 under the corresponding first order
working conditions. Then, the working conditions of

RN
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ORI
\0' ORI
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Q OO
O\ .\? AN
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Figure 12 Variable tendency charts of P
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variable values for the power consumption solution of
robot mobile system are respectively shown in Table 2.
Then, the mass of the large-load-ratio six-legged robot
is presumed to be 300 kg. The maximum mass of carrying
materials is 150 kg. The effective dimensions of the robot
are about 1.2 mx1.2 mx1.0 m. The MATLAB software
is used to carry out the numerical solution for the power
consumption P, .. of robot mobile system based on the
size and quality parameters of the robot, results of above
simplification analysis, and constraint conditions of sta-
ble walking. The rotational angles of hip joint and knee
joint can change within their own reachable ranges. The
range of body height / is between 0 m and 1 m. The range

B (kW)

: i S
: /L {
£ QSO

Q;ﬁ gs;‘..

g W
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g
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of span L, is between 0 m and 1.18 m. The normal forces
of the foot ends are (m1;g+myg)/3 for the support legs 2,
4, and 6. For the convenience of following analysis, the
variable tendency charts of the power consumption P,
of robot mobile system can be composed of chart fields

X (x=A, B, C, D, E, and F, i =i, ii, and iii, j/=1, 2, and 3).

7.1 Numerical Solution of Power Consumption under Left
Boundary of Rotational Angle of Abductor Joint

The foot ends of support legs 2, 4, and 6 are specified at

the point s4. Then, the values of rotational angles 6,, 8,,

and 6, are —8.7°, —3.8°, and —5° for the abductor joints of

legs 2, 4, and 6, respectively. The foot force of leg 6 in the

x direction is constrained. Then

’BFJESG)

< 0.1789(m1g + mgrg) 1. (69)
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The variable tendency charts of the power consump-
tion P, of robot mobile system are respectively gained
under the secondary working conditions i-1, i-2, and i-3;
they are shown in Figures 8, 9, and 10.

Based on Figures 8, 9, and 10, it can be concluded that
the large-load-ratio six-legged robot, which walks by the
mixture-type II tripod gait under the first order working
conditions i, can have lower power consumption P of
mobile system when the rotational angle S of knee joint
should be between 107.5° and 150, the rotational angle
p’ of hip joint should be taken near the boundary of
desirable interval from —72° to 72°, and the span L, is in
the range of 0.18 m to 0.55 m. To make the large-load-
ratio six-legged robot more flexible, the left boundary of
the rotational angle of abductor joint can be relaxed to

72.5° for the rotational angle S of knee joint.

Power consumption B, (kW)

Figure 14 Variable tendency charts of P, under secondary working conditions iii-1: a With changes in 8 and B, b with changes in h and L,
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7.2 Numerical Solution of Power Consumption under Zero
Value of Rotational Angle of Abductor Joint
The foot ends of support legs 2, 4, and 6 are specified at
the middle position between the point s, and the point s,
Then, the values of rotational angles 8,, 8,, and 6, are 0°
for the abductor joints of legs 2, 4, and 6. The foot force
of leg 6 in the x direction is constrained.
Then

< 0.1667 (mLg + mgrg) 1.

a8 (70)

The variable tendency charts of the power consump-
tion P, of robot mobile system are respectively gained

under the secondary working conditions ii-1, ii-2, and
ii-3; they are shown in Figures 11, 12, and 13.

According to Figures 11, 12, and 13, it can be con-
cluded that the large-load-ratio six-legged robot, which
walks by the mixture-type II tripod gait under the first
order working conditions ii, can have lower power con-
sumption P, of mobile system when the rotational
angle S of knee joint should be between 107.5° and 150°,
the rotational angle 8’ of hip joint should be taken near
the boundary of desirable interval from —72° to 72°, and
the span L, is in the range of 0.18 m to 0.55 m. To make
the large-load-ratio six-legged robot more flexible, the
left boundary of the rotational angle of abductor joint can
be relaxed to 72.5° for the rotational angle /5 of knee joint.
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Table 3 Whole ranges of rotational angles of 8 and 8 under chart field 8, of lower power consumption P,

Working conditions Range of 8/ (°) Range of 3 (°) Value of 8’ under maximum  Value of g/ under
Pyum () minimum P, (°)
i-1 —-7210 90 107.5-150 12 =72
i-2 -72t072 72.5-150 =12 72
i-3 -8710 87 90-150 0 -87 and 87
ii ii-1 -721090 107.5-150 12 -72
ii-2 -72t072 72.5-150 -12 72
ii-3 -871087 90-150 0 -87 and 87
iii jii-1 —721t0 90 105-150 12 72
iii-2 -721t072 75-150 -12 72
iii-3 -87t0 87 90-150 0 -87 and 87
7.3 Numerical Solution of Power Consumption B (s
under Right Boundary of Rotational Angle of Abductor ‘ F; ?| < 01383 (ng + ng)M' (71)

Joint
The foot ends of support legs 2, 4, and 6 are specified at
the point s,. Then, the values of rotational angles 6,, 6,,
and 6 are 8.7°, 5°, and 3.8° for the abductor joints of legs
2, 4, and 6, respectively. The foot force of leg 6 in the x
direction is constrained. Then

Power consumption P, (kW)

& 2R
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The variable tendency charts of the power consump-
tion P, of robot mobile system are respectively gained
under the secondary working conditions iii-1, iii-2, and
iii-3; they are shown in Figures 14, 15, and 16.
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Based on Figures 14, 15, and 16, it can be concluded
that the large-load-ratio six-legged robot, which walks by
the mixture-type II tripod gait under the first order work-
ing conditions iii, can have lower power consumption
P, of mobile system when the rotational angle 8 of knee
joint should be between 105° and 150°, the rotational
angle f’ of hip joint should be taken near the boundary
of desirable interval from —72° to 72°, and the span L, is
in the range of 0.18 m to 0.55 m. To make the large-load-
ratio six-legged robot more flexible, the left boundary of
the rotational angle of abductor joint can be relaxed to
75° for the rotational angle /5 of knee joint.

7.4 Solving Results of Power Consumption of Robot
Mobile System under Tripod Gait

Based on Eq. (52), the power consumption of robot

mobile system under the mixture-type II tripod gait is

solved numerically. The analysis results are obtained as

follows.

(I) When the rotational angles of abductor joints
are within the prescribed ranges (-8.7°<6,<8.7°,
-3.8°<0,<5°, -5°<0,<3.8°) for the legs 2, 4, and 6, the
normal foot forces of legs 2, 4, and 6 are about 1/3 of the
sum of robot weight and the load. The changes of 8,, 6,,

Power consumption £ (kW)

Higher P
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and 6, within the prescribed range have little effect on
the power consumption P, of robot mobile system.
(2) The value of BF{*), affects the values of BE{™2).

and BFS% ... The changes of BF{2.., BFS%. . and
BF,Eiﬁ)nax have some influence on the power consump-

tion P of robot mobile system, but that influence is not
significant.

(3) The chart field B, ; (i=i, ii, iii; j=1, 2, 3) corresponds
to the lower power consumption P, of robot mobile
system, which involves the preferred ranges for the rota-
tional joint S’ of hip joint and the rotational joint 3 of
knee joint. The whole ranges of rotational angles 5’ and
B which have the lower power consumption P, under
the working conditions i, ii and iii are respectively shown
in Table 3.

According to Table 3, it can be concluded that the
large-load-ratio six-legged robot has relatively lower
power consumption of mobile system when the ranges
of the rotational angles of abductor joints should be
-8.7°<0,<8.7°, —3.8°<6,<5°, and —5°<8,<3.8, the opti-
mal ranges of the rotational angle of hip joint should
be —72°<f'<-12° and 12°<f'<72°, and the optimal
ranges of the rotational angle of knee joint should be
107.5°<3<150°. Based on the trafficability, stability and

region

um

Figure 18 Variable tendency chart of Py, with change in span L,

1.2
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Figure 19 Walking experiments of mixture-type Il gait

flexibility of robot, the optimal range can be broadened
to 72.5°<f<150° for the rotational angle of knee joint.
The rotational angles of hip joint and knee joint do not
simultaneously take place at the value boundary because
of the interference, stability, etc.

(4) The variable trend of the power consumption P,
moves gradually from augmentation to a decrease when
the rotational angle S of knee joint is any constant in its
interval, and the rotational angle 8’ of hip joint varies
over its range. Based on Table 3, the value of ' under the
maximum P, can be obtained in the chart field B, ;. The

1.4

1.3F

L - /
12 g4—"

1.1F ‘\./

— A
LOFa—_,

09

Average power consumption P, (kW)

0.8

\A

variable tendencies of P, move gradually from aug-
mentation to a decrease with the change in the body
height / from 0 m to 1 m. P, usually has the maximum
value when the body height % is near 0.58 m. The vari-
able tendency chart of P, with the change in the body
height % is shown in Figure 17. In Figure 17, P, has
multiple solutions at the same body height 4, which is
due to the changes of the rotational angle S’ of hip joint
and rotational angle B of knee joint in their interval.

The curve concentrated area is the preferred low power

—a— =12
—— ﬁR:2/3
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Figure 20 Variation curves of P, with change in body height h
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consumption region. To obtain relatively low P, the
body height /4 of robot should avoid 0.58 m.

(5) Based on the stability of robot, the power consump-
tion Py, of robot mobile system is often relatively low
when the span L, is between 0.18 m and 0.55 m. The vari-
able tendency chart of P, with the change in the span
L, is shown in Figure 18. In Figure 18, P, has multiple
solutions at the same span L, which is due to the changes
of the rotational angle /3’ of hip joint and rotational angle
B of knee joint in their interval. The area of curve concen-
tration is the preferred low power consumption region.
To obtain relatively low P, the body height % of robot

should avoid 0.58 m. Then, the overall range of span L,

can be obtained at relatively low P,

sum’

8 Experimental Analysis of Average Power
Consumption of Robot Mobile System
under Mixture-Type Il Tripod Gait
According to the typical walking modes of the large-load-
ratio six-legged robot, the hard ground walking experi-
ments of prototype are implemented with the changes
in the duty ratio Sy, body height /# and step pitch s. The
walking experiments under the mixture-type II tripod
gait are respectively shown in Figure 19. To obtain the

—l—ﬂR=1/2
[ —o— [r=2/3
141 b

1.3-./

1.2 F

Average power consumption P, (kW)
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average power consumption P, of robot mobile system,
the prototype of large-load-ratio six-legged robot walks
three gait periods. When the prototype of robot is walk-
ing on the hard ground, some parameters are set as fol-
lows. The initial span L’,; is 0.68 m. The duty ratio f is
respectively set to 1/2, 2/3, and 5/6. The movement time
(TM) is set to 0.3 s in the programmable multi-axis con-
troller (PMAC). The maximum swing height /4. and
initial lift height &y of the swing leg are respectively set
to 0.10 m and 0.03 m. The mass m1 of carrying materials
is 0 kg.

The prototype of large-load-ratio six-legged robot
walks along the Y} direction of the body coordinate sys-
tem ) under the mixture-type II tripod gait (8z=1/2),
quadrangular gait (5z=2/3), and pentagon gait (5z=5/6),
respectively. The initial angles of abductor joints are set
to 60° for the legs 1, 3, 4 and 6. The initial angles of 0° are
set for the abductor joints of legs 2 and 5.

8.1 Change of Body Height

When the large-load-ratio six-legged robot walks under
the mixture-type II gait, the body height / varies from
0.25 m to 0.65 m. The step pitch s is kept at 0.30 m. The
variation curves of the average power consumption P, of

—_—
[ ] ([

11 — /
re— 4

1.0 F
5 A
- A

0.8 1 L 1 L 1 1 L 1 L 1 L ]
0.10 0.15 0.20 0.25 0.30 0.35 0.40

Step pitch s (m)

Figure 21 Variation curves of P, with change in step pitch s
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robot mobile system with the change in the body height /
are shown in Figure 20.

In Figure 20, it shows that the average power consump-
tion of robot mobile system under the mixture-type II
tripod gait is the largest among the mixture-type II gait
when the body height /# changes from 0.25 m to 0.65 m.
The minimum value of the average power consumption
P, can be obtained under the mixture-type II pentagon
gait. Based on Figure 20, it is concluded that the aver-
age power consumption P, of robot mobile system is not
necessarily minimal when the body height / is the small-
est. The average power consumption curves of robot
mobile system exhibit the nonlinear variation character-
istics under the mixture-type II gait. The corresponding
minimum values of the average power consumption can
be obtained when the body heights are 0.25 m, 0.30 m
and 0.55 m under the mixture-type II tripod gait, quad-
rangular gait, and pentagon gait, respectively.

According to Figure 20, it shows that the variable ten-
dency of P, under the mixture-type II tripod gait moves
gradually from augmentation to a decrease with the
increase of the body height 4. The average power con-
sumption P, of robot mobile system has a maximum
value of 1335 W when the body height is 0.60 m under
the mixture-type II tripod gait. Then, it can be concluded
that the experimental results are consistent with the
theoretical analysis results of the power consumption of
robot mobile system under the tripod gait in Section 7.

Based on Figure 17 in Section 7, it can be obtained that
the variable tendency of P, moves gradually from aug-
mentation to a decrease with the increase of the body
height / from 0 m to 1 m. P, usually has the maximum
value when the body height % is around 0.58 m. When
the body heights are 0.6021 m and 0.6035 m, the maxi-
mum values of Py are 1293 W and 1372 W respectively.
Therefore, according to Figures 17 and 20, it is proved
that the theoretical analysis process is reasonable, and
the analysis results are correct through the experiments
of the influences of the gait parameters on the power
consumption of robot mobile system. The theoretical
analysis results can be applied to the motion planning of
the prototype of large-load-ratio six-legged robot so as to
keep the relatively low power consumption of mobile sys-
tem under the tripod gait.

8.2 Change of Step Pitch

When the large-load-ratio six-legged robot walks under
the mixture-type II gait, the body height 7 is kept at 0.50
m. The step pitch s varies from 0.10 m to 0.40 m. The
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variation curves of the average power consumption P, of
robot mobile system with the change in the step pitch s
are shown in Figure 21.

In Figure 21, it shows that the average power consump-
tion of robot mobile system under the mixture-type II
tripod gait is the largest among the mixture-type II gait
when the step pitch s changes from 0.10 m to 0.40 m.
The minimum value of the average power consumption
P, can be acquired under the mixture-type II pentagon
gait. The variable tendency of P, moves gradually from
augmentation to a decrease with the increase of the step
pitch s under the mixture-type II tripod gait. The aver-
age power consumption curve of robot mobile system
first decreases, then increases and then decreases under
the mixture-type II quadrangular gait. The curve of P,
presents an increasing trend under the mixture-type II
pentagon gait with the change in the step pitch s. As the
step pitch s increases, the average power consumption
P, of robot mobile system does not necessarily increase.
Therefore, the robot should choose the correspond-
ing step pitch under the lower power consumption of
robot mobile system according to the different modes of
walking.

To summarize, based on the walking experiments of
the prototype of large-load-ratio six-legged robot, the
variable tendencies of the average power consumption of
robot mobile system are respectively obtained with the
changes in the initial angle A, of abductor joint, body
height 4, and step pitch s, which is conducive to select-
ing the suitable gait parameters for the large-load-ratio
six-legged robot. The pentagon gait and the tripod gait
respectively have the minimum and maximum values
of the average power consumption of robot mobile sys-
tem in terms of the same gait parameters and low power
consumption. If the walking speed of robot is taken
into account, the tripod gait that has the largest average
power consumption of mobile system is often chosen for
the prototype of robot. Therefore, the large-load-ratio
six-legged robot should choose the appropriate walking
gait according to the actual task requirements. The aver-
age power consumption of robot mobile system is only
one of the factors considered in the gait selecting.

9 Conclusions and Future Work

(1) To make the electrically driven large-load-ratio six-
legged robot have the characteristics of universal
walking, the body of robot adopts a regular polygon.
And six legs are evenly distributed around the robot
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body. Based on the configuration characteristics of
robot, four kinds of the typical walking modes are
designed; they are the crab type, ant type, mixture
type I, and mixture type II.

The dynamics analysis is carried out for the elec-
trically driven large-load-ratio six-legged robot.
According to the final output torques of articulated
servo motors, the mathematical expressions of joint
loads are respectively deduced in the support phase
and transfer phase. The mathematical models of
the power consumption are established for the sin-
gle leg and mobile system of the electrically driven
large-load-ratio six-legged robot.

The tripod gait is the fastest gait and common gait
for the six-legged robot. The power consumption
of robot mobile system is studied under the tripod
gait. Based on the normal force data of foot ends of
the robot prototype during the walking experiments
of the ant-type and carb-type tripod gaits, it is con-
cluded that the y-direction force of the foot end
of each leg can be neglected in solving the power
consumption of robot mobile system, which real-
izes the dimensionality reduction about the stati-
cally indeterminate problem of robot. To maximize
the support performance of each leg in the support
phase, the necessary conditions of equal normal
forces at the foot ends are analyzed under the tri-
pod gait. The range of rotational angle is gained for
the abductor joint of each leg in the support phase.
Finally, the simplified power consumption model of
mobile system under the tripod gait is established
for the electrically driven large-load-ratio six-legged
robot.

To provide the necessary variable constraints for
the numerical solution of the power consumption
of robot mobile system, the stable walking con-
straints of the electrically driven large-load-ratio
six-legged robot are analyzed. Then, the inequal-
ity constraint conditions which include the normal
force of foot end, friction between foot and ground,
and articulated driving, and the equality constraint
conditions which involve the body height and equal
foot force, are respectively acquired.

According to the size and quality parameters of
robot, results of simplification analysis, and con-
straint conditions of stable walking, the MATLAB
software is employed to implement the numerical
solution of the power consumption of robot mobile
system under the variable working conditions of the
tripod gait. The variable tendencies of the power
consumption of robot mobile system are respectively
gained with the changes in the rotational angles of
the hip joint and knee joint, body height, and span.

(7)
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The articulated rotational zones and the ranges of
body height and span are respectively determined
under the lowest power consumption. Then, the
body height should avoid 0.58 m. The interval of
span should be maintained at 0.18 m to 0.55 m.
Based on the developed prototype of the electrically
driven large-load-ratio six-legged robot, the walking
experiments of prototype are respectively actualized
under the mixture-type II gait. The variable tenden-
cies of the average power consumption of robot
mobile system are acquired with changes in the duty
ratio, body height and span. The values of the body
height and span are also obtained under the mini-
mum average power consumption of mobile system.
The average power consumption curves of robot
mobile system in the walking experiments are con-
sistent with the power consumption curves of robot
mobile system in the theoretical analysis, which fur-
ther verifies the feasibility and correctness of the pro-
posed analysis method about the power consump-
tion of robot mobile system in this paper.

In view of the fact that the maximum walking speed
of robot is not high, and the walking speed is usu-
ally less than the maximum walking speed, the
mathematical model of the power consumption of
robot mobile system is established at the low walk-
ing speed for the electrically driven large-load-ratio
six-legged robot. Then, it is difficult to directly solve
the mathematical model of the power consump-
tion of robot mobile system due to many of vari-
ables. Hence, the simplification of the mathematical
model is facilitated for analyzing the power con-
sumption of robot mobile system. This paper theo-
retically analyzes the power consumption charac-
teristics of robot mobile system under the tripod
gait on the hard flat ground. It verifies the rational-
ity and accuracy of the theoretical analysis method
of power consumption through the prototype walk-
ing experiments of the electrically driven large-
load-ratio six-legged robot. Then, the theoretical
and experimental research of the power consump-
tion will be actualized for the mobile system of the
electrically driven large-load-ratio six-legged robot
in the rough terrain. The comparative analysis of
the power consumption will be carried out between
the hard flat ground and the rough terrain.

Appendix
See Table 4.
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Variable name Definition of variable

Variable name

Definition of variable

m

m

M,
Ui@)'
B F,-

ED

20

G
Di(q)
hi(q.9)

9,(q)
(sk)
Mg,

(sk)
MSH

o
Msg

Length of coxa

Length of thigh

Length of shin

Mass of coxa

Mass of thigh

Mass of shin

Moment of inertia for the coxa

Moment of inertia for the thigh

Moment of inertia for the shin
Duty ratio

Abductor joint of the leg i

Hip joint of the leg i
Knee joint of the leg i
Angle between the coxa and the thigh of leg i

Angle between the coxa and the shin of leg i
Angle between the thigh and the shin of leg i

Leg uin the support phase

Leg rin the transfer phase

Abductor joint coordinate system of the leg i, including
xf’), Yw(l)/ and ZW(/)

Vector of articulated torque of the leg i, M; € R>*!

Vector of articulated torque from the dynamics item of
the legj, M; € R?*!

Vector of articulated torque from the foot force of leg /,
My e R3><1

Transpose of velocity Jacobian matrix, (Ji(q))" € R>*3

Foot force vector of the leg i in the coordinate system
Sgory,,BFi e R
Kinetic energy of the leg i

Potential energy of the leg i
Lagrange function of the leg i

Inertial matrix of the joint of leg /, Di(q) € R**3

Force vector of the leg i including the centrifugal iner-
tial force and Coriolis inertial force, hi(q,q) € R3*3

Gravity vector of the leg i, g;(q) € R*'

Torque of abductor joint of the support leg s in view of
the foot force

Torque of hip joint of the support leg s, in view of the
foot force

Torque of knee joint of the support leg s, in view of the
foot force

et

Xg(,l], yé/‘)lzg/‘)

28
>
Fg

Mg

28
>0

BF)§5/<)I BF;Sk)’B FZ(Sk)
F)ﬁka' F)Efk), Fz(fk)
BPESk)

20,

BRO
BRO)

fRO

0RO

Mg

MY

MY

M

A
i i 00
!
PO, PY, PO
U, U, ud
Pim

’Dsum

S

Components of hip joint coordinate system of the leg i
Components of knee joint coordinate system of the leg j

Body coordinate system of the robot

Ground coordinate system

Principal vectors, including gy, Fgy, and g,
Principal moment, including Mgy, Mgy, and Mg,

Foot coordinate system of the leg j, it has the same posi-
tive direction with the ),

Foot coordinate system of the leg /, it has the same posi-
tive direction with the Y

Foot forces of leg s, of the support phase in the Zok

Foot forces of leg s, of the support phase in the ka
Position vector of foot end of the leg s, in the > "5, includ-
ing Bpésxk)’ Bpé;k)’ and Bpgk)

Coordinate system connecting the leg i and the body
Initial angle of abductor joint between 0° line and leg i

Rotation angle of abductor joint based on the initial
angle AG; of leg i

Rotation angle between the 3~ and the > ; for the leg /
Rotation matrix from the 3~ to the » g for the leg

i8RV e R

Rotation matrix from the >, to the > g for the leg

['ER(/) c R3><3

Rotation matrix from the 3, to the ZWER(") € RS
Rotation matrix from the 3, to the Eo,IOR(/) € RS

Torque of knee joint of the swinging leg t,

Final output torque of servo motor for the abductor joint
oflegi

Final output torque of servo motor for the hip joint of
legi

Final output torque of servo motor for the knee joint of
leg i

Torque constants of servo motors for the abductor joint,
hip joint, and knee joint of leg i

Currents of servo motors for the abductor joint, hip joint,
and knee joint of leg i

Transmission ratios for the abductor joint, hip joint, and
knee joint of leg i

Transmission efficiencies for the abductor joint, hip joint,
and knee joint of leg i

Power consumption of the servo motors for the abductor
joint, hip joint, and knee joint of leg i

Voltages of servo motors for the abductor joint, hip joint,
and knee joint of leg i

Power consumption of the leg i

Power consumption of robot mobile system
Step pitch of robot

Span, projection length of the leg / in the coordinate
system of abductor joint
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Variable name Definition of variable

Variable name

Definition of variable

M(DSZ) Torque of abductor joint of the support leg s in view of
the movement of robot

MS»:) Torque of hip joint of the support leg s, in view of the
movement of robot

MG Torque of knee joint of the support leg s, in view of the

DK movement of robot

ME\SU Total torque of abductor joint of the support leg s,

MSU Total torque of hip joint of the support leg s

M(KSU Total torque of knee joint of the support leg s

MXG) Torque of abductor joint of the swinging leg t,

MSO Torque of hip joint of the swinging leg t,

P max Maximum swinging height of leg in the transfer phase

Top Effective radius of the bearing platform

Sur 4 Upper point of foot and nether point of foot when the

robot walks

L

Gpg)
GP(()f)
OPE)

Bpg)

o Initial span of the leg i when the robot is about to walk.

Distance from the coordinate origin onA’ to the ground
Body height of robot

Position vector from the foot of leg i to the ground coor-
dinate system > ¢

Position vector from the coordinate system >~ to the
ground coordinate system Y

Foot position vector of the leg i in the coordinate system
2,

Position vector form the coordinate system >~ to the
body coordinate system " for the leg i

hrg Initial lifting height of leg in the transfer phase

Y Position matrix of foot ends of the support phase in the

28

Coefficient of ground static friction

BF, Force matrix of the foot in the coordinate system > g for

the leg in the support phase
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