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ABSTRACT To enable quadruped robot to walk through unknown rough terrains without any machine vision
system, a continuous static gait planning method is proposed in this paper. A algorithm for on-line terrain
complexity evaluation according to touchdown times of swing feet is presented to make quadruped robot
obtain the information of terrain without relying on machine vision system. Quadruped robot can obtain
enough stability margin during walking process by using the proposed body trajectory planning method,
and motion continuity of body can be guaranteed. In order to improve the terrain adaptability of quadruped
robot, a tunable parameter is set in the body planning method, and the relationship between value of the
tunable parameter and terrain complexity estimation is given to further improve terrain adaptability and
energy utilization rate. With the proposed static gait generation method, quadruped robot can autonomous
plan its static gait in real-time and travel over unknown rough terrains with enough stability margin. The
simulation results show the correctness and effectiveness of the proposed method.

INDEX TERMS Quadruped robot, static gait planning, estimation of terrain complexity, foot swing

trajectory.

I. INTRODUCTION
Quadruped robots can walk on rough terrains, even on com-
plex terrain that wheeled and tracked robots cannot cross [1].
In many research fields of quadruped robots, gait planning
is one of the most basic and important aspects. A robust
gait can help quadruped robot to pass through different types
of rough terrain, especially those unstructured and natural
terrain with high complexity. Among a variety of quadrupedal
gaits, quadruped robots usually choose static gait to improve
their walking stability. In the research of static gait, McGhee
and Frank first give the mathematical description of the
static gait of quadruped robot [2]. After that, many scholars
proposed the methods of static gait planning for quadruped
robots.

Ma et al. [3] proposed a successive gait-transition method
for quadruped robot to realize omnidirectional static walk-
ing. Hwang and Youm [4] developed a steady crawl gait.
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The main feature of the suggested algorithm is that it is
not based on foothold selection and it can be used for the
walking of blind robots on more realistic irregular terrain.
Santos and Matos [5] developed a quadruped locomotion con-
troller able to generate omnidirectional locomotion and a path
planning controller for heading direction. Chen et al. [6] pre-
sented translational crawl and path tracking for a quadruped
robot named TITAN-VIII, to walk on rough ground.
Loc et al. [7] presented a study on improving the traversabil-
ity of a quadruped walking robot in 3D rough terrains. In these
methods, terrain information are not taken into account in
gait planning of quadruped robot. When quadruped robots
use these methods, they are prone to lose stability because
of influence of terrain changes.

In order to improve terrain adaptability, quadruped robot
must be able to obtain terrain information and adjust its
motion mode or gait parameters according to the obtained
information. Equipped with machine vision system for
quadruped robots is the main way to obtain terrain informa-
tion. Fankhauser et al. [8] presented a motion planner for the
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perceptive rough terrain locomotion with quadrupedal robots.
The planner finds safe footholds along with collision-free
swing-leg motions by leveraging an acquired terrain map.
They experimentally validated the proposed approach with
the quadrupedal robot ANYmal by autonomously traversing
obstacles such steps, inclines, and stairs. Bazeille et al. [9]
presented a framework for a quadruped robot, which per-
forms goal-oriented navigation on unknown rough terrain by
using inertial measurement data and stereo vision. By using
accurate a-priori given maps and external robot state sen-
sors, some gait planning methods were presented by different
teams for the quadruped robot named Little-Dog travelling
over different types of rough terrains [10]-[16], and the
feasibility and effectiveness of these methods in practical
applications were analyzed through the experimental results.
Havoutis et al. [17] presented a framework that utilizes
on-board perception to adapt a large quadruped’s behaviour
according to the situation at hand. The proposed frame-
work can switch between a dynamic trot and a stable crawl
gait. Winkler et al. [18] presented a framework for dynamic
quadrupedal locomotion over challenging. They built a model
of the environment on-line and on-board using an efficient
occupancy grid representation for a hydraulic quadruped on
challenging terrain. Chilian and Hirschmiiller [19] developed
a navigation algorithm for mobile robots in unknown rough
terrain. The algorithm is solely based on stereo images and
suitable for wheeled and legged robots. Based on stereo
vision, Shao et al. [20] proposed a locomotion control sys-
tem for a quadruped robot that is able to perform adaptive
locomotion in unknown environments cluttered with many
obstacles. Wermelinger et al. [21] presented a framework
for planning safe and efficient paths for a legged robot in
rough and unstructured terrain. Typical terrain characteris-
tics were computed such as slope, roughness, and steps to
build a traversability map. By using these methods, although
quadruped robot can accurately obtain terrain information,
it needs to equip the robot with complex machine vision sys-
tems, and the computational complexity of image information
processing is large.

To overcome these shortcomings, this paper presents a con-
tinuous static gait generation method for quadruped robots
based on on-line terrain complexity estimation. Using the
terrain complexity estimation method proposed in this paper,
quadruped robot can estimate the complexity of terrain in real
time only according to touchdown times of swing feet without
relying on machine vision system. According to support pat-
tern of quadruped robot, the body trajectory planning method
is given. The proposed method can not only effectively
help quadruped robot increase its stability margin, but also
ensure that the speed and acceleration of body motion are all
continuous. According to the proposed relationship between
the estimated terrain complexity and the tunable parameter in
body trajectory planning method, quadruped robot can deter-
mine independently the value of tunable parameter accord-
ing to terrain complexity estimation, thus improving terrain
adaptability and energy utilization rate of quadruped robot.
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(b)Simulation model of the hydraulic
actuated quadruped robot

(a)Prototype of the hydraulic
actuated quadruped robot

FIGURE 1. The prototype and simulation model of the hydraulic actuated
quadruped robot.

TABLE 1. The major specifications of the hydraulic actuated robot model.

Mass 90Kg
Length(Lp) 0.7m
Body Dimensions  Width(Wp)  0.35m
Heigh(Hp) 0.2m

Mass 10Kg
Lo 0.05m
beg Dimensions Ly 0.3m
Lo 0.3m

The simulation results verify the correctness and effectiveness
of the proposed method.

Il. THE MODEL AND THE COORDINATE FRAMES OF THE
QUADRUPED ROBOT
The evaluation of our approach is done on the simulation
model of a hydraulic actuated quadruped robot. Fig.1 pro-
vides the prototype of the hydraulic actuated quadruped robot
and its simulation model established in the software Webots.
The major specifications of the hydraulic actuated robot
model are listed in table 1, and the coordinate frames related
to the gait generation method proposed in this paper are
shown in the Fig.2. The four red crossed in the Fig.2 rep-
resent the projection of the four support points correspond
to the four support feet projected on the horizontal plane,
respectively.

. ection™
__Moving directt®T

The projection of COG projected
on the horizontal plane

FIGURE 2. The coordinate frames related to the gait planning method
proposed in this paper.
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The body coordinate frame {80} is defined with its origin
at the COG(Center of Gravity) of the body of robot, and the
By axis is pointing forward. The Bz axis of the coordinate
frame {#0} is pointing upward, and the direction of the By
axis is determined by the right hand rule. The origin of the
coordinate frame {F0} is located at the vertical projection
of the COG (projected on the horizontal ground) with the ©x
axis parallel with the forward direction. The ¥z axis of the
coordinate frame {0} is pointing to the opposite direction
of the gravity and the 'y axis of the coordinate frame {0}
parallel with the Py axis of the {0}. The world coordinate
frame { O} with its origin fixed on the ground is the major
reference of the overall system.

Ill. THE FOOT SWING SEQUENCE OF THE PROPOSED
STATIC GAIT
The use of an appropriate foot swing sequence is helpful for
improving walking stability of quadruped robot. There are six
different foot swing sequences of non-singular quadrupedal
static gaits proved by McGhee and Frank [2]. Among these
six foot swing sequences, there is only one foot swing
sequence, 4-2-3-1(the foot no. is shown in Fig.1), can be used
to ensure stability of quadruped robot with the COG move
forward at all times [22]. Therefore, this foot swing sequence
is chosen for quadruped robot motion planning in this paper.
Although the support triangles corresponding to different
swing feet are different, there is a triangle-shaped intersection
of two subsequent support triangles of hind and front swing
feet on the same side of robot’s body. This intersection is
called a ““double support triangle” (DST) [10], [12] and is
often used in body trajectory planning for static walk of
quadruped robot. Taking the support pattern of the robot
shown in Fig.3 as an example, the dotted and dashed triangle
represent the support triangle of a hind foot and a front foot
respectively, and the red sold triangle is a DST.

e

Moving direction

3

(a)DST Correspond to
two left legs

(b)DST Correspond to
two right legs

FIGURE 3. A diagram of DST.

Given the minimum static stability margin (S,,;,) require-
ment, the shadow areas shown in Fig. 4 are the stable areas
for the swing movements of the corresponding two ipsilateral
feet. When projection of COG located in these area, the front
foot can be lifted up stably just after the hind foot on the
same side of body touches the ground. From the Fig.4, it can
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/ DST M—>

FIGURE 4. The stable regions during moving of quadruped robot.

be seen that the stable areas respectively correspond to the
swing movements of the left two feet and the right two feet
are disjoint because of the presence of the S,,;,;,. Whenever
quadruped robot completes the swing movements of the two
feet on the same side in turn, a body sway phase (BSP) is
necessary to move the COG from the current DST to the
following DST before the hind feet on the other side swing
forward to guarantee the stability of quadruped robot no
less than the value of S,,;, in the whole walking process of
quadruped robot.

In this paper, the whole walking process of quadruped
robot is divided into N (N>0) gait cycles, and a single gait
cycle includes two BSPs and two foot swing phases(FSPs).
In FSP, two legs on the same side of robot’s body complete
their swing movement in turn according to the foot swing
sequence.

IV. THE COG TRAJECTORY PLANNING METHOD BASED
ON ON-LINE TERRAIN COMPLEXITY ESTIMATION

A method of body trajectory planning method based on quin-
tic equation which can help quadruped robot guarantees its
stability and continuity of motion is given in this paper. A tun-
able parameter of body trajectory planning can automatically
be determined according to the evaluation value of terrain
complexity, and the terrain adaptability of quadruped robot
can be improved.

A. THE METHOD OF ON-LINE TERRAIN COMPLEXITY
ESTIMATION

In the proposed gait planning method, rectangular trajectory
of swing foot is used to guide swing foot move to the target
foothold. The rectangular trajectory of swing foot can be
divided into three parts: the vertical rising part, the horizon-
tal movement part and the vertical dropping part, as shown
in Fig.5.

The horizontal
movement part

];'}11:1: eﬂ;CrZ:l | The vertical
¢P dropping part
/

FIGURE 5. The diagram of foot trajectory generated in this paper.

Let "t; (i € [1, 2, 3, 4]) be the elapsed time from the start
to the end of the third part of swing movement of the foot i
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FIGURE 6. The touchdown time ™¢; of swing foot i.

in the m-th gait cycle, as shown in Fig.6. This paper presents
an on-line terrain complexity estimation method by using the
"t; to estimate the complexity of the terrain which robot travel
over in the m-th gait cycle in real time.

In the m-th gait cycle, the standard deviation of "'#; can be
obtained by (1).

6]

In this paper, second-order exponential smoothing model
is applied to the prediction of estimation terrain complexity
in the (m + 1)-th gait cycle, and use the estimated result to set
the value of tunable parameter in the proposed body trajectory
generation of quadruped robot.

In the proposed method, the second-order smoothing value
sﬁ,%) is calculated based in part on a weighted average (usin
the weighting factor «) of the first-order smoothing value sfﬁ
of the estimation terrain complexity in current %ait cycle and
the previous second-order smoothing value sﬁf_l associated
with estimation terrain complexity in the previous gait cycle,
as shown in (2).

1 1
s = gt (—a) s, )
s =a-sw (1 —a) -5
i Top
— p=m—q+1

where ¢, ,qg>1
Then the prediction of estimation terrain complexity in the
(m + 1)-th gait cycle can be obtained by (3).

o~

Rm+] == )\-m + ﬂm (3)

e [P = 2855 — S5
where 1 2
b= 125 (S = si7)

B. THE BODY TRAJECTORY PLANNING METHOD

In the gait planning method proposed in this paper, the body
of quadruped robot completes a body sway movement to
ensure it can complete the movement of swing foot stably in
the BSP, and the body of quadruped robot move uniformly in
a straight line in FSP.
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Let BP (BSPxg, BSPy 1) be the desired position of the pro-
jection of the COG and its coordinate which is repressed in
the coordinate system { PO} when the robot finishes BSP.
Similarly, let Fp (F SPyp, FSP ve) be the desired position of
the projection of the COG at the end of FSP and its coordi-
nate which is repressed in the coordinate system {¥O}. The
positions of the 2P and ' P should be respectively determined
to obtain body trajectory.

In the body trajectory planning, the coordinate system
{P 0}, as shown in the Fig.3, is the main reference coordinate
framework. A coordinate frame system {500} is defined with
its origin coincident with origin of {0} to determine the
projections of footholds of four support feet in BSP in the
coordinate {¥0}, and further generate body trajectory. The
three axes of the {800} parallel to the three axes of the world
coordinate frame system {" O} respectively.

Let BF(By,,B z,) be the coordinate values of the foothold
of the foot s (s € [Il,2,3,4]) which is expressed in the
coordinate frame {80}, and let 6 and 8 be the pitching angle
and the rolling angle of body of quadruped robot respectively.
The value of the & and S can be obtained from the IMU
(Inertial measurement unit) which is mounted on the body of
robot in real-time. Then, the foothold of the s — th foot which
is expressed in the coordinate system {00} can be obtained
as follow:

oy,
By
B _ Vs
OPS = BOZS
| 1
[ c0 s0sB cBsb O By,
. 0 B —sB o0 . BYs
| —s0 cOsB chcB 0 Bz
L 0 O 0 1 1
_Bxs~09+st-cﬁ -s9+ByS~s49 -sB
— BYs‘C,B—BZs'Sﬂ (4)
By . cO- cﬂ+Bxs - 50 +Bys -ch - sp
1
s6 = sinf
where c = cosb
sp =sin B
cB =cosp

Because the B0x and 20y are parallel to “x and Py respec-
tively, the coordinate of the foothold of foot s which is
expressed in the coordinate system {¥O} can be obtained in
(5) according to (4).

pxs:Bxs-c9+st~c,3-s9+Bys~s9~s;3

Pyy = Bys'C,B _BZS - sp

(&)

In order to facilitate description of the proposed body tra-
jectory planning method, the labels are assigned for the four
footholds between support feet and terrain in the coordinate
system {¥O} when robot is in BSP. As shown in Fig.7, let
Pnse(Pxnse, Pynsr) and Ppr(Pxpr, Pypr) be projection of
the foot-end of the next swing foot (NSF) according to the
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FIGURE 7. The related parameters in the COG trajectory generation.

foot swing sequence and projection of the desired foothold
of NSF, and let PiprCxppp, £ yirr) be the projection point
of the foot-end of the foot on the same side of body with
NSF. Meanwhile, let PCFF(PXCFF, PyCFF) and PCHF(PXCHF,
Pycnr) respectively be the projection points of the foot-ends
correspond to front foot and hind foot of the remaining two
feet.

Let Lpr_crr be the line joining a pair of points Ppr
and Pcrr, and let Lijrr_cyr be the line joining a pair of
points P;rr and Pcyr. According to the coordinate value of
the points Ppr, Pcrr, Pcyr and Pjrp, the equations of the
Lpr_crr and Ljrr_chr can be obtained as follow:

fpF—cFr(x) = kpr—cFF - X + bpr_cFr

_ Pypr—"ycrr Pypr—"ycrr P

Py Py ~P. P, *DF
xpr—Yxcrr xpr—Yxcrr (6)

Sfirr—cur (x) = kipr—cuF - X + bipr—chHF

_ Pyirr—ycur Pyier—"ycnr

x4 YDF

“X + YIFF — * XIFF

Pxirr—Pxcur Pxirr—Pxcur

According to (6), the coordinate value of intersection
point between the Lpr_crr and the Ljpr_cpr, labeled
P;(Px7, Pyr), can be obtained by (7).

P bpr—crr — bipF-cHF
X] =

kiFF—cHF — kpF—CFF @)
Pyr = kipp—cur-x1 + bipp—cur

The triangle AP;PcrrPchr is a DST corresponding to
FSF and IFF, as shown in Fig.7. The inner point of the
AP;PcrrPcyr, labeled P¢ (1D xc, P yc), can be obtained from
the coordinates of the vertexes of the double-supported trian-
gle, as shown in (8).

el
Pye
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Pxp Nelly+Pxcrr - 1B+ xcur -y Il
) el + 11812 + I

yr - Nl + yerr - |Blla+ yerr - v,
laelly + 1Bl + Iyl

®)

where

T
Vo = [xl )71]

T
= [PxCFF PyCFF]

=

T
Ve = [PXCHF PYCHF]
a:Vc_Vb»,B:Va_VCsV:Vb_Va

Let "k be the tunable parameter in body trajectory plan-
ning, and BP should be the point which satisfy (9) in
APrPcrrPchr .

DF=CFFy | (BSPxpBSPy) = Mk . Spnin

IFF=CHF [y | (BSPxpBSPy) = M . S 9)

Bp e APIPcrrPcuF
where PF=CFF D | and FF=CHF D | respectively be the ver-
tical distance from point 2P to the line Lpr_cpr and

LirF—cHF-
According to (9), the coordinates of point 8P in coordinate
system {¥O} can be obtained, as shown in (10).

. S
BSPxp=Px; + "k - sign (Pyc—"yr) - B2 . cos B 10
BSP\  _ yr.BSP b (10)
YE = kic-""" XE + bic
where
m-n
«a = arccos ——————
lmllz - lInll2
m= (PXCFF—PXI Fyerr —Pyl)
n= (PxCHF —Px; 7PYCHF —PYI)
P
P— VI
B = arctan Py Py
b AP
ke = 21— ¢
Px;—Pxc

bic = yr — kic-Fxs

Let PF=CFF[ | be the the line that crosses #° P and per-
pendicular to Lpr_crr, and Fp#Fx F y) is the point located
on line PF=CFF [, which satisfy (11).

DF—CFFpy | (FSPxEFSPyE) = S
FSPy, _DF-NF | FSPy | DF-NFj (11)
Fpe Apsr

where PF=CFFp | (F SPyp 'SP yE)) represents vertical distance

from point Fp to line Lpr_crF.
According to (11), the coordinates of the point £ P in the
coordinate system {¥ O} can be obtained, as shown in (12).

FSPxE =x —sign (); —BSPxE) Ay

FSPye — y —sign (; _BSPyE) VA,

12)
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where

N2

A — (kcFF—DF * Smin)

=
kcrp—pr* + 1
Ay
A=Y
BSPkCFF*DF BSP
T YET kcrr—pr-"°"YE — kcFF—DF - bcFF—DF
BSP kerr-or® -L}SP

—  kcrr—pr-""" xg + kcrr—pr*-"°"yE + bcrr—DF

Yy = 2
kcrr—pr© +1

In order to ensure the motion continuity of robot’s body
in BSP, according to the determined coordinates of point 2P
and 7' P, a method of generating the body trajectory based on
quintic equation is proposed. In following part, the equations
of body trajectory in BSP and FSP are given respectively.

1) EQUATION OF BODY TRAJECTORY IN BSP
The equation of body trajectory based on quintic equation in
BSP is shown in (13).

BSPxcoG(t) =*ps - 15 + “pa - t* +¥p3 - 13
+5py - 12 +Fpy -t +¥po

zxpT )

BSPycoG(t) = ps - 10 +Vps -t +¥p3 - 13
p2 -1 +p1 -1+ po

=" - ¢

(13)

where

pl = ["ps *p4 *p3 *p2 *pi xpo]
pl = [yps pa p3 'p2 ’pi ’po]
¢T=[t5 ARANAR 1]

t € [0, Tgsp],

Tpsp represents the planned time for quadruped robot to
complete BSP.

In BSP, the origin of coordinate system {0} and the
point BP respectively be the starting point and the end point
of the body movement, that is, the position condition of the
body trajectory meets (14).

BR O im0 =10 =0 = 0
BSPL0) [1=rp50 = PP xp (14)
BSPfy(t) |[:TBSP = BSP)’E
The body of robot only moves in a uniform straight line
in FSF, and there are FSFs just before and after BSF of

robot. Therefore, the boundary conditions of the velocity
and acceleration of body trajectory in the direction of *y are
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shown in (15).

BSPE(1) =0 = PPy (1) li=Tpsp =0
BSPE(0) l1=0 = BSPA(1) |y=1p5p = O

BSPE. (@) [1=0=""%xo

BSP. (15)
SPED) [1=0=5vy0
. FSpP BSP
XE— XE
BSP
S f;f(t) |I=T35p =COGVX =
FSP TFSéJSP
BSP, YE— ~ JE
s () ’t=TBSP :COGV)’ =
Trsp
where €96y, and COGvyo are the initial velocity of body in

the direction of ©x and "y at the initial moment of BSP.
Then, according to the boundary conditions of the body tra-

jectory given in (14) and (15), the coefficients of the equation

Bsp Sy(t)(as shown in (13)) can be obtained, as shown in (16).

Xp =p (D)Cv MX7COGVXO)

(16)
yp = p (Dy, My,COGVyO)
where
M, =BSPy,
MyZBSPyE
D, =FSPy, _BSPy.
Dy=FSPy —BSPy,
p (L, M, vy)
3 (L-Tgsp —2M - Tpgp + Tpsp - Trsp - Vo) ]
Tpsp” - Trsp
TFL - Tpsp — 15M - Ty + 8Tgsp - Trsp - vo
. Tpsp* - Trsp
_ _2- (2FL - Tgsp — 5M - T2 + 3Tgsp - Trsp - vo)
Tpsp® - Trsp
0
Vo
— O —

Finally, by substituting the coefficients in (16) into (13),
the trajectory equation of body in BSP can be obtained.

2) EQUATION OF BODY TRAJECTORY IN FSP

In FSP, the body of the robot only moves in a uniform straight
line along the forward direction. The £ P and 2P respectively
be the starting point and the end point of body movement in
FSP, and thus the position condition of the body trajectory in
FSP meets (17).

FSP (17)

BSPfx(t) ’t:TBSPJrTFsp = FSPxE
BSP —
fy(t) ‘tZTBSP‘FTFSP = YE

According to (17), the equation of body trajectory along
the £x direction of the robot in FSP can be obtained, as shown
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in (18).
FSPycoc(t) =BSP xp+COGY, . ¢
FSP. . BSP
e
=By + — 2 £t — Tasp)
Trsp (18)
FSPxcog(t) =B yp+C00V, . 1
FSP., . BSP
=BSPyp + e Y (t — Tgsp)
Trsp

where ¢ € [Tgsp, Tpsp + Trspl, Trsp represents the planning
time for the robot to complete FSP.

C. METHOD FOR DETERMINING TUNABLE PARAMETER
IN BODY TRAJECTORY PLANNING

Using the body trajectory planning method given in this
paper, quadruped robot can increase its stability margin
through the movement in the lateral direction relative to the
moving direction during walking. However, the movement
of body in the lateral direction increases energy consump-
tion of robot. Therefore, quadruped robot needs to adjust
its gait parameters according to the complexity of terrain,
and reasonably determine movement distance in the lateral
direction to improve the energy utilization rate of robot under
the premise of walking stability.

According to (10), in the m — th gait cycle, the change of
value of tunable parameter "k in body trajectory planning
directly affects the position 2P of body movement in BSP,
which in turn affects the generation of body trajectory of
quadruped robot.

The movement distance of body in the lateral direction
relative to moving direction of robot increase with the value of
"k. Therefore, under the premise of satisfying stability con-
straint of robot, robot should be able to adjust the value of "k
independently according to estimation of terrain complexity.

In order to ensure walking stability of robot, after the body
movement in BSP, robot must satisfy the stability constraint.
Therefore, the value of "k should be greater or equal to 1 to
guarantee the stability margin of robot no less than S,,;, in
FSP.

FIGURE 8. The distribution of the stability margin within DST.

Fig.8 shows an example of the distribution of stability
margin in DST when robot is in BSP. As can be seen from the
figure, when the projection of COG is coincide with the inner
center of DST, quadruped robot can obtain a greater stability
margin. Therefore, in order to ensure the stability of robot
during the swing foot movement, the inner point of the DST
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is desired to be the target point of the body movement in BSP.
The maximum allowable value ™k, "k, can be obtained
by (19).
m by /1)
L) - “Dic - sin™y (19)
Stin
where

- —

p-q

I7].- 141,

P = (Pxc—="x,Pyc="yi)
q

"y = arccos

= (Pxcrr—"x1,%ycrr—"y1)
—
Ic 5

According to the estimated terrain complexity in the
(m 4 1) — th gait periods, the calculation method of the coef-
ficient "1k in body trajectory planning is given, as shown
in (20).

" = fi Rut)
A
(mkmax - 1) : (Rm+1 _Rmin>
(20)

(Rmax — Rmin)

Based on the description in this section, the calculation
method of the tunable parameter "*'k in body trajectory
planning method in the (m 4+ 1) — th gait cycle is given in
Algorithm 1.

=1+

Algorithm 1 The Calculation Method of 1k
Input: "z, "'ty, "3, "t4 and ¢
Output: "1k

1 sum < Q;

2 R[m] <"0; ("t;)

3 whilem > 1do

4 if m < g then

5 ‘ mtlp « 1.

6 end

7 else if m > ¢ then

8 forj=1;j<s;j++do

9 ‘ sum <— sum + R [m — j]

10 end

11 Gm < sum/q

12 end

13 Calculate the prediction of estimation terrain
complexity in the (m + 1)-th gait cycle ﬁm+1

1 | "k fi Rus)

15 end
16 return "t1k;

V. DYNAMICS SIMULATION WITH WEBOTS AND
PERFORMANCE ANALYSIS

Fig.9 shows an example test rough terrain established in the
simulation software Webots. The simulation is completed by
using a computer with Intel i7 3.5GHz processor.
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FIGURE 9. An example test rough terrain established in the simulation
software Webots.

In the test terrain, Area III a straight and flat road without
any obstacles. Obstacles of different sizes and heights are
scattered randomly in Area I and Area II, and the average
height of the obstacles in Areal is less than thatin Area II. The
height value of the highest and the lowest obstacle in Area I
respectively be 105mm and 20mm, and the mean of all the
obstacles is 88mm. Meanwhile, in Area II, the height value
of the highest and the lowest obstacle respectively be 215mm
and 170 mm, and the mean of all the obstacles is 187mm.
Therefore, the complexity of Area I is higher than Area III
but lower than Area II.

Because robot had no help of vision system or prior infor-
mation of the test terrain, the test terrain shown in Fig.9
is unknown and uncertain for the quadruped robot. Fig.10
shows a set of snap-shots when the robot was walking on the
rough terrain. According to the static gait planning method
proposed in this paper, the robot can plan its motion in
real time to pass through the complex terrain stably and
autonomously.

FIGURE 10. Sequence of snapshots of the movement process of the
quadruped robot.

According to the touchdown times of swing feet in the
walking process of robot, as shown in Fig.11, the terrain

A
complexity estimation Ry, is given in Fig.12.
The value of estimation of terrain complexity of Area I
are higher than Area III but lower than Area II based on

the change curve of RAm shown in the Fig.12. Therefore,
the quadruped robot can estimate the complexity of the terrain
inreal time, and the result of the terrain complexity estimation
is consistent with the actual terrain information. In this way,
the quadruped robot effectively realizes the real-time and
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FIGURE 11. The touchdown times of the swing feet during moving of
robot.
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FIGURE 12. Terrain estimation result of robot in walking (o« = 0.3).
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FIGURE 13. The position variation curve of COG along the Py-axis
direction.

accurate estimation of terrain complexity without relying
on visual system by using the proposed terrain complexity
estimation method.

Fig.14 shows the position variation curve of COG along
the Py-axis direction in the walking process of the robot.
From Fig.14, it can be seen that the movement distance of
body along the lateral direction change with the estimation of
terrain complexity. The adaptability of robot to rough terrain
with different complexity can be improved in this way.

The stability margin of the robot during walking is no less
than the value of the S,,;; (the value of S,,;, is set to be 50mm
in the simulation experiment) as shown in the Fig.14. That
is, the stability of the robot was effectively guaranteed during
the whole walking.

Fig.15 and Fig.16 respectively illustrate the velocity and
acceleration variations of the body of robot with respect to
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FIGURE 14. The position variation curve of COG along the Py-axis
direction.

world frame {" O} when the quadruped robot walking on the
test rough terrain shown in Fig.9. It can be concluded that,
during the walking processes, the velocity and acceleration
variations of the body with respect to world frame {" 0}
are all continuous. In this way, the body of quadruped robot
moves in a twice differentially way. So the robot can avoid
any form of jerkiness which can lead to foot slipping and
instability of the robot by using free gait generation method
proposed in this paper.

150 T T T T T T T T ]

100

w
=]
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100 150 200 250 300 350 400 450
time(s)

FIGURE 15. The acceleration variation curve of COG with respect to {V 0}.
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time(s)

FIGURE 16. The velocity variation curve of COG with respect to (W oy.

The changes of pitching angle (9) and rolling angle (B)
of body during the walking process of robot are respectively
shown in Fig.17. It can be seen that the values of « and B
are all varies in a small range. That demonstrated movement
stability of body when quadruped robot use the gait planning
method propose in this paper. Fig.18 shows the screen shots
of quadruped robot walking on a single step and stair in
simulation environment. It is proved that quadruped robot can
walking on different types of rough terrain by using the static
gait planning method proposed in this paper.

VOLUME 7, 2019

_ 10 ; ; ; ; ; ; ; ;
on
_8 0 MM%M‘W/M
< 1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300 350 400 450

time(s)

@ 10 T T T T T T T T
T O A M A Ty M A YA A A A
= 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300 350 400 450

time(s)

FIGURE 17. The attitude angle variation curve of the robot’s body during
the quadruped robot walking process.

(a)Quadruped robot
walking on single step.

(b)Quadruped robot
going up stair.

FIGURE 18. Screen shots of quadruped robot walking on different types
of rough terrain in simulation environment.

VI. CONCLUSION

This paper presents a continuous static gait planning method,
which lays a good theoretical foundation for improving the
terrain adaptability of quadruped robot. By using the pro-
posed method, quadruped robot can real-time estimate ter-
rain complexity by using touchdown times of swing feet in
real-time without any machine vision system. The body tra-
jectory planning method based on quintic equation can effec-
tively ensure motion continuity and stability of quadruped
robot in its walking process. By using the given relationship
between the terrain complexity estimation and the tunable
parameter in body trajectory planning method, quadruped
robot can generate its body trajectory according to the ter-
rain complexity autonomously. The terrain adaptability and
energy utilization rate of quadruped robot can be effectively
improved in this way. The simulation experiment results
showed that quadruped robot can walk through the terrain
with different complexity by using the proposed gait planning
method stably and efficiently.

The method proposed in this paper can be only used when
quadruped robot walk on the terrains without forbidden areas.
In the future work, the proposed gait planning method will
be further improved to help quadruped robot travel over the
terrains with forbidden areas.
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