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ABSTRACT Achieving stable trotting of quadruped robots on various surfaces is challenging because they
lose balance due to the displacement of their center of gravity (COG) and undesirable impulse forces.
This paper proposes schemes for postural transition and robust posture control, thus enabling quadruped
robots to trot on horizontal and slanted surfaces. For a region connected by surfaces with different angles,
the postural transition scheme (PTS) is implemented by the movement values optimized by a real-coded
genetic algorithm (RCGA), which regulates the location of the center of gravity (COG) projection point
of robots. In addition, the movement values are applied to the center points of the desired foot trajectories
by using cubic polynomial, which is able to generate adaptive foot motion continuously and gradually. For
robust posture control, admittance control with impedance modulation (IM) is applied to the foot trajectories,
which changes the impedance parameters in real-time depending on the magnitude of the disturbances, such
as the excessive swaying of the robot body that cause instabilities in the robot posture during locomotion.
Control thresholds regulated by the angular speed of the robot body are proposed as a criterion for controlling
the excessive swaying by IM. Computer simulations and hardware experiments were carried out to verify
the performance of the proposed schemes.

INDEX TERMS Quadruped robots, slope, admittance control, impedance modulation, posture control, stable

locomotion, genetic algorithm, optimization.

I. INTRODUCTION

In general, legged robots have an advantage over other ter-
restrial mobile robots in that they can equally move in sandy,
rough, rocky, and steep terrains. Among many legged robots,
quadrupeds offer a viable solution exhibiting locomotion
stability and velocity at the same time [1]-[7]. The loco-
motion of quadruped robots is generally categorized into
five types depending on the leg positions and gait speeds:
walking, trotting, cantering, bounding and galloping (with
transverse or rotary patterns). The trotting motion, which
is the main topic in this paper, is a locomotion of middle-
range speed, where a diagonally positioned pair of legs sup-
port the body whereas the other pair is simultaneously lifted
from the ground and prepares the landing for the next step.
Trotting is more energy-efficient locomotion for quadrupeds
than any other types of locomotion. Therefore, trotting has
attracted significant interest in the research on locomotion of
quadruped robots [8]-[11]. Trajectory generation of legged
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robots can be classified depending on whether it is based on
modeling or not. In a model-based method, such as the linear
inverted pendulum (LIPM) [12] and gravity-compensated
inverted pendulum models (GCIPM) [13], each robot is mod-
eled as a single or a few point masses. On the other hand,
in a model-free method, a trajectory of a legged robot is
generated without any dynamic model. Model-free methods
include central pattern generators (CPGs) [14]-[16] and the
ellipsoidal foot trajectory [17]. In the former, a rhythmic
motion pattern of each active joint is generated by a simple
artificial neural network and in the latter, a cyclic and smooth
motion for each foot is designed to yield a path on an ellip-
soid. Since any trajectory generated by a model-free method
does not guarantee stable locomotion, however, characteristic
hardware designs of robot legs or control schemes to ensure
locomotion stability are needed. For locomotion stability,
the feet of the robots should be able to adapt appropriately
to the uncertain ground profile. For stable foot landing, along
with the use of back-drivable actuators and/or force sen-
sors, various control methods such as fuzzy control, adap-
tive control, force control, and impedance control have been
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extensively proposed [16], [18]-[24]. Particularly, it has been
shown that impedance control helps to maintain robot posture
balance by regulating the impulsive ground-reaction force
and adapting to uncertainty on the ground profile and that the
use of variable impedance or impedance modulation (IM) is
effective [25]-[27].

Locomotion stability is mainly evaluated by a static or a
dynamic stability margins [28]. The former is based
on a support polygon and the projection of the center
of gravity (COG), under the assumption of quasi-static
motions [14], [29]. On the other hand, the latter takes
forces/moments generated during locomotion as well as the
speed and acceleration of the robot into consideration, mainly
based on the zero-moment point (ZMP) or the center of
pressure (COP) [30]. In trotting, the support polygon does not
exist and is rather collapsed into a line segment; therefore, it
is not appropriate to use a static stability margin to evaluate
the trotting stability [31].

As the main contribution, this paper proposes the follow-
ings in order to increase the stability of trotting quadrupeds,
further improving the authors’ previous work [18].

1) The quadrupeds perform the postural transition scheme
(PTS) to trot sequentially on surfaces with different
angles, which regulates the COG projection of the
robot.

2) The proposed PTS is optimized by using a real-coded
genetic algorithm (RCGA) [32]-[34] based on the
reproduction operator of gradient-like selection [35].
This further improves the stability of quadrupeds, par-
ticularly in moving through regions where slopes in the
trail change.

3) Control thresholds regulated by the angular speeds of
the robot body are proposed as a criterion of the sway-
ing for performing the IM.

4) Admittance control with the IM is proposed and imple-
mented, which changes the impedance parameters in
real-time based on ranges generated by the control
thresholds.

The rest of this paper is organized as follows: In Section II,
the generation of the ellipsoidal foot trajectories for trotting,
an introduction to the PTS, the proposed admittance control
with the IM, and the definitions of the control thresholds
are described. Section III describes the computer simulations
and experiments with a quadruped robot named HUNTER
(Hanyang UNiversity TEtrapod Robot) developed at the
authors’ lab to verify the effectiveness of the proposed
schemes. Section IV concludes this work with a summary.

Il. GENERATION OF FOOT TRAJECTORIES AND THE
POSTURE CONTROL SCHEME

When a quadruped animal meets a hill while walking on a
trail, it changes its body posture, for example, by lowering
its head, bending its front legs down, stretching its rear legs
back, or moving its torso forward. These behavioral patterns
become more clearly observable as the trail becomes steeper.
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FIGURE 1. Coordinate frames and the model of a quadruped robot. The
solid and dotted lines shown indicate a flight phase and a thrust phase,
respectively.

Here, schemes that mimic the behaviors of animals are pro-
posed for quadruped robots in order to make them trot stably
in a diverse trail.

A. ELLIPSOIDAL FOOT TRAJECTORY

Here, for a trotting quadruped, the trajectory for each foot is
generated based on an ellipsoid. The ellipsoidal foot trajec-
tory has the advantage of being continuous and rhythmical.
In addition, it is intuitive and easy to analyze. However, its
parameter should be changed for adoption to the changing
environment of the trail.

First, let’s define a fixed global and a body-attached coor-
dinate frames, which are shown in Fig. 1, where coordinate
frames {XYZ} and {xyz} denote the fixed and the body coor-
dinate frames, respectively. The Z-axis of the global coordi-
nate frame is defined to be vertically upward, i.e., perfectly
opposite to the direction of the gravitational field. Let 6", 67,
and 6” denote the Euler angles of the body in the roll, pitch,
and yaw-directions. Let iy and [ denote the parameters of an
ellipsoidal foot trajectory, i.e., the stride and the vertical range
of the foot action, respectively. The stride in the first step is set
as a half of that in the normal trot cycles under the assumption
that the quadruped is stationary before start trotting. Without
loss of generality, it is assumed that the quadruped robot
moves in the X-direction unless stated otherwise.

The ellipsoidal foot trajectory consists of a flight phase and
a thrust (or stance) phase. Let X;]- 2 [x? y7 2117 denotes the
desired foot position of foot ij, where i € {Left, Right} and
Jj € {Front, Rear}, w.r.t. (with respect to) the body coordinate
frame {xyz}:

x]fj([) =ly/2 - sin (wff + ¢) + xJ(@). M
o =i, @)
@ =hy/2-cos (et +9) +2l), )

where 0 < ¢ < T, Iy denotes the stride and hy denotes the
vertical motion range of the foot, which can be changed at
the beginning of each step; angle ¢ is the initial phase which
is set at /2 for the pair of legs starting a thrust phase first
and at —s /2 for the pair of legs starting a flight phase first; T
denotes the step period and wy = 27/T is the step frequency;
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x! 2 [x (1) yl(t) zZ(1)]T denotes the relative position of the

center of the elliptic path for foot ij w.r.t. the body coordinate
frame. Note that the distance between the center of the elliptic
path of a foot and its associated shoulder (or the hip) is
bounded from above by the length of the leg.

In this paper, the height of the thrust phase is set to zero
in order to minimize the swaying of the robot body. Thus,
the shape of the desired foot trajectory becomes a half ellip-
soid. In addition, the orientation of the ellipsoidal path of a
foot can be modified based on the slope of the trail and the
orientation of the robot body. In order to secure a ellipsoidal
path symmetric about the trail line and to reflect the trail
slope, the desired position of the foot, x}‘é’, relative to the body
frame is set as

x{ =R (%7 — Xe) + X, €
where R(1/;) denotes the rotation matrix defined by
cosy; 0 —sinyy
Ry =] 0 0 0 ,
sinyyy 0  cosyy

where v, denotes the difference between the slope of the
trail in the pitch-direction, y, and the pitch angle of the robot
body, 67, i.e.,

Vi 2 —y + 6. &)

Note that since the moving direction is assumed to be in the
X-direction of the global coordinate frame, y < 0 for an
uphill trail.

B. POSTURAL TRANSITION SCHEME (PTS) AT POSTURE
TRANSITION REGION

Under the assumption that the speed of quadruped’s trotting
is not high, quasi-static stability analysis is used here. First,
suppose the quadruped robot meets a hill during trotting. If it
maintains its posture used in a trot on a horizontal flat track,
its COG projection point (in static locomotion) on the ground
would shift backward, thus making locomotion less stable in
the sense of static stability margin [28]. Thus, to prevent this
from happening, its posture needs to be changed depending
on the slope of the trail.

After detecting a hill, the quadruped needs to change its
posture according to some schemes, which are called in
general postural transition schemes (PTS). Some examples of
the PTS are shown in Fig. 2, where the legs of the simplified
robot model are virtual without any knee or elbow joints. One
scheme is to shift the body forward, thus the COG projection
of the robot does not move backward so that it is located
somewhere in the middle of front legs and rear legs (see
Fig. 2(a)). Another is to lower the level of its shoulder so
that it is closer to the ground and the longitudinal direction of
the robot body is aligned almost parallel (Fig. 2(b)) or some-
what oblique (Fig. 2(c)) to a horizontal line. This scheme,
combined with the previous, achieves secure footing on the
ground and enhances the stability by lowering the COG fur-
ther. Since there may be many different varieties of the PTS,

168128

COG projection point

COG projection point

(a) (b) ()

COG projection point

FIGURE 2. Some examples of postural transition schemes for an uphill
trail: (a) moving the legs forward and backward, (b) lowering the front
legs and maintaining almost horizontal body posture (c) lowering the
front legs and maintaining a some acute angle between the body and the
horizontal line.

Zsy cos 6P

Zpcos 6P

IAB|| sin(-y)

FIGURE 3. Geometrical shape of the robot with the front legs and the
rear legs moving in the vertical direction for an uphill trail.

1y, cos 6P

in this work, the optimization of the PTS is proposed based
on the RCGA. The optimized movements of the legs are
demonstrated in the simulations covered in Section III.

Note that there exists a geometrical constraint

oA cos@” +sinff = ————
Ly cos(@? — y)

sin y

(6)
where £, is the longitudinal length of the robot, z5 and z,¢
respectively denote the z-coordinate of the body coordinate

frame for the front and rear foot on the ground simultane-
ously. Thus, with this and (5),

Ve = (0P, 257, 28, (7

meaning that it is possible to the amount of angular adjust-
ment of desired foot path by measuring body pitch angle and
a set of the positions of front and rear feet in contact with the
ground.

Moreover, the center of an elliptic foot path needs to be
changed depending on the slope of the track. Thus, when the
slope changes, the center position also needs to be changed.
So, the center position is a function of the track slop. The
optimal position of the center of an elliptic path will be
determined based on the genetic algorithm, which will be
explained later. If there is a change in the slope of the track
while totting in the track, region k, the center of an elliptic
foot path needs to be gradually changed to the optimal value
of the subsequent slope of the track, called region (k + 1).
Let’s assume that this transition takes N steps of trot. Here,
a cubic polynomial is used to deal with the gradual change
in x for foot ij. The transitional position of the center of
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FIGURE 4. Premature ground contact for postural transition: §; occurs by
premature ground contact between the foot and the slanted surface by
the desired foot trajectory at the region meeting the surfaces with
different angles.

the elliptic path for foot ij at the transition step number n
(1 <n < N)becomes

3
IOy =xU +Y g0, 0<r<T, ®)
q=0
with conditions
n—1
N

xJ"(0) = X0 g+ =X
x/M(0) = /(1) = 0,

*OT) = %[+ Oy = X0y

C. ADMITTANCE CONTROL WITH IMPEDANCE
MODULATION (IM) REGULATED BY CONTROL THRESHOLD
Even with the PTS implemented, a control law should be
implemented in order to deal with uncertainty in the geometry
of the track. An unexpected change in the track slope may
result in a premature ground contact of the landing feet, one of
the example situations is described in Fig. 4. The admittance
control, or impedance control in a large sense, is highly effec-
tive in controlling premature ground contact, which allow
vertical positional adjustment, 8, of the landing foot based
on the ground reaction force in the vertical direction, f;. This
is summarized in the block diagram shown in Fig. 5.
Besides, in order to enhance further the stability of trotting
with slope changes, modulating the impedance parameters for
the admittance control is proposed. The impedance parame-
ters are gradually based on where the foot position is on its
elliptic path. In this paper, the main task of admittance control

Movement Value

maintains the posture balance of the robot by controlling the
stiffness of the legs. Admittance control in the forward and
lateral direction is not considered in this work because of
the limitations of the force sensitive resistors (FSR) used in
hardware experiments that can only measure the magnitude
of the force.

For a flexible implementation of the admittance control
with impedance modulation, let’s assume that N, sets of
impedance parameters are used for a single step motion for
each foot and that each set is used for an equal duration of
time, T /N,. The equations defining the admittance control
with the impedance modulation can be written as a 2nd-order

differential vector equation. Fori € {1,2, ..., N,},

M;(6)5; + Bi(0)5; + Ki(0)8. = f, (%a)
or

8, = ——(f. — Bi(0), — Ki(0)5,), 9%

z Mi(0)(fz (0)8; (0)8;) (9b)
where

M;i(0) = (oi — &ll01)/&i,
Bi(0) = 2y M;(0)K;,

Ki = (Ko + wiK))/&i,
6 =[o"

‘Sz:Zf—Z}], QP]T§

&i, Wi, 0; and ¢; are constants; zz and zj‘f denote the mea-
sured and the desired vertical positions of each foot, respec-
tively; f, denotes the vertical ground reaction force (GRF);
and Ko and K7 are stiffness-related constants, where 7 €
{r, p}, where superscripts ‘r’ and ‘p’ standing for roll and
pitch, respectively. Ko and K7 use the values optimized by
the RCGA. The offset position, §,, to be added to the desired
foot trajectory in the diagram shown in Fig. 5 is computed
by integrating §. over time twice. Parameter &; is zero when
M; is used as the desired mass with a fixed value, whereas
&; is larger than one when M; is used as the desired mass
with values changed depending on the swaying of the robot
body. Parameter p; is zero when the magnitude of sway in
the pitch and roll-directions is small. Otherwise, depending
on the magnitude of the sway, u; is changed, resulting in

Inverse PID

Generator Kinematics —g— Controller

for PTS -

0 (Joint Angle)
Desired 7 (Torque)
Foot Trajectory . _a Admittance control with IM P
Generator — = ZZ Plant
| 4 5 Impedance Module L
Desired Al (M.B.K) WAkl
Foot velocity | o 0
Generator Control Threshold (CT’.CT")[«+] .

FIGURE 5. Block diagram of foot motion generator with admittance control with the IM.
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<Algorithm of stiffness changes of legs>

In case of ¢ <-CT" In case of 9?7 <—CT?
Left legs - high stiffness

Right legs - low stiftness

Front legs - high stiffness

Rear legs - low stiffness

Incase of ¢ >CT” In case of 97 >CT?
Left legs - high stiffness

Right legs - low stiffness

Front legs - high stiffness

Rear legs - low stiffness

(@)

(b) ©

FIGURE 6. Impedance modulation: (a) Algorithm of stiffness changes of
legs depending on the body angles, (b) An example of the algorithm of
stiffness change for the roll angle: For admittance control, if 9" < —CT",
left legs need high stiffness whereas right legs need low stiffness, (c) An
example of the algorithm of stiffness change for the pitch angle: For
admittance control, if 9P > CTP, front legs need low stiffness, whereas
rear legs need high stiffness.

impedance modulation. More specifically, each of the roll
angle and the pitch angle are categorized into N; + 1 level
depending on its size. If [9"| € SR} and |6”| € SR?, where
SR} = [SR{ + n7_;.SR{ +nylwithk,q € {1,2,..., Ny}
form =r,p,

wi = foy, :l:af;,

where o with the positive sign is used when high stiffness
is required, whereas one with the negative sign is used when
low stiffness is required. The robot determines whether to use
high stiffness or low stiffness depending on the magnitude
and the direction of the body angles, as can be seen in Fig. 6.
Note that the set of n”’s denotes the level of the sway of
the robot body, 77,’;1 = (k — 1)v™ and nl’fls = o0, where
v denotes a contant and o = 0 under the condition

T b1 .
af <oy, i=1,...,Ny—1,

for 7 = r, p. In this work, Nj is set to 6 and o™ and v”™ use
the values optimized by the RCGA. SR{ is defined by

CT" £ SR = |B" — P}|,
CT £ SR{ = B — PY| + £y, (1),
where the CT” denotes the control threshold regulated by the
angular speeds of the robot body. 87 denotes the initial value

of SR{, whose value is optimized by the RCGA. P7, with
me{l,2,...,N;}forr = r, pis defined as

P — ™ 6" _9;; ,
" T/N;
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where «” is coefficients to regulate the scales of PJ, not
to exceed B”. The trotting is a gait of middle speed with
dynamic properties, although it is considered as quasi-static
one in this paper. For reflecting the dynamic properties, thus,
the CT” is regulated by P7, in which the angular speeds
of the robot body is expressed as the coefficients. A cubic
polynomial is used to deal with the gradual change in fy,
for SRg, which reflects the pitch angle of the robot body
and the slope of the trail changed by the PTS. The tran-
sitional angle fwt(”) at the transition step number n (1 <
n < N) and the regions k and (k + 1) as in (8)
becomes

3
flﬁt(n)(t) — Wt,k + Zeqtq, 0<t<T, (10)
q=0

with conditions

n—1
£4,7200) = Yk + Wrks1 — Yrx) T

£, 0) = £,,"(1) = 0,

n
£y, (1) = Yru + Wy — Vi)

It is well known that if an excessive transient behavior of
the vertical GRF of the landing foot is one of the key factors
that destabilize the robot posture. In addition, the moment
of the maximum height of the flight phase is an important
factor destabilizing the robot posture. The foot located at the
maximum height during the flight phase can be contacted
on the ground by rotating the robot body with respect to
the support line. Assuming that the two legs in the diago-
nal position generating the support line do not fall off the
ground, the swaying of the robot body generated by the
rotation are largest in size. Thus, in this paper, it is suggested
that N, =2 or 4.

In fact, the swaying is not present during ideal trotting
motion because the robot trots with constant strides and foot
heights. However, if the swaying always exists, we will call
them non-specific swaying, which occurs due to a combina-
tion of the following several factors:

« Inertia force caused by dynamic gait

« Foot bouncing caused by ground contact

« Thrust phase of the ellipsoidal foot trajectory

« Tracking errors changing the desired foot trajectory

« Differences in the mechanical structure of the front leg
and rear leg

Thus, the ranges generated by CT” and CT? can be explained
as the angle ranges of the robot body allowing non-specific
swaying while regulating swaying beyond the non-specific
ones. Thus, in this work, the stable control of robot posture
eventually means the roll and pitch angles (the swaying)
are kept within the ranges generated by CT" and CT”, and
the control methods are the optimized PTS and admittance
control with the IM.
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(b)

FIGURE 7. Simulation model: (a) Quadruped robot, (b) Horizontal,
slanted, and irregular terrain models: In the order that the robot trots
forward, 1. Horizontal surface, 2. Slanted surface with 1.1 m and 15
degrees, 3. Irregular surface with the heights of 0.015 m and 0.020 m
from the left one and slanted surface with 1.4 m and 10 degrees,

4. Slanted surface with 0.8 m and 20 degrees, 5. Horizontal surface.

TABLE 1. Parameters of the quadruped robot.

Part Value Part Value
Length‘L 0.508 (m) Link3 (L3) 0.200 (m)
Width' 0.196 (m) Link4 (L4)  0.105 (m)
Height' 0.050 (m) Link5 (L5) 0.197 (m)
Weight 24.462 (kgy) b1 1.920 (rad)

Linkl1 (L1) 0.056 (m) o) 2.096 (rad)
Link2 (L2) 0.050 (m) - -

T Robot body.
© The simulation and hardware robot models possess the same

specifications.

Ill. COMPUTER SIMULATIONS AND HARDWARE
EXPERIMENTS

Computer simulations were performed to verify the effec-
tiveness of the proposed schemes (the PTS and admittance
control with the IM). In addition, the proposed schemes were
implemented in a hardware model called HUNTER.

A. PARAMETER SETTINGS FOR THE SIMULATIONS

The robot model shown in Fig. 7(a) is a simplified hardware
model (HUNTER), with its specifications listed in Table 1.
HUNTER has four legs and each leg consists of a 2-DOF
pelvic joint and a 1-DOF knee joint. The uphill trails con-
sist of various tilt angles (10, 15, and 20 degrees), lengths
(1.1, 1.4, and 0.8 m), and irregularities (heights of 0.015 and
0.020 m). For the irregular surface with the height of 0.015 m,
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TABLE 2. Parameters of the model environment.

Symbol Value  Unit Symbol Value Unit
k 2,000 kN/m ms 2 -
c 1 kNs/m s 0.9 -
mq 1.3 - Ld 0.6 -
mo 1 -

the length for Y-direction is short when compared with that
with the height of 0.020 m. The materials of the feet and the
ground were assumed to be rubber and wood, respectively.

The simulation was conducted using Mathworks’ Matlab
software and a commercial dynamics simulator, RecurDyn.
A contact model between the feet and the surface is very
important for a realistic simulation. In this paper, the Hunt—
Crossley model [36] is used as the contact model between
the feet and the surface, where the normal component of the
contact force is computed by

fo = k™ +ci.|8|m25'"3, (11)
18]
where k is the spring coefficient, c is the damping coefficient,
and § is a penetration value at the contact point between the
foot and the surface. my, my, and ms are the exponents of the
stiffness, damping, and indentation, respectively [37].

The values of k, ¢, m1, mp, and m3 used for the simulations
are summarized in Table 2. Based on the assumptions about
the feet and ground materials, the values of the static friction
coefficient py; and dynamic friction coefficient uy are also
listed in Table 2.

B. COMPUTER SIMULATION 1: OPTIMIZATION OF THE PTS
As introduced in Section II-B, the number of the PTS that
satisfy the SSM is infinite. Thus, the RCGA is used to find
the optimal PTS to achieve the most stable locomotion for the
uphill trails.

The RCGA discussed in this paper includes a gradient-
like reproduction operator and an elitist strategy, as can be
seen in Fig. 8. In addition, Fig. 8 shows how the individuals
are applied to the robot motion. The crossover probability,
mutation probability, generation, and population size (mean-
ing the design parameters of the RCGA) were set to 0.8,
0.2, 100, and 20, respectively. The design variables were
the transitional position of (8) at n = N and t = T. Let
xIN(y 2 bl (j = Front) or b’ (j = Rear) and 2Ny 2 L
(j = Front) or b} (j = Rear), where the transitional positions
of the left legs and the right legs are equal. Their lower and
upper boundary conditions considering the workspaces and
kinematic singularities of the legs become

—0.160 < b,

b

—0.020 < &/,

bl < 0.160,
bl < 0.150.

Thus, the robot performed the PTS by moving the front
legs and rear legs in the horizontal and vertical directions by
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Real-Coded Genetic Algorithm

Initialize populations

!

Application of Individuals to Robot and Evaluation of Results

— » — -» Computer Simulation =—» Computer Simulation II

b{,b_f’b:’b_’ Movement Value Inverse PID
| Perform simulation of all | [— "= — ===  Generator + Kinematics — 3 Controller
|Pel'f0rm crossover operationl population T [ LG S S N
1 T -l Desired = 0 (Joint Angle) .
. esire
[Perform mutation operation| Eyva}:;l::sessg::;lg(t)f% results | Fo(&te':‘ll:‘i‘etit:ry x!, z!| |Admittance control with IM| /. (Torque)
7 ! ! s0,20 | | impedance Modu Tt
| Reproduce populations | . Desired adat (M,,B,,K,) X 2r
T ) | Foot velocity (W M o o
Generation : Generator : | [Control Threshold(CT”.CT?)|— _
|Genemtion = Generation + 1| - = -~ | | T
o ol @ B ;
Lo KLKLSnSi e j
| Output results |
l 0,0”.,0",P.S.
End
FIGURE 8. Flow chart of the RCGA and application to robot.
using the values of the optimized design variables. For the TABLE 3. Optimization results of individuals.
foot trajectory, the stride /[y was 0.080 m and the maximum
foot height iy was 0.100 m. The period T for a single step, Slope  Best Design variable (m)
composed of a flight phase and a thrust phase, was set to angle  score bl b b, b7
one second and total simulation time was 7.25 s. i, was 7.5°  338.85 —0.125 0.025 -—-0.051 —-0.002
computed by (7). In this simulation, there were no posture 10.0°  311.11 —-0.122 0.042 —-0.056 —0.006
control methods (including admittance control) used to verify 12.5° 29695 —0.140 0.048 —0.073 —0.003
the effectiveness of the isolated PTS. The simulations were 15.0° 27831 —0.144 0.055 -0.074 —0.006
performed by using the slanted surfaces with the angles from 17.5° 259.08 —0.150 0.066 —0.068 —0.008
7.5 to 20 degrees at intervals of 2.5 degrees. 20.0° 242.09 —-0.158 0.089 —0.053 —0.009

The performance and stability of the robot locomotion was
evaluated by the following fitness function:

F =v(fy +f + 1), (12)
where
= 100,
Ja 1+ Az X
f, Px 100
= — X s
p W4Pd
1
= ———— x 100, forS 0
5 = s minGsn)] of o =
where

Ap = wi max(|0"]) + wa max(|6”]) + w3 max(|6*]),

[ I3

where superscripts ‘r’, ‘p’ and ‘y’ standing for roll, pitch, and
yaw respectively. The penalty coefficient is defined as

|

where § = [0 67 GY]T. v is necessary to give penalty for
large swaying that can cause tipping over, which becomes
zero if @ is above one radian. P, is the forward displacement
of the robot body during the locomotion, whose desired value

0,
1,

if 10] > 1
it 10] <1
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Py = 2lyN,, where N; denotes the total number of the foot
steps. Sy is the forward velocity of the robot body during
the locomotion. Thus, f, evaluates the sway of the robot
body during the locomotion because the stability of the robot
posture decreases as the swaying increases. f, evaluates the
performance of the forward movement of the robot and f;
evaluates backward foot slipping. wy, wp, w3, wa, and ws are
the weights determining the importance of the variables of
the scoring functions, whose values were set to 3, 1, 3, 2,
and 0.1, respectively. In this paper, the control method of the
robot posture in the yaw-direction is not included. However,
the robot could trot without a large change of the yaw angle
for the uphill trails because the robot locomotion was evalu-
ated by f, and f,.

The aspects of the optimized PTS depending on the slope
angle are summarized in Table 3. It is well known that the
number of design variables greatly affects the simulation
time. For reducing the simulation time, thus, the optimized
values were used in the next subsection that the robot trots
on the terrains with various slope angles. The postural tran-
sition performed by the optimized values exhibited unified
shapes in which the legs moved together in the horizontal and
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TABLE 4. Parameters set.

Region Content Simulation time T. S. NT
I Horizontal and slanted surface with 15 degrees 0~13.25 4
II The previous surface and slanted and irregular surface with 10 degrees 13.25~28.25 2
I The previous surface and slanted surface with 20 degrees 28.25~39.25 2
v The previous surface and horizontal surface 39.25~48.25 6

T T.S.N denotes the transition step number.

© Each region includes the postural transition section meeting the surface of previous section.

vertical directions, as can be seen in Fig. 2(c). The resulting
shapes have the advantage of reduced swaying and torque—
in particular for knee joints—by distributing the movement of
the legs in the horizontal and vertical direction. The robot bent
its front legs to a greater degree in the vertical direction and
stretched its front legs and rear legs to a greater degree in the
horizontal direction according to the increasing slope angle.
The score representing the performance and stability of the
robot locomotion decreased with the increasing slope angle.

C. COMPUTER SIMULATION 11: OPTIMIZATION OF THE
TROTTING FOR TERRAIN WITH VARIOUS SLANTED
SURFACES AND IRREGULAR SURFACES

Computer simulations were implemented based on the terrain
shown in Fig. 7(b). The optimization was carried out in four
regions depending on change of the tilt angle, and each region
is arranged in Table 4. For the design parameters of the
RCGA, the crossover probability, mutation probability, and
population size were set to 0.8, 0.3, and 20, respectively. For
Regions I, II, III, and IV, the generations were set to 100,
50, 20, and 20, respectively. By the fitness function used in
the previous subsection, the performance and stability of the
robot locomotion was evaluated. wy, wp, w3, wy4, and ws were
setto 1, 1, 1, 3, and 0.1, respectively.

Under the similar environmental conditions and specifica-
tions of the robot, computer simulations and hardware exper-
iments were performed to verify the performance of admit-
tance control with the IM and the optimized PTS. Because
the HUNTER was designed for walking having three contact
points (a triangular support polygon) between its feet and the
ground, the torque and strength exerted by each of its joints—
such as the sunk key and shaft—is insufficient for the robot to
climb slanted surfaces in comparison with StarlETH having
a similar size. [2].

Thus, an additional scheme is required for HUNTER to
climb the uphill trails. In the postural transition region, if the
COG projection point moved towards the rear legs, HUNTER
lost its balance rapidly owing to the lack of torque and
deformations of several mechanical elements. To prevent
this problem, a part of the optimized PTS was performed
before the initial trot cycle, both in the computer simulations
and hardware experiments. Despite unsatisfactory condition
occurred by this additional scheme that the COG projection
point is shifted towards the front legs on the horizontal and the
slanted surfaces, in particular on the horizontal surface, this
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scheme can lower the joint torque by reducing the movement
generated by the PTS. Thus, the robot performed a part of the
PTS, which stretched its front legs and rear legs backward
by —0.11 m and —0.05 m. For the foot trajectory, the stride,
maximum foot height, and single-step period were 0.080,
0.100 m, and 1 s, respectively. The total simulation time was
48.25 s. In this work, ¢; and o; are set to 0 and 18, respectively.
B; is the critical damping coefficient that decreases most
rapidly in the case of overshoot.

To verify the performance of admittance control with
the IM and the optimized PTS, the computer simula-
tions are implemented and compared by the following
cases.

o Case I (with IM): Applying admittance control with the

IM and the optimized PTS (main scheme)

o Case II (without IM): Applying admittance control with-

out the IM and the optimized PTS

o Case III (without AC): Applying only the optimized PTS

o Case IV (without PTS): Applying only admittance con-

trol with the IM

The lower and upper boundaries of the design variables o™

and v”™ forwr = r, p are

0<a™ <7,
0 <v™ <0.03.
The lower and upper boundaries of the reference stiffness Ko,
the variation value of the stiffness K* for 7 = r, p, and the
gain ¢ are
3000 < Kp < 5000,
0 < KJF <200,
0<¢<l.
The lower and upper boundaries of the design variables 8"
and BP are
0 < B" <0.15,
0 < B <0.06.

Tables 5 and 6 present the optimized simulation results.
The resultant values of Ky and ¢ were the optimized ones for
the simulation that the robot trotted on the horizontal surface.
In Regions IIT and IV, B for ¥ = r, p had smaller values

other than ones of Regions I and II. It means that the robot
controlled its body swaying based on more narrow ranges
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TABLE 5. Optimization results of individuals (1).

Region Best Design variable
score  af ah al al al ag aff ab ah alf al af
I 3936 1.775 2017 3945 4511 5117 6.879 1.823 2.031 2.523 4568 5.827 6.659
II 3869 1.930 2781 3.528 4.097 5768 5.800 0.210 1.207 2.608 3.422 4982 5.506
I 2913 1.654 1.666 3.323 4.151 4228 4768 1931 2016 3.012 3598 5251 5.334
v 291.3 1.793 2.247 4.000 4512 5.626 5.831 1.095 1945 3474 3.885 4.291 6.365
TABLE 6. Optimization results of individuals (2).
Region Design variable
v Ky Ky Kr (] o B B
I 0.001 0.020 3830.0 193.1 190.7 0.189 0.381 0.153 0.059
II 0.019 0.006 3830.0 162.0 187.8 0.189 0.381 0.151 0.055
I 0.027 0.005 3830.0 11.7 4.5 0.189 0.381 0.064 0.051
v 0.027 0.006 3830.0 43.7 203 0.189 0.381 0.076 0.041
T The subscripts ‘f” and ‘h’ denote the front leg and rear leg, respectively.
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FIGURE 9. Simulation results (1): Desired foot trajectories in the computer simulation.

generated by CT” and CT? for regions with larger disturbance
(Regions IIT and IV) so that it could rapidly respond to the
variation of the swaying.

The optimized PTS is applied to the center point of the
desired foot path, as can be seen in Fig. 9, whose movement
values present in Table 3. The PTS were mainly performed by
the movements of the front legs in the horizontal and vertical
directions, which are shown in Fig. 9.

Fig. 10 represents foot trajectories measured by a posi-
tion sensor. The measured foot trajectories in the horizontal
direction, as can be seen in Figs. 10(a), and 10(b), included
information, such as the tracking error caused by the GRF and
the optimized values for the postural transition. In addition,
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for the measured foot trajectories in the vertical direction,
as can be seen in Figs. 10(c), and 10(d), information of the
offset position §, generated by admittance control with the
IM was added when compared with measured ones in the
horizontal direction.

The forward displacements of the robot body for each case,
which is shown in Fig. 11. When Case I (with IM) was applied
to control the robot posture based on the ranges generated by
CT” and CT?, the robot exhibited significantly improved for-
ward movement. Case III (without AC) and Case IV (without
PTS), the robot did not climb the slanted surface. Moreover,
it tipped over after 9.8 s for Case III and 16.4 s for Case IV.
The robot controlled by Case II (without IM) could hardly
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FIGURE 10. Simulation results (2): Actual foot trajectories in the computer simulation.
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FIGURE 11. Simulation results (3): Forward displacement of the robot
body.

move on the slanted surface because of its low movement
performance.

Fig. 12 shows the Euler angles of the robot body in com-
parison with the other cases and Case I (with IM). The ranges
generated by CT" and CT? were changed depending on the
posture transition region, which were reduced by P" and PP.
In addition, the ranges were moved by the cubic polyno-
mial fy,, as can be seen in Fig. 12(b). For Case I, the fig-
ure shows that the roll and pitch angles were not perfectly
kept within the ranges generated by CT” and CT?, and the
range generated by CTP got narrow greatly by PP between
15 and 25 s. In addition, for Case I, the roll and pitch angles
were maintained at the postural transition region within the
ranges generated by CT" and CT? to a higher degree when
compared with the other cases, which are shown in Fig. 12.
However, the pitch increased beyond the range generated by
CT? after 40 s.

For Case I (with IM), the stiffness values changed depend-
ing on the roll and pitch angles, as can be seen in Fig. 13,
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in the result, the angles did not deviate significantly from
ranges generated by CT” and CT?, as can be seen in Fig. 12.
In the other cases, the roll and pitch angles deviated consid-
erably from the ranges. The changes of the stiffness values
occurred every quarter-second. It means that N, was set to
four (in the foot landing, foot lift-off, and the moment of the
maximum height of the flight phase). The stiffnesses of the
legs had similar patterns between 12 and 22 s, as can be seen
in Figs. 13(a) and 13(b) (or Figs. 13(c) and 13(d)). It means
that the stiffnesses of the left legs or the right legs were mainly
regulated by admittance control with the IM based on the roll
beyond the range generated by CT” and »".

D. HARDWARE EXPERIMENTS

HUNTER, shown in Fig. 14, is equipped with sensors (IMU
and FSR), motor controllers, and motors. In addition, it has
passive joints composed of torsional springs and foamed
polyurethane pads. The torsional springs with stiffness of
approximately 300 Nm/rad and the foamed polyurethane pad
with a loss factor of 0.25 are used to decrease the GRF. The
specifications of HUNTER match those of the simulation
model introduced in Table 1. The motor (Maxson’ RE 30)
has a nominal output torque of 85.6 mNm and a gearing
reduction ratio of 1/102. Thus, the torque produced in each
joint is approximately 8.7 Nm. The torque is not sufficient for
the robot to climb the uphill trail when compared with other
quadruped robots of similar size [2]. Moreover, the mechan-
ical elements of the joints did not have sufficient strength
to perform the task. Thus, unlike the computer simulations
handled in the previous subsection, the experiment was per-
formed only on flat surfaces with an inclination angle of
10 degrees. In addition, as in the computer simulations,
the robot performed a part of the postural transition before
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FIGURE 12. Simulation results (4): (a) Roll angles of the robot body, (b) Pitch angles of the robot body, (c) Yaw angles of the robot body.
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FIGURE 13. Simulation results (5): (a) Stiffness of the left front leg, (b) Stiffness of the right front leg, (c) Stiffness of the left rear leg, (d) Stiffness of the

right rear leg.

the initial trot cycle, which stretched its front legs and rear
legs backward by —0.11 m and —0.05 m.

Because it is impossible to repeat many hardware experi-
ments under the same conditions, the parameters were tuned
not by the optimization, but by trial and error based on the
results of computer simulations. The parameters are summa-
rized in Table 7. This table shows that different parameters
were used in the computer simulations and the hardware
experiment. This was caused by modeling errors, such as
gear backlash, joint clearance, and ground condition between
the simulation model and the hardware model, which also
affected the setting of the ranges generated by CT" and CT?.
The remaining parameters (not in Table 7) were applied in the
same values as those of the simulation. For the foot trajectory,
the stride, maximum foot height, single step period, ¢;, and
o; were equal to those of the simulation. The total number
of transition steps N was set to 4 and the total time of the

168136

trotting was 7.75 s from 19.75 s to 27.5 s. As in the computer
simulations, the hardware experiments are compared with
four cases.

Fig. 15(a) shows snapshots of HUNTER trotting on the
horizontal and the slanted surfaces by using the proposed
schemes—the PTS and admittance control with the IM. The
forward displacement was significantly increased by Case |
(with IM). Fig. 15(b) shows a snapshot of HUNTER imme-
diately after the locomotion for Case II (without IM). The
robot had a short forward displacement when compared
with Case I. Figs. 15(c) and 15(d) also present snapshots
of HUNTER immediately after the locomotion for Case III
(without AC) and Case IV (without PTS). The motion of the
right front leg stopped because of the preset limits of the
motor controller for tracking error of a position and a velocity,
as can be seen in Fig. 15(c). In Fig. 15(d), the robot did not
experience leg stops, unlike the experiment of Fig. 15(c).
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TABLE 7. Parameters set.

Symbol Value  Unit Symbol Value Unit Symbol Value Unit
Ky 1,500 Nm™! nr 0.018 rad af 1 -
K, 50 Nm™! 5 0.035 rad al 2 -
K? 50 Nm™! n3 0.053 rad af 3 -
8" 0.087  rad ny 0.070  rad of 4 -
ol 0.051  rad ng 0.088  rad of 5 -

- - - g 0.110  rad af 6 -

On=mrp

FIGURE 14. HUNTER:(a) and (b) Motors (Maxson RE 30), (c) Motor drive
(Elmo whistle), (d) IMU (3DM-GX1), (e) DAQ (NI DAQmX), (f) Force sensor
(FSR), (g) and (h) Passive joints (torsional spring), (i) Foamed
polyurethane.

However, the robot did rarely trot on the slanted surface
because the COG shifted to the rear legs.

The optimized PTS was applied to the desired foot trajec-
tories from 22.5 to 26.5 s, which are shown in Fig. 16. The
movement values of the PTS are summarized in Table 3.

Figs. 17(a) and 17(b) show the measured foot trajectories
in the horizontal direction. The measured foot trajectories
were found by computing forward kinematics of the position
values of the motors sensed by the position sensors. The
measured foot trajectories of the front legs in the horizontal
direction were transformed a lot when compared with the
desired ones, as can be seen in Figs. 17(a) and 17(b). It is
because admittance control in the horizontal direction is not
applied to the foot trajectories owing to the limits of the
FSR. In addition, the figures include information, such as the
movement values of the postural transition and tracking error.
Figs. 17(c) and 17(d) show the measured foot trajectories in
the vertical direction. The figures have additional information
about the offset position §; when compared with the measured
ones in the horizontal direction.

Fig. 18 shows the oscillation ranges of the swaying in
comparison with the other cases and the ranges generated by
CT" and CTP? for Case I (with IM). In addition, the ranges
were reduced by P and PP. For Case I, the roll and pitch
angles were kept within the ranges more than the other cases,
as can be seen in Figs. 18(a) and 18(b). The range generated
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FIGURE 15. Experimental results (1): Snapshots of HUNTER trotting on
the horizontal and slanted surfaces: (a) Case | (Applying admittance
control with the IM and the optimized PTS), (b) Case Il (Applying
admittance control without the IM and the optimized PTS), (c) Case IlI
(Applying only the optimized PTS), (d) Case IV (Applying only admittance
control with the IM).

by CT? was moved by fy,, which is shown in Fig. 18(b). The
instrument error at the yaw angle caused by the influence of
the magnetometer was calibrated after 20 s, as can be seen
in Fig. 18(c).

For Case I (with IM), the stiffness values changed depend-
ing on the sizes of the roll and pitch angles beyond the ranges
generated by CT” and CT?, which are shown in Fig. 19.
It means that the algorithm of the IM in Fig. 6 was performed
based on the ranges generated by CT", CT?, »", and 7n”.
In addition, the changes occurred every a half-second.
It means that N, was set to two (in the foot landing and foot
lift-off). The stiffness values of the right legs were generally
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FIGURE 16. Experimental results (2): Desired foot trajectories during the experiment.
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FIGURE 17. Experimental results (3): Actual foot trajectories during the experiment.
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FIGURE 18. Experimental results (4): (a) Roll angles of the robot body, (b) Pitch angles of the robot body, (c) Yaw angles of the robot body.

larger than those of the left legs, verifying that admittance
control with the IM operated well considering the roll and
pitch angles and the ranges generated by CT", CT?, n" and n”.
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The stiffness values had similar patterns, as can be seen
in Figs. 19(b) and 19(a) (or Figs. 19(d) and 19(c)), which
mean that the stiffnesses of the left legs or the right legs were
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FIGURE 19. Experimental results (5): (a) Stiffness of the left front leg, (b) Stiffness of the right front leg, (c) Stiffness of the left rear leg, (d) Stiffness of the

right rear leg.

mainly regulated by admittance control with the IM based on
the roll beyond the range generated by CT” and 5.

IV. CONCLUSION

A postural transition scheme (PTS) and admittance control
with impedance modulation (IM) are proposed to control
robot posture on horizontal, slanted, and irregular surfaces
including a postural transition section. Control thresholds
based on the angular speed of the robot body is proposed as a
criterion for controlling the swaying of the robot body by IM.
Postural transition is implemented by movement values opti-
mized by a real-coded genetic algorithm (RCGA) depending
on the slant angles, and cubic polynomial is used to naturally
apply the optimized values. To verify the performance of the
proposed schemes, computer simulations and experiments
were performed utilizing a 12-DOF quadruped robot called
HUNTER. Additional schemes are applied to the simulations
and experiments counteract the lack of nominal output torque
of the motor and strength reduction of the mechanical ele-
ments in each joint. The performance of the proposed scheme
was compared with cases when the PTS and admittance
control with the IM were not applied to the posture control of
the robot. Results of the simulations and experiments verify
that the robot trots stably on both horizontal, slanted, and
irregular surfaces using the proposed schemes.
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