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Abstract

This paper presents a performance index-based evaluation for a better quadruped robotic walking configuration. For this
purpose, we propose a balance-based performance index that enables to evaluate the walk configuration of quadruped
robots in terms of balance. In order to show the effectiveness the proposed performance index, we consider some types of
walking configurations for a quadruped robotic walking and analyze the trend of the proposed performance index in those
quadrupedal walking. Through the simulation study, it is shown that an effective walk configuration for a quadrupedal
walking can be planned by adopting the proposed performance index.
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1. Introduction

Mobile robots are useful for performing various ser-
vices at industrial work spaces, hospitals, exhibition halls,
homes, and so on. So, many research groups are studying
on the mechanism, motion planning, and control methods
for their applications. In general, locomotion can be con-
sidered as an additional function for the completion of var-
ious mobile manipulation tasks. Thus, alocomotion mech-
anism that enable amobile robot to move throughout itsen-
vironment is very important in the design aspect of maobile
robots. Actualy, there are various types of mobile robots
developed in world wide. Those mobile robots can be clas-
sified as three types of locomotion mechanisms[1]: wheel-
based, legged, and hybrid of the two mechanisms. They
have individual features by employing different locomo-
tion mechanisms. Specifically, a wheel-based mobile robot
is very useful to do delivery services on flat ground [2].
In fact, the wheeled locomotion is more efficient than the
legged locomation on flat surfaces. However, a legged
walking robot is more adaptable in a rough terrain, rela-
tively [3]. The hybrid type of mabile robot can utilize the
advantages of wheel and leg mechanisms[4] [5].

Especially, awalking robot is very recommended to do
atask passing through a stairway or some obstacles [6] [7].
It is because the legged locomotion is capable of overcom-
ing such inconveniences. Of course, complexity of the
mechanism may be increased when arobot has several legs.
If any leg of therobot is not compatible with others motion,
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the maneuverability and/or equilibrium of the robot may
not be guaranteed. So, coordination of each leg is very
important to achieve the desired walking performance. In
order to walk, arobot must lift its leg in what order. Thus,
it is required to consider an effective gait pattern for reli-
ablewalking. A proper walking strategy for al legsisalso
needed. For a more balanced walking, the walk configura-
tion of the robot is to be well-planned through the evalua-
tion of each footstep in rea time. In this sense, we need
to consider a performance index that is useful for identify-
ing the configuration of multi-legged walking. Related to a
performance index for multi-legged robots, a stability mar-
gin concept was presented for static quadrupedal creeping
gaits [8], and the energy-based stability margin was also
used for legged walking robots [9] [10]. However, aperfor-
mance index for multi-legged walking in terms of balance
israreyet.

The objective of this paper is to present a performance
index-based evaluation for abetter quadruped robotic walk-
ing configuration. To do that, we propose a balance-based
performance index which is useful for evaluating differ-
ent walk configurations. Through simulation studies, it is
shown that an effective walk configuration of aquadrupedal
robot can be evaluated by using the proposed performance
index. This paper is organized as follows. In Section 2, we
specify a simplified model of quadruped robotic walking.
A balance-based performance index for the evaluation of
awalk configuration is described in Section 3. In Section
4, simulation results for an exemplary quadrupedal walk-
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ing are shown to illustrate the feature of the proposed per-
formance index. Finally, concluding remarks are given in
Section 5.

2. Model of Quadruped Robots and Walking
Patterns

In order to consider the walking of quadrupedal robots,
let us observe some representative four-legged walking
mechanisms as shown in Fig. 1. For example, Fig. 1(a)
shows a real dog who is available for hunting, searching
and protecting something needed to his master. An indus-
trial company, Sony in Japan, developed an entertainment
robotic dog shown in Fig. 1(b) [11] [12]. Recently, some
researchers have an interest in the robots for military appli-
cations [13]. Therobot in Fig. 1(c) was developed for the
purpose of military delivery services by Boston Dynamics
Company [14]. Actually, this kind of quadruped robot is
useful for delivering some loads required in dangerous en-
vironment including an irregular terrain.

(c) A military service robot, BigDog
Fig. 1 Quadrupedal walking mechanisms.

To dea with such a quadrupedal walking, this pa
per considers atypical four-legged locomotion mechanism
shown in Fig. 2 asasimple walking model. We especially

concern on the foot configuration formed by the locations
of feet. In general, the foot configuration of a multi-legged
robot depends on the number of leg and their gait pattern.
If a mobile robot has £ legs, the number of possible gaits
is (2k — 1)!, where the symbol ! means a factorial expres-
sion [1]. In particular, a quadrupedal robot can make 5040
gaits. So, there exists so many styles of walking pattern.
Nevertheless, the balance of such a quadrupedal robot may
be unstable in awalking process according to the locations
of supporting feet [15] [3]. On the other hand, the case
of a six-legged robot is flexible comparably to make var-
ious foot configurations for stable walking [16] [17]. But
its control is rather hard due to the structural complexity.
Thus, planning a proper foot configuration is very impor-
tant to improve the performance of the quadrupedal walk-
ing.

Fig. 2 Model of aquadrupedal robot.

Related to the walking patterns of multi-legged robots,
many researchers have been trying to know which walking
styleisadequate for alegged locomotion [8] [13] [18] [19].
For instance, the quadrupedal walking patternsin a sequen-
tial fashion can be classified as Table 1. Such a walking
pattern can be used properly according to the given envi-
ronmental condition and a special footstep motion.

Table 1. Quadrupedal walking patternsin a sequential fash-
ion starting from thefirst leg.

| Case | Order of footstep | Remarks |
| fl-f2—-f3—-f4—-fl | SeeFig. 2
I fl-f2—-f4—-13->f1
Il fl-f3—-f4-f2-1f1

v fl-f3—f2—-14—-1f1
V fl—-f4—-f2—-1f3—-1f1
VI fl—-f4—-1f3—-12-1f1

3. Balance-Based Per for mance | ndex

If a quadruped robot lifts a leg in order to walk, the
other three legs should support the body for the walking.
In such awalking situation, it is very important to consider
the balance of the walking system. In fact, a quadruped
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robot isusually able to stand easily on four feet, but its bal-
ance may be uncertain as one of feet islifted in the process
of walking. For awalk without falling, it is useful to think
about the movement of the center of gravity(COG) of the
robot system as shown in Fig. 3. A robot system may bein
astable postureif the COG is possible to be replaced to the
equilibrium position of the robot system during walking.

COG

f4(’1'1, Ya, Z,1)

R

fl(Ih Y1, Zl)

2 £3(3, y3, 23)
f2(x9, y2, 22)

Fig. 3 Center of gravity and centroid of afoot polygon.

In fact, if the COG has been adjusted and projected to
the centroid of foot polygon(COFP), the walking configu-
ration can be placed in an equilibrium posture. But itsgrade
of balance and stability may be different according to the
shape of the polygon and the height between the position
of the COFP and the COG. Thus, it is acceptable usually
that the more the shape and the height are spacious and |ow
respectively, the more the walking balance becomes better.
In this sense, this paper proposes a performance index to
estimate different walking configurations as follows.

IBS = (SGN)dmzn(t)rmzn(t)e_h(t) (1)

where d,,;, (¢) s the minimum distance between the COFP
and the line pass through the two neighbor’s feet positions.
The parameter 7, (t) is the minimum distance between
the COFP and each foot position. The h(t) denotes the
perpendicular distance of the COG into the COFP. Phys-
ically, these parameters can be considered as the stability
margin, the balance margin, and the potential margin based
on the center of gravity of multi-legged robot systems, re-
spectively. If SGN is positive, the COFP is located inside
of the polygon, while the position of the COFP is outside
of the polygon when it is negative. So, it can be used as
an estimating condition for the relative stability of any foot
configuration. In particular, the parameter SGN is deter-
mined by

-1 : S1>5;
SGN={ 0 : S =5, @)
1 : S1<5,
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where S; denotes the area of the polygon formed by the
position of the COFP and the supporting feet and S, isthe
area of the polygon formed by the supporting feet.

Practically, the performance index s in (1) provides
the minimum value of each foot configuration for a given
walking task. Thus we can guess the functional attraction
level of any foot configuration from the index. It isfinally
evaluated that the walk configuration with the largest value
of theindex is preferred in acomparative study considering
many walking styles.

4. Quadrupedal Walking Simulation

This section shows the simulation results of an exem-
plary quadrupedal walking task to confirm the effectiveness
of the performance index presented in Section 3.

1 3
f1 f4
11 Head I
Leg 1 Leg 4
Leg 2 Bady Leg 3
4 2
Zy, III v
13
Y, 2
0, Xo
(a) Gait sequence
Foots Supporting

ty by t3 ty ts g

t7 Time (s)
(b) Gait diagram

Fig. 4 Walking pattern of a quadrupedal robot.

In order to assign a proper walking pattern for the sim-
ulation, we pay attention to the recent study tried to find out
areasonable gait sequence for quadrupeda robots [20]. In
the research, a creeping gait sequence that the order of the
moving leg isassigned asthe third casein Table 1 was con-
firmed as a useful walking pattern for quadrupedal robots
in terms of walking balance. In fact, it is observed empiri-
cally that the real dog showninFig. 1(a) walksnormally by
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such acreeping gait style. Thissituation is also usually ob-
served in ababy’s crawling motion. So, we considered the
sequential creeping gait style as shown in Fig. 4 to identify
the significance of the performance index.

For comparative analysis of the quadrupedal walking
in Fig. 4, our approach is firstly to check the performance
index for any reference walking trajectory under the condi-
tion that the center of gravity of the robot has been adjusted
and projected to the centroid of foot polygon at each step.
Next concern is to analyze the corresponding foot configu-
ration based on the profile of the performance index.

3.5

3+ Final foot. configuration - - B

y(m)

Trajectories

1 il of feet

Initial foot. configuration: |

0 0.5 1 15 2 2.5 3
z(m)

(a) Casel
3.5
3+ Final foot: configuration g
2.5f 1
— 2 :
g
=
1.5¢ Trajectories l
N f of feet |
Initial foot. configuration |
0.5 2 f3
0 i i i i i
0 0.5 1 1.5 2 2.5 3
z(m)
(b) Case 2

Fig. 5 Reference foot trajectories for the walking task.

For the simulation study, two reference walking trajec-
tories with 100 steps for arespective foot have been prede-
fined as shown in Fig. 5. Those reference trajectories were
actually made by arandom process as follows:

zi(t +dt) = z;(t) + pi{rand()}, i = 1,2,--- 4 (3)
yi(t + dt) = y;(t) + ps{rand(1)}, i = 1,2, .4 (4)

where rand(1) is a random function to generate an arbi-
trary value in between 0 and 1. The p; playsaroleto adjust

the pace of walking, and it was set to 0.05. The parame-
ter dt indicates the sampling time for each step motion of
amoving leg, and it was set to 5 ms. For convenience, we
assumed that the height of the COG can be maintained at a
constant position, 0.3 m, and also the position of the actual
COG can be moved into the inside of each foot polygon.
The walking motion of the robot shown in Fig. 2 was spec-
ified in planar space. Theinitia positions of each foot are
specified in Table 2.

Table 2. Initial positions of four feet.

| Foot | « position(m) [ y position(m) | = position(m) |

f1 0.5 0.9 0
f2 05 05 0
f3 0.8 0.5 0
f4 0.8 0.9 0
0.05
0.047
0.03;
< 0.02]
)é) ]
0.014
O,
-0.01 ‘ ‘ :
0 0.25 0.5 0.75 1
Time (s)
(@ Ipsfort=0~1.0s
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Fig. 6 Profiles of the performance index for the two cases
of walking, where ‘o,’ or ‘x’ represents the check time for
each performance.
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Fig. 7 Exemplary foot configurations for the two cases of
walking.

Fig. 6 shows the trend of the performance index, Igs
in (1), for each walking task predefined as the two casesin
Fig. 5. Asaresult, the actual performance indices for the
two casesare similar inlevel until 0.75 s, but after that their
profiles are different, and the level of the case 2 isgenerally
more larger. Thisimplies that the walking configuration of
the second case is more balanced and stabled than that of
the first case. This analysis is also confirmed from Fig.
7 that compares some foot configurations extracted in the
walking process of the two cases. It is actually observed
that the foot polygons in Fig. 7(b) are more balanced in
shape. From the simulation, it is reversely pointed out that
the performance index proposed in this paper can be used
to find areliable and attractive foot configuration during a
multi-legged walking process.

On the other hand, according to the practical environ-
ment that a legged robot meets, any footstep of the robot
may be evaluated in a reasonable region repeatedly and/or
irregularly for a particular gait motion. Actualy, this sit-
uation can be observed in the walking pattern for a dog to
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search something in a rough terrain. In this case, the pro-
posed performance index is available for determining an
effective foot position for the given task in terms of bal-
ance. Such a footstep planning is actualy useful for ef-
fective delivery services as shownin Fig. 1(c). In order for
the optimal walking, a proper combination with some other
indices [8]- [10] is additionally desirable.

5. Conclusions and Future Wor ks

This paper presented a performance index-based eval-
uation for a better quadruped robotic walking configu-
ration. In order to evaluate any walk configuration of
quadruped robots, a balance-based performance index has
been proposed. Through simulations for two exemplary
reference trajectories, the feasibility of the proposed in-
dex was proven. As a result, it is concluded that a good
walk configuration for quadrupedal walking can be identi-
fied by adopting the proposed evaluation process and thus
more effective quadrupeda walking can be planned in the
viewpoint of walking balance. Since this effort is actualy
related to the determination of any footstep to make awell-
balanced walk configuration, the current study is conse-
quently available for dextrous locomotion of multi-legged
robots.

In addition, adaptive footstep planning based on a
proper combination of multiple indices will be an interest-
ing research topic for various legged mobile manipul ations.
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