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Abstract In this paper, we intend to show the basis of a
general legged locomotion controller with the ability to
integrate both posture and rhythmic motion controls and
shift continuously from one control method to the other
according to the walking speed. The rhythmic motion of
each leg in the sagittal plane is generated by a single leg
controller which controls the swing-to-stance and stance-
to-swing phase transitions using respectively leg load-
ing and unloading information. Since rolling motion in-
duced by inverted pendulum motion during the two-legged
stance phases results in the transfer of the load between
the contralateral legs, leg loading/unloading involves pos-
ture information in the frontal plane. As a result of the
phase modulations based on leg loading/unloading, rhyth-
mic motion of each leg is achieved and inter-leg coor-
dination (resulting in a gait) emerges, even without ex-
plicit coordination amongst the leg controllers, allowing
to realize dynamic walking in the low- to medium-speed
range. We show that the proposed method has resistance
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ability against lateral perturbations to some extent, but
that an additional ascending coordination mechanism be-
tween ipsilateral legs is necessary to withstand perturba-
tions decreasing the rolling motion amplitude. Even with-
out stepping reflex using vestibular information, our con-
trol system, relying on phase modulations based on leg
loading/unloading and the ascending coordination mecha-
nism between ipsilateral legs, enables low speed dynamic
walking on uneven terrain with long cyclic period, which
was not realized in our former studies. Details of tra-
jectory generation, movies of simulations and movies of
preliminary experiments using a real robot are available
at: http://robotics.mech.kit.ac.jp/kotetsu/.

Keywords Quadrupedal walking - Central pattern
generator - Phase modulations - Leg loading/unloading -
Gait and posture - Perturbations

1 Introduction

Animals are able of great mobility, while taking advantage
of the dynamics of their bodies and environment such as
the gravity field, the hydrodynamic field and so on. Regard-
ing legged locomotion, Alexander (1984, 1992) showed that
the Froude Number! (Fr) can be used to characterize the
dynamical phenomena taking place when the locomotion
speed varies. It was also pointed out by Fukuoka et al. (2003)
that:

VFr =v//gh (where v is the locomotion speed, g the gravity acceler-
ation and & the height of the hip joint from the ground).
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e Atlow Fr (low speed), since potential energy is dominant,
posture” control using ground reaction force information
and vestibular information is predominant to generate sta-
ble locomotion.

e Athigh Fr (high speed), since kinetic energy is dominant,
it requires rhythmic motion® control to maintain the stable
limit-cycle* which results from the non-linear dynamics
of the combined control and mechanical systems. Posture
control using vestibular information (such as the stepping
reflex) is also involved to stabilize the system when its
state leaves the limit-cycle stable region due to perturba-
tions.

In walking at low Fr of biped robots (Takanishi et al.
1990; Hirai et al. 1998) and of a quadruped robot (Yoneda
et al. 1994), stabilization of posture and rhythmic motion at
low speed was realized by joint PD-control to follow joint
reference trajectories satisfying constraints on the ZMP,? in
order to preserve the “dynamic balance” at each instant dur-
ing the gait (Vukobratovi¢ and Borovac 2004). In such ZMP-
based control method, posture and rhythmic motion controls
are integrated in some sense (Fig. 1(a): right), but energy ef-
ficiency decreases as the walking speed increases, since a
body with a large mass needs to be accelerated and deceler-
ated by the actuators in every step cycle to satisfy the ZMP
constraints.

On the other hand, in walking at medium Fr and in
running at high Fr, stable limit-cycle patterns were con-
structed by the rhythmic exchange of stance and swing
phases, while posture control such as touchdown angle con-
trol based on vestibular information (or stepping reflex)
also contributed to stabilization of the limit-cycle patterns
(Fig. 1(a): left) (Miura and Shimoyama 1984; Raibert 1986;
Kimura et al. 1990). Hence, limit-cycle-based control meth-
ods are not bound to preserve the “dynamic balance” at each
instant of the gait and this creates more freedom to opti-
mize energy efficiency (Hobbelen and Wisse 2008) by tak-
ing advantage of the natural dynamics of the system (re-
lated to inverted pendulum mode or spring-mass mode).
As a result, such methods can generate more energy effi-
cient middle- and high-speed locomotion than ZMP-based
control methods. However, there is an upper limit to the

Zposture here refers respectively to the attitude when the body is at rest,
and the mean attitude and the amplitude of the body motions (such as
the rolling motion) during locomotion.

3Rhythmic motion involves periodic motion of each leg and the coor-
dination among the legs (or interleg coordination), resulting in a gait.

4A stable limit cycle is a close trajectory in the state-space (i.e. a pe-
riodic motion) to which neighboring trajectories converge under small
perturbations.

>The Zero Moment Point (or ZMP) is the point with respect to which
the moment of all the ground reaction forces is zero. It can be seen as
the extension of the projection of the center of gravity on the ground,
including inertial forces and so on.

@ Springer

cyclic period, over which stable dynamic walking cannot
be realized with such type of control (Kimura et al. 1990;
Aoi and Tsuchiya 2006), which limits its use to generate
low speed locomotion.

In this paper, we consider a limit-cycle-based control
method for quadrupedal dynamic walking of a medium-
sized mammal-like model. Quadrupedal mammals usually
have long and narrow bodies and contralateral legs are never
simultaneously in the swing phase during walking. There-
fore, posture in the sagittal plane is easy to stabilize, and
the main issue is to control the posture in the frontal plane,
that is, to stabilize the rolling motion of the body (Karayan-
nidou et al. 2009). In the author’s former studies (Fukuoka
et al. 2003; Kimura and Fukuoka 2004; Kimura et al. 2007),
adaptive walking on irregular terrain with the mammal-like
quadruped robot Tekken was realized in the medium-speed
range (Fr € [0.3, 0.7]), using a biologically-inspired control
system based on a Central Pattern Generator (CPG) asso-
ciated with a set of reflexes. In animals, CPGs are neural
circuits responsible for the generation of rhythmic move-
ments, including locomotion (Grillner 1981). In those stud-
ies, rolling motion feedback to the CPG and sideway step-
ping reflexes based on vestibular information (roll angle of
the body) were employed to control the posture in the frontal
plane. However, stable low speed walking (with Fr < 0.3)
with a long cyclic period (>0.6 s) could not be realized.®
This was because ground reaction force (reflecting the load
supported by each leg, or leg loading) sensory feedback to
the CPG for posture control was lacking and the large ampli-
tude of the rolling motion induced by the long cyclic period
made walking unstable.

On the other hand, in four-legged mammals, posture con-
trol is known to be mainly based on somatosensory input,
in particular sensory information related to leg loading pro-
vided by the Golgi tendon organs (Deliagina and Orlovsky
2002). In addition, recent simulation studies also indicated
that this sensory information is crucial for the coordination
of contralateral legs during walking (Ekeberg and Pearson
2005). Therefore, we propose a novel control method for
quadrupedal dynamic walking, using leg loading/unloading
information to adjust the relative durations of the swing and
stance phases of each leg during the step cycle, via phase
modulations. As local leg loading/unloading information re-
flects both the current phasic state of a leg (swing or stance)
and the global body posture, such method allows to simulta-
neously coordinate the rhythmic motion of the legs in the
sagittal plane and control the posture of the body in the
frontal plane. We show in simulations that such simple but
general legged locomotion controller can integrate both pos-
ture control and rhythmic motion control in the framework

6Stable low speed walking with the short cyclic period and short strides
was realized, but is not good from the energy efficiency point of view.
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Fig. 1 (a) Conventional legged locomotion control methods. In
limit-cycle-based control methods, posture control is usually achieved
using mechanisms relying on vestibular information (such as the step-
ping reflex), while control of the rhythmic motion relies on phase
modulations based on leg contact information and, to a lesser extent,
vestibular information in the case of the rolling motion feedback to the
CPG in Tekken (Fukuoka et al. 2003). (b) Legged locomotion con-
trol method proposed in this paper. We employ an approach where
both posture and rhythmic motion controls are achieved using a sin-
gle mechanism, i.e. phase modulations based on leg loading/unloading
information

vestibular
information

of limit-cycle-based control (Fig. 1(b)), and that it can gen-
erate stable dynamic walking at low and medium Fr even
under some perturbations, without using vestibular informa-
tion.

Section 2 presents the related studies and details the ap-
proach followed in this study. An overview of the simulation
model is given in Sect. 3, while Sect. 4 presents the proposed
control system. Our results are presented in Sect. 5. Sec-
tion 5.1 deals with the issue of interleg coordination and ex-
plains how our strategy, relying on phase modulations based
on leg loading/unloading, allows to realize stable dynamic
walking with independent leg controllers. Section 5.2 inves-
tigates the performances of the control system against per-
turbations (lateral perturbations and uneven terrain) and ex-
plains why an ascending coordination between the ipsilat-
eral LCs is needed. We discuss our results in Sect. 6 and
finally conclude in Sect. 7.

Abbreviations and notations used in the following sec-

tions are summarized in Tables 1 and 2. The hat ", the bar ~

and the tilde ~ symbols are respectively used to represent the
nominal value, the real value (observed during the simula-
tion) and the reference value of a single variable.

Table 1 Abbreviations

ACM Ascending coordination mechanism
AEP, PEP Anterior and posterior extreme positions
CPG Central pattern generator

LC Leg controller

LF, RF Left and right forelegs

LH, RH Left and right hind legs

LO, TD Lift off and touch down

ST or st, SW or sw Stance and swing

cntr, ipsi Contralateral and ipsilateral

2 Related studies and our approach
2.1 Legged locomotion control methods

Kimura et al. (2007), referring to Jindrich and Full (2002),
mentioned that three general methods are available to main-
tain stability during legged locomotion. Those are:

(a) adjustment of the joint torques within a single step cycle,

(b) adjustment of the initial conditions of the legs at the
transition from swing to stance,

(c) adjustment of the phase (stance or swing) of a leg, or
phase modulations.”

Method [a] is very popular in a lot of legged locomo-
tion studies including ZMP-based control. Method [b] in-
volves the adjustment of the touchdown angle of a swing-
ing leg based on vestibular information, or stepping re-
flex (Miura and Shimoyama 1984; Raibert 1986; Kimura
et al. 1990, 2007; Kimura and Fukuoka 2004; Fukuoka et
al. 2003), and the switching of leg stiffness between stance
and swing phases (Raibert 1986; Kimura et al. 1990, 2007,
Kimura and Fukuoka 2004; Taga et al. 1991; Taga 1995;
Fukuoka et al. 2003). Method [c] is based on the biological
knowledge that rhythmic motion in animals is mainly gen-
erated by neural circuits called CPG, whose activity is mod-
ulated by sensory inputs (Grillner 1981; Rossignol 1996;
Orlovsky et al. 1999). The CPG-based method was used to
generate dynamic walking in simulation (Taga et al. 1991;
Taga 1995; Ijspeert 2001; Tomita and Yano 2003; Righetti
and Ijspeert 2008) and real robots (Kimura et al. 1999,
2007; Kimura and Fukuoka 2004; Berns et al. 1999; Tsujita
et al. 2001; Fukuoka et al. 2003; Aoi and Tsuchiya 2005;
Buchli and Ijspeert 2008; Ijspeert et al. 2007). The stability
of this method has also been analyzed mathematically (Aoi
and Tsuchiya 2006). These three methods are of course not

"That is, shortening or lengthening the period of the stance or swing
phase of a leg in a step cycle.
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Table 2 Indexes and notations. The suffix i is omitted when we consider a single leg

Indexes and accents

Leg index (superscript) € {RH, LH, RF, LF}; “*” is used as a wildcard character, replacing either the first letter

(to indicate both fore- or hind legs) or the second (to indicate both right or left legs)

Joint index (subscript)

J
P Leg phase index (subscript) € {sw, st}

k Walking cycle index (subscript)
K Side index (superscript)€ {R, L}

represent respectively the nominal value, the real value and the reference value of a single variable

Physical quantities

H Normal ground reaction force 9; Joint angle
Oroll Body roll angle ® Body rolling motion amplitude
Phase dynamics parameters
@ Oscillator phase o' Oscillator angular velocity
Ti Swing phase duration T Stance phase duration
T Walking cyclic period B Duty ratio
X Force threshold of the stance-to-swing transition condition based on leg unloading (N)

i
¢114>12

Phase threshold of the transition condition based on the oscillator phase (for the transition from /; to /)

Trajectory generation parameters

i i

Position and speed vectors of the foot in the referential fixed to the trunk and centered at the hip joint

H Height of the hip joint from the ground

K Ki PD control gains

r',v
((x)x and (*)y refer respectively to the x and y coordinates)

L Stride length

Al Offset of the AEP vertical coordinate

F; Joint torque

Cl

Pj.p> " Dj.p

Coefficient used to adjust the PD control gains of the knee and ankle joints during the stance phase

Gait characterization

yenr Phase difference between contralateral legs (such as LH and RH)
yipsi Phase difference between ipsilateral hind leg ad foreleg (such as LH and LF)
Other notation
. . . Sk paar . .
() Average value of variable f during walking cycle &, defined as (f); = = when taking respectively

(e —ts.k)

the onset of swing phase of the left hind leg in walking cycle k and k 4 1 as the start (¢, &) and end (% k)

boundaries of the walking cycle.

completely independent. For example, the method [c] be-
comes more effective when the switching of leg stiffness
between stance and swing phases is employed.

In this paper, we utilize a CPG-based method with phase
modulations based on leg loading/unloading. In addition,
even though the stepping reflex is a very effective posture
control method, we do not use it in this study at this stage,
since we would like to see the effectiveness of the phase
modulations for the posture control in the frontal plane di-
rectly.

2.2 CPG architecture and phase modulations based on leg
loading/unloading

Tsujita et al. (2001) and Aoi and Tsuchiya (2005, 2006)

used leg contact information feedback to the CPG. They
proposed to modulate the swing phase duration of a leg by

@ Springer

resetting the phase of its associated oscillator to the stance
phase when the leg touched the ground, and reported that
such phase resetting enhanced the stability against perturba-
tions.

On the other hand, it is known for the stance-to-swing
transition in animals that stance phase is indeterminately
prolongated as long as the leg loading is over a given thresh-
old (Duysens and Pearson 1980; Orlovsky et al. 1999). Be-
ing motivated by this fact, Ekeberg and Pearson (2005) in-
vestigated the respective importance of hip extension and
leg unloading information for stance termination by simu-
lating 2D alternative stepping of the hind legs in the sagittal
plane using a musculoskeletal model of cats. They found
that modulation of the stance phase duration using leg un-
loading plays an essential role in the emergence and stabi-
lization of stable alternate stepping. Maufroy et al. (2008)
also simulated similar 2D alternative stepping in the sagit-
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tal plane in a wide walking speed range while employing
synergies of muscle activation. However, in this paper, we
consider 3D walking (involving motion in the sagittal but
also the frontal planes) and utilize phase modulations based
on leg loading/unloading to control both rhythmic motion in
the sagittal plane and posture in the frontal plane. In addi-
tion, we decided to use a PD-controlled joint model, instead
of a musculoskeletal model, for the sake of simplicity.

Righetti and Ijspeert (2008) used phase modulations
based on leg loading/unloading in a generic network of cou-
pled oscillators and simulated 3D quadrupedal locomotion
with various gaits (walk, trot, bound and pace). In their ar-
chitecture, the generation of the gait as well as its stabi-
lization was mostly considered at the level of the oscilla-
tors interactions by setting properly the couplings among
the leg oscillators. Nevertheless, no specific consideration
was given to the exact role of the phase modulations based
on leg unloading regarding the issues of rhythmic motion
generation in the sagittal plane and postural control in the
frontal plane. Alternative stepping of the contralateral legs
can be generated without explicit couplings among the leg
controllers when phase modulations based on leg unloading
are used, as shown by Ekeberg and Pearson (2005). Hence,
in this paper, we aim at achieving interleg coordination in
3D walking in an emergent fashion, through a process in-
volving interactions with the rolling motion in the frontal
plane relayed by leg loading/unloading information, rather
than by explicit couplings among the leg control entities.
Such CPG architecture is also motivated by the fact that
the locomotion CPG in vertebrates is distributed (Rossignol
1996) and the argument by Cruse (2002) that “local rules
exploiting feedback loops and the mechanical properties of
the body can produce the basic rthythm and can explain a
considerable part of the coordination.” Using such architec-
ture, we might be able to integrate posture and rhythmic
motion controls in a more sensor-dependent way in order
to generate appropriate interleg coordination according to
the walking speed, hence realizing walking both at low and
medium speeds using the same control system.

3 Simulation model
3.1 Mechanical model

Our model (Fig. 2) is made of a trunk and four identical
legs, each of them made of three segments (thigh, shank and
foot) articulated with three rotational joints around the pitch
axis (hip, knee and ankle). At the tip of each foot is a force
sensor to measure the normal ground reaction force f;,. The
trunk is modeled as a cylindrical body, whose center of mass
is slightly forward (at a position of 40% of its length from
the front) to account for a similar mass repartition in ani-
mals (Tomita 1967). The distances between the hip joints of
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front Trunk
Hip
Thigh /6,
y
0, Knee
Shank
Ankle 65
@ : sagittal plane Foot
force sensor —> @ : frontal plane
Length (cm) Width (cm) Height (cm) Mass (g)
Thigh 9 3 3 202.5
Shank 10 2 2 100
Foot 6 2 2 60
Length (cm) Radius (cm) Mass (g)
Trunk 23 3 3000
Radius (cm) Mass (g)
Sensor 1.5 50

Fig. 2 Simulation model. Each leg has three segments articulated with
three rotational joints around the pitch axis. The model does not include
any joint around the roll axis. The masses and dimensions of the model
bodies are given in the lower table. They are loosely inspired from the
ones of medium-sized mammals such as cats and small dogs (with the
forelegs identical to the hind legs). The total mass is 4.650 kg, while
the distances between the hip joints of the contralateral and ipsilateral
legs are 12 cm and 23 cm, respectively

the contralateral and ipsilateral legs are 12 cm and 23 cm,
respectively.

The legs have no joint around the roll axis so that the mo-
tion of each leg is two-dimensional and restricted to a plane
parallel to the sagittal plane. But during dynamic walking,
rolling motion in the frontal plane with the roll angle repre-
sented by 6, is still naturally induced as a consequence of
the rhythmic pitching motion of the legs because a dynamic
system similar to an inverted pendulum appears in two-
legged stance phases. We employ such mechanical model
in order to investigate the effectiveness of phase modula-
tions based on leg loading/unloading for posture control in
the frontal plane.

3.2 Simulation environment

The simulations were carried out using a commercial mo-
bile robot simulation software: Webots.® The simulation of
the mechanical system dynamics (including the computation

of the torques generated by the PD control for each joint)
was performed every 0.5 ms, while the time step for the

8http://www.cyberbotics.com.
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simulation of the control system (phase dynamics and tra-
jectory generation) was set to 2 ms. For the ground reaction
forces, the contact model provided by ODE (the dynamics
engine on which Webots is based) was used. For the normal
force component, it is equivalent to a spring-damper model
(the parameters were set to realize stiffness and damping re-
spectively equal to 3.0e4 Nm~! and 2.0e3 Nsm™!). On the
other hand, the frictional forces in the tangential directions
were computed using Coulomb friction approximation (with
a friction coefficient set to 1.0).

4 Control system
4.1 Overview

Our control system is based on the Central Pattern Generator
(CPG) paradigm and each of the four legs is associated with
a control entity that will be referred to as leg controller (LC).
Each LC has two phases, swing (sw) and stance (st), and the
transfer of activity between them is regulated using sensory
information related to the load supported by the leg, or leg
loading, as explained in Sect. 4.2.

In order to keep the system simple, as few interleg co-
ordination mechanisms as possible were introduced. While
using the phase modulations based on leg loading in the
LCs, walk gait could be realized in a broad range of walk-
ing speeds and periods without any interleg coordination

SWING

phase dynamics fa>0

TRANSITIONS

(and @ > Pyu—s1) C))
T

mechanism (see Sect. 5.1). However, when the model was
subjected to perturbations, we found that an interleg control
mechanism was necessary and we named it: ascending coor-
dination mechanism (or ACM), as it links the hind legs to the
forelegs. Although it is only used in Sect. 5.2.2 and 5.2.3, it
is presented in this section (Sect. 4.3) for the sake of clarity.

4.2 Single leg controller

The internal organization of the LC is schematically repre-
sented in Fig. 3, using (1)~(13). Each LC is associated with
a simple oscillator, with a constant and unitary amplitude
and a variable phase ¢, where i is the leg index (Tsujita et
al. 2001; Aoi and Tsuchiya 2005, 2006). Such representation
involving an oscillator was introduced for the sake of sim-
plicity, in order to facilitate the trajectory generation process
and the definition of phase relationships between the legs.
However, as the phase transitions are regulated using sen-
sory feedback, this latter has a large influence on the loco-
motion rhythm.

The trajectory of the foot is generated according to the
current locomotion phase. For that purpose, a few specific
positions need to be defined. The position of the foot where
the swing-to-stance transition is desired to happen is called
the anterior extreme position F sgp, while the position where
it really happens is the touchdown position rrp. Similarly,
the position where the stance-to-swing transition is desired

STANCE

3

phase dynamics

initial reset: ¢ = ¢prp (1) initial reset: ¢ = Pagp (7
. O+ Omoa if P < Parp - - . |o ifg<2m
¢_{O if(p:(Z’AEP 2 Jn < X=X+ Xmod Q) ¢= 0 if¢p=2n ®)
(and ¢ > G5t s5w) (6)
trajectory generation trajectory generation
rsw(0) =rr0 rs(@aep) =rp
roo(PaEp) =Fagp  (9) il ryQm)=Fpep (10)
i/2 r'TD,x — i,
|:f'AEP:| _|H-A .. |:;'PEP1| _| H
VaEP 0 =t LopEP —L( - B)/BTy
0 0
bppp =0:  dagp =271 — B) A a=2x(1-p/Tw  (12) [%ww} _ [ Parr/2 } (13)
¢st—>sw ¢AEP + (7[/2)

Fig. 3 Leg Controller structure. The foot trajectories are expressed in the Cartesian coordinate system fixed to the trunk and centered at the hip
joint (xy and x, refer respectively to the x and y coordinates, while r and v are the position and the speed vectors)
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to happen is the posterior extreme position ¥ pgp, while the
position where it really happens is the liftoff position r .

Constant parameter values of a LC used in the simula-
tions are summarized in Appendix.

4.2.1 Phase dynamics

When a leg phase transition occurs in a LC, ¢ is reset (to
d;PEP at the swing onset (1) or to (/JA)AEP at the stance on-
set (7)). The phase then increases constantly with a rate
given by the angular velocity @, until it reaches a maximum
value (as expressed by (2) and (8)). The parameter w,,4 in
(2) is used only by the ascending coordination mechanism
(see Sect. 4.3) to modulate the swing phase duration and
is set to zero when this mechanism is inactive. Parameters
¢A>AEP, dA)pEp and @ are defined as functions of the nominal
swing phase duration ]A”SW and the nominal duty ratio ,3 (€R))
and (12)).

4.2.2 Foot trajectory generation and joint PD control

For each locomotion phase, the foot trajectory is computed
between the initial measured position (r7 o or rrp) and the
nominal final position (#4gp or Fpgp), in a way that guaran-
tees the continuity of the speed at the transitions. The details
of the trajectory generation can be found in Maufroy (2009a)
(or on our website, see the link given in the abstract). The ve-
locity profiles of the x and y components of the trajectory
are computed and parameterized using the phase ¢ and the
nominal foot position is obtained by temporally integrating
them.

For the trajectory during the swing phase, the nominal
speed at AEP is set to 0 in order to allow for a smooth land-
ing. Moreover, the trajectory must insure a sufficient toes
clearance. The motion is generated using a cycloid trajectory
modified to insure speed continuity at liftoff and to be able
to specify an offset of the AEP vertical coordinate if needed.
This offset A (see (9)) has the role to delay the stance phase
onset of a foreleg compared to the ipsilateral hind leg (see
Sect. 5.1.3).

As the transition to the stance phase occurs just after the
contact of the foot with the ground, the initial speed for this
phase is set to be 0. The velocity profile of the x compo-
nent vy, is set constant during the stance phase (but for an
initial constant acceleration period). For vy y, various pro-
files have been tested and lead to similar results as long as
the velocity is large at the beginning of the stance phase and
decreases fast enough afterward. As shown by (10), the hor-
izontal speed at PEP is different from zero. Hence even if ¢
reaches 27, the backwards motion of the foot continues (as
the trajectory is generated by integrating the velocity pro-
files), allowing for the step length to be bigger than the nom-
inal value L if needed.

Based on the nominal position and nominal speed, the
reference joint angles and angular velocities (6 ; and GN;-, with
subscript j being the joint index) are computed using the
inverse kinematics model of the leg. As the leg is made tri-
segmented, we constrained the knee and ankle joint angles
to be equal. The joint torques 1"; are then generated using
the following PD control law:

P KL (@ =gt i GG
Ty = Kpjp®© = 0) + Kbj 0 =0)) (14)
with:
i é Ierp for j €{2,3}, p=st
Piv =\ Rpi ) : (15)
P Kpjp otherwise
) R . _
Ki = V& Rpjp forj €23}, p=st 6
P Kpij,p otherwise

where ¢ is a parameter used to modulate the PD control
gains of the knee and ankle joints during the stance phase.

4.2.3 Transition conditions

The transitions between the swing and stance phases in
each LC are regulated using conditions based on the normal
ground reaction force f;, (measured by the foot force sen-
sor) which is used as leg loading information. The transition
from swing to stance is triggered when the contact of the
foot with the ground is detected, or equivalently when the
leg loading becomes bigger than 0 (3). On the other hand,
the transition from stance to swing is prevented as long as
the leg loading is over a certain threshold (5). The nominal
force threshold x is set to a value slightly inferior to one
quarter of the model weight. The parameter x;,qs is used
by the ascending coordination mechanism (see Sect. 4.3) to
modulate the force threshold and is set to zero when this
mechanism is inactive.

Conditions based on ¢ ((4) and (6)) are added just to pre-
vent undesired early transitions, just after the transfer from
one phase to the other, by leaving the time to f, to suf-
ficiently increase (resp. decrease) just after the touchdown
(resp. the liftoff).

4.3 Ascending Coordination Mechanism (ACM)

In the simulation (Fig. 13) shown in Sect. 5.2.2, it is found
that the control system is particularly sensible to lateral per-
turbation decreasing the rolling motion amplitude when we
employ no explicit interleg coordination among LCs. Hence,
we implemented a two-fold ascending coordination mecha-
nism that brings a solution to the main cause of failure (i.e.
the foreleg cannot swing) while limiting the impact on the
stability:
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1. The stance-to-swing transition in a hind leg (sH where s
stands for either R or L) promotes the same event in the
ipsilateral foreleg (sF). The force threshold of the fore-
leg x*F is linearly increased as ¢*! increases during the
swing phase of the hind leg, as follows:

X if ¢SH < éaacm )
X =0 2+ gmod £ € [Gacm: Par] (17)
X if o' > pagp
¢SH _(g .
Xmod = # * Xampl (18)
¢AEP - ¢acm

where qAbacm is the modulation threshold and )Zampl is
the maximum value of the modulation. 43acm is set to
0.55 (i;AEP, which is slightly bigger than the value of the
hind leg phase ¢*/! at which the stance-to-swing transi-
tion occurs in the foreleg in normal conditions. Hence,
this part of the mechanism detects the disruption of the
normal leg loading and unloading cycle (that prevents
the foreleg to swing) and restarts the body rolling mo-
tion by forcing the transition to the swing phase in the
foreleg. The value of the parameters are given in Table 7
in Appendix.

2. The duration of the next swing phase of the foreleg is
shortened, by setting wj,,q of (2):

sF 5
SF Joro= X .
'mod — "W

w 19)

XA ampl

where nSFLo is the normal ground reaction force mea-

sured by the foreleg force sensor at the stance-to-swing
phase transition. If greater than ¥, it indicates that the
transition was triggered by the first part of the mechanism
so that 6,, is closer from O than in the normal conditions
(as the rolling motion amplitude is reduced). Hence, this
part of the mechanism shortens the swing phase duration
to avoid excessive increase of the roll angle in the direc-
tion of the swinging foreleg (the value of the roll angle at
liftoff is estimated by the load supported by the foreleg
at the transition).

5 Simulation results
5.1 Interleg coordination and simulation of walk gait

A gait is a locomotion pattern characterized by phase dif-
ferences (y € [0, 1]) between the legs during their pitching
motion. For low- to medium-speed walking (with Fr < 0.6
approximately), medium sized cursorial mammals (like cats
and dogs) mainly use the walk gait (Orlovsky et al. 1999),?

9 Alexander (1992) also mentioned that cats change the gait from a walk
to a trot at 1.0 m/s (Fr = 0.7) approx.
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while they switch to the trot gait, then the gallop gait at
higher locomotion speed (Hildebrand 1968). Hence this sec-
tion will consider the realization of the walk gait in that
range of Fr values. Using y“"" and y* to refer respec-
tively to the phase differences between contralateral and ip-
silateral legs, this gait is characterized by: y " = 0.50 and
yPSi~(0.25. Sections 5.1.1 to 5.1.3 presents the ideas and
concepts underlying the control strategy, while Sect. 5.1.4
gives an overview of the experiments that were carried out
regarding the issue of interleg coordination.

5.1.1 Leg loading transfer mechanisms

There are mainly two mechanisms acting during the locomo-
tion to transfer the load induced by the weight of the body
between the supporting legs:

e The longitudinal transfer of leg loading is related to the
forward motion of the body (i.e. the translation along its
roll axis) with respect to the positions of the feet of the
supporting legs. This mechanism results in a progressive
transfer of leg loading from the supporting legs in a back-
ward position to the ones in a forward position.

e The lateral transfer of leg loading is related to the lat-
eral motion of the body (i.e. the translation along its pitch
axis) with respect to the positions of the feet of the sup-
porting legs. With our simple mechanical model, this lat-
ter is closely related to the rolling motion.

Contrary to the longitudinal transfer which is present
even when the motion is restricted to the sagittal plane, lat-
eral transfer of leg loading only appears when the interaction
between the stepping motions of the legs and the rolling mo-
tion is involved, i.e. when the locomotion is considered in
three dimensions.

5.1.2 Emergence of contralateral alternate stepping

Even with the simplest control system configuration, i.e four
leg controllers operating independently, stable coordinate
walking patterns emerge in a broad range of parameter val-
ues. All the patterns are characterized by an contralateral
alternate stepping coordination, in which contralateral legs
are stepping alternatively, i.e. y“" = 0.50. The mechanism
underlying the emergence of such coordination is schemat-
ically explained in Fig. 4, when considering the motion in
the frontal plane.

If we consider that both legs on one side (the right side for
example) are in the swing phase,'” the system, equivalent to
an inverted pendulum, starts to rotate around the axis joining

10The realization of this situation can be insured at the beginning of the
simulation by explicitly triggering the transition to the swing phase.
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Fig. 4 Contribution of the phase modulations to the emergence of al-
ternate stepping coordination. When both right legs are in the swing
phase, rolling motion is generated as the system is equivalent to an in-
verted pendulum (c2). As rolling and lateral motions of the body are
directly related, the body also starts to move laterally. After the touch-

the contact points of the left feet with the ground (as repre-
sented in Fig. 4(c2)). Due to the moment induced by gravity,
rolling motion is generated (émll > (), which also induces
the lateral motion of the body. After the touchdown'! of the
swinging legs (a), rolling and lateral body motions cause the
lateral transfer of the load from the left to the right legs (b1).
This progressively unloads the left legs that were formerly
supporting the body and the transition to swing is triggered
when f, becomes smaller that the threshold x (cl). The
same sequence of events is repeated on the other side as
6,011 becomes negative (succession of (a), (b2) and (c2)) and
then periodically. Hence, although the phase modulations in
the LCs are carried out in a distributed fashion, as they are
grounded on leg loading information which is influenced by
the global state of the system (via the lateral transfer of leg
loading for example), they result in the mutual entrainment
of the stepping motions of the legs (in the sagittal plane)
and the body rolling motion (in the frontal plane). As a
consequence, contralateral alternate stepping emerges, even
though there is no interleg coordination mechanism linking
the contralateral legs.

5.1.3 Adjustment of the ipsilateral phase difference

With identical parameters for the fore- and hind leg LCs, the
walk gait could not be realized and the walking patterns that

'The touchdown of both legs is represented as being simultaneous for
the sake of simplicity. This is however not generally the case as, for the
walk gait for example, the touchdown of the hind leg precedes the one
of the foreleg.

down of the swinging legs (a), the load is transferred laterally from the
left to the right legs (b1). This unloads the left legs and the transition
to swing is triggered when f;, becomes smaller that the threshold x
(cl). The same sequence of events is repeated in the other direction
(succession of (a), (b2) and (¢2)) and then periodically

were generated in those cases were all pace gaits.'? This in-
dicated that an additional mechanism was needed to delay
the stepping of the foreleg relative to its ipsilateral hind leg
stepping in order to realize a walk gait. This was achieved
using the idea that the timing of the stance phase onsets in
the fore- and hind legs can be manipulated by adjusting the
nominal AEP vertical coordinate via the offset A 9), as il-
lustrated in Fig. 5. As the body is animated with a rolling
motion during the common swing phase of ipsilateral legs,
increasing (resp. decreasing) A of one LC result in the delay
(resp. the advance) of the touchdown the corresponding leg.
Accordingly, while setting A* to 0, increasing A*F" pro-
gressively increases the value of y7*, until the point where
phase differences characteristic of a walk gait is generated
(see Fig. 8(a)). One example of such walk gait is represented
in Fig. 6.

This coordination mechanism fulfills the same function
as an ascending inhibitory coupling, that would explicitly in-
sure a phase difference between the ipsilateral legs. With our
approach, the phase delay is induced by taking advantage of
the embodiment (here the rolling motion), while keeping the
LCs independent.

12To distinguish between walk and pace gaits, we use the intermediate
value of 0.125 as a limit. Hence, if yif"" is larger than 0.125, we con-
sider that the gait is a walk, while, if it is smaller, we classify it as a
pace.

@ Springer



340

Auton Robot (2010) 28: 331-353

T aEPy < T AEPy

| FRONTAL PLANE
i front view
SN {_ LEGS
T AEPy |
ARF N ARH —s ARF ARH i

Inverted
Pendulum
: Motion

e1'011 >0

Touchdown of the right foreleg

Fig. 5 Illustration of the influence of the nominal AEP vertical coor-
dinate offset A on yif"Yi. For A*F > A*H , as the body rotates around
the roll axis, the touchdown of the hind leg occurs earlier than the one
of the foreleg, hence resulting in the increase of the ipsilateral phase
difference y P

5.1.4 Modulation of the walking patterns

Methods At the beginning of the simulation, the model
starts with the four legs touching the ground, in a vertical
position (the foot position is the vertical projection of the
hip position on the ground). Locomotion is initiated by set-
ting the phase of the right leg controllers to the swing, which
induce the first stepping and start the body rolling oscilla-
tion. Parameters are set to generate first a walking pattern
with a short cyclic period (typically 7 ~ 0.4 s), which has
a small rolling motion amplitude, as it is the easiest when
starting from a situation with no rolling motion. After con-
vergence of the walking pattern characteristics (which takes
a few seconds), the parameter(s) under investigation is (are)
continuously varied to their modified values.

Influence of the phase dynamics parameters Modulation
of the walking speed and the cyclic period T of the walking
patterns (shown in Fig. 10) is achieved by modifying para-
meters at the phase dynamics level: the nominal swing phase

@ Springer

duration fsw and the nominal duty ratio ,3 These two para-
meters directly influence the speed of the backward motion
of the leg during the stance (10), so that the decrease of the
nominal duty ratio and/or the nominal swing phase duration
results in a decrease of the walking speed. On the other hand,
as its nominal value is given by T =Ty, /(1= p), the cyclic
period increases when the nominal duty ratio and/or the
nominal swing phase duration increase. The influence on the
cyclic period however is indirect, because the phase transi-
tions are controlled using sensory information ((3) and (4)).

The modulations of the walking speed and the cyclic pe-
riod T are accompanied with the adaptations of the step pa-
rameters, including B , L, ® and so on (Maufroy 2009a). In
particular, adaptations of the gait (via the adaptation of y %)
also occur. Although the detail of these gait adaptations is
rather complex, their general tendencies reflect changes in
the relative importance of the two leg loading transfer mech-
anisms presented in Sect. 5.1.1:

e increased influence of the lateral transfer of leg loading
(due to large rolling motion amplitude for example), re-
sults in the simultaneous loading/unloading of the ipsi-
lateral legs, hence promoting in-phase stepping of these
legs, i.e. a decrease of y P

e increased influence of the longitudinal transfer of leg
loading (due to the large forward motion of the body dur-
ing the stance phase) results in the delayed unloading of
a foreleg compared to its ipsilateral hind leg, hence pro-
moting the increase of y P

Hence, increasing the nominal swing phase duration Tow
(while keeping the nominal duty ration B constant) causes
the increase of the cyclic period and the decrease of the
speed. As the period increases, the rolling motion amplitude
becomes larger, being proportional to the square of the pe-
riod (Kimura et al. 1990), which increases the influence of
the lateral transfer of leg loading. As a result, the ipsilateral
phase difference y* decreases ant the gait progressively
shifts to a pace. For example, the ipsilateral phase difference
yPSt varies from ~0.21 (indicating a walk gait), to ~0.15
and finally ~0.05 (which is characteristic of a pace) when
Ty is successively set to 0.15 s, 0.20 s and finally 0.25 s
(with the other parameters set as follows: [, ¢*H, &) =
[0.75,2, 1.7] and [A*, A*F]1 =0, 0.01] (m)).

On the other hand, decreasing the nominal duty ratio B
(while keeping the nominal swing duration Ty, constant)
causes the speed to increase while the cyclic period de-
creases. The adaptations of the main step parameters with
the speed as /§ is decreased from 0.75 to 0.50 (by steps of
0.05), with f‘sw = (.15 s is shown in Fig. 7. As the stance
phase termination is regulated by the leg unloading condi-
tion (5), ,é has no direct influence on the stance phase dura-
tion. Hence, the increase of the speed is mainly due to the
lengthening of the stride (a) (which is multiplied by a factor
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Fig. 6 By taking advantage of the emergent alternate coordination
and adjusting the phase difference y* using the nominal AEP verti-
cal coordinate offsets A, walk gait was realized with independent leg
controllers. This figure represents a walking pattern characterized by
a cyclic period T ~ 0.65 s, a duty ratio 8 ~ 0.69 and an ipsilateral
phase difference y % ~ 0.22. These values are quite different from the
values that would be expected when considering the nominal parame-

of ~2.4), rather than the shortening of the cyclic period (b)
(which is divided by a factor of only ~1.3). As the travel
of the body during the stance phase increases, the increas-
ing influence of the longitudinal transfer of leg loading con-
tributes to shift the load supported by ipsilateral legs from
the hind to the front. Stance-to-swing transition then occurs

ters (given in the lower table): 3 =0.75 and fsw = 0.25 s, resulting
in T = 1.0 s. This shows that the motion is strongly influenced by the
phase modulations. The difference between the load supported by the
right and the left legs is represented together with the rolling motion,
showing that the lateral transfer of leg loading occurs in phase with
this latter

earlier (resp. later) for the hind leg (resp. foreleg), causing
the increase of yP*' (c), so that the gait becomes closer to a
trot. As the period during which both ipsilateral legs are in
the swing phase is then reduced, the rolling motion ampli-
tude decreases (d), while the cyclic period, which is related
to this latter (Kimura et al. 1990) shortens (b). As f”sw is con-
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Fig. 7 Adaptations of the main step parameters with the speed (as é is decreased from 0.75 to 0.50 by steps of 0.05, with Tyw = 0.15 s). The
values of the AEP offsets and PD gain coefficients are set as follow: [A*H, A*/']=10,0.01] (m) and [ &*, ¢*F1 =2, 1.7]

stant, the swing phase duration is mostly fixed (variation of
~10%), while it is the stance phase duration which varies
(decrease of ~30%) (e). Hence, a reduction of the effective
duty ratios 8 is also observed (f).

The gait variations that occur together with modifications
of Ty, and 3 are undesirable, first, regarding our objective
(which is to realize a walk gait), but also from the point of
view of the stability and the resistance ability to perturba-
tions. Indeed, pace gaits are associated with large rolling
motion amplitude (likely because the swing phases of ip-
silateral legs largely overlap), which results in walking pat-
terns much less resistant to perturbations than walk gaits. In-
versely, when the gait is changing in the direction of a trot,
we observed that the locomotion becomes instable when
yP51 becomes too large. This is likely due to the observed
decrease of rolling motion amplitude which accompanies
the increase of yP* (Fig. 7(d)). As a result, lateral trans-
fer of leg loading is decreased and when it becomes too low,
the contralateral alternate stepping coordination provided by
the phase modulations (Sect. 5.1.2) is impaired and leg co-
ordination is lost, resulting in the fall of the model.

Influence of the trajectory generation parameters The
variations of the ipsilateral phase difference y ! related to
modifications of fsw and ,3 can be attenuated by the ad-
justments of the following two parameters, defined at the
trajectory generation level:

e the nominal AEP vertical coordinate of the forelegs, using
the nominal offset A*" (9). As explained in Sect. 5.1.3,
increasing A*F allows to increase yP5i | as represented in
Fig. 8(a);

@ Springer

e the mechanical impedance of the legs during the stance
phase, using coefficients & to adjust the PD control gains
(14). Increasing the PD control gains of both the fore and
hind legs were found to result in the decrease of yP*' (as
shown in Fig. 8(c)).

Adjustment of the parameters to realize a walk gait The
influence on the gait of the four parameters presented above
are summarized in Table 3. To maintain the walk gait (i.e.
keep y P! within [0.20, 0.30] approximatively), the increase
of the nominal swing phase duration Ty, is combined with
the increase of A*F and the decrease of the PD gains co-
efficients ¢, while inverse adjustments are used when de-
creasing the duty ratio. These adjustments are represented
in Fig. 9, which shows that larger adjustments are required
when varying the nominal swing phase duration than the
nominal duty ratio.

As a result, a walk gait could be realized in a broad
range of speeds and cyclic periods, corresponding to Fr €
[0.05, 0.55] approximatively (see Fig. 10). Such low speed
dynamic walking with long cyclic period was not realized in
our former studies (Fukuoka et al. 2003; Kimura et al. 2007,
Kimura and Fukuoka 2004). Moreover, the walking patterns
are generated with independent leg controllers.

5.2 Stabilization of the posture and resistance ability
against perturbations

In this section, the mechanism of posture stabilization pro-
vided by the phase modulations is first explained. The re-
sistance ability against perturbations of the control system
without ACM (independent LCs) and with it is evaluated
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Fig. 8 Illustration of the influence on the gait of the trajectory gener-
ation parameters: the foreleg AEP offset A¥F (upper graphs) and the
PD gains coefficients & (lower graphs). All the experiments were car-
ried out with [Ty,,, 8] =1[0.15 s, 0.75]. In the upper graphs (a) and (b),
the values of the PD gains coefficients and the hind legs AEP offset
are fixed (resp. ¢*# = &*F =2 and A*# = 0), while the value of the
foreleg AEP offset varies. As explained in Sect. 5.1.3, increasing A*F
allows to increase of the ipsilateral phase difference, resulting in the
switching of the gait from pace to walk (a). This strategy however has

Table 3 Summary of the influence of the leg controller parameters on
the gait (characterized by the ipsilateral phase difference y ")

Increase of: T B A*F ét

Influence on y"P*  Decrease = Decrease  Increase  Decrease

via various perturbations of the walking patterns (lateral per-
turbations and terrain irregularities). The simulations were
carried out using two walking patterns with different cyclic
periods (Table 4).

1 1.14 133 160 2 2.5 3 35 4
Nominal coefficient ¢*H

(d)

its limitation, as further increase of A*F results in a larger rolling mo-
tion amplitude, which causes y ' to drop because of the increased in-
fluence of the lateral transfer of leg loading. The lower graphs (c) and
(d) show the results of experimentations which investigate the influ-
ence of the PD gains coefficients ¢t In that case, the AEP offsets are
set as follows: [A* A*F] =[0,0.01] (m). As shown in (c), at high
values of ¢*f and ¢*F, the gait switches to a pace, as the ipsilateral
phase difference decreases. This is accompanied with the increase of
the rolling motion amplitude, as shown in (d)

5.2.1 Posture stabilization in the frontal plane

The stabilization mechanism provided by the phase modu-
lations based on leg loading/unloading is schematically rep-
resented in Fig. 11. Considering first the case where a per-
turbation directed to the left is applied, the rolling motion
of the body becomes asymmetric so that the model is lean-
ing toward the left side during the walking. In other words,
the average body rolling angle over the cyclic period when
the perturbation is applied becomes negative, i.e. (8,o11)x <O
(using the definition given in Table 2). The asymmetry of
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Fig. 10 With the adjustments represented in Fig. 9, walk gait (with riod T, results for the variation of the nominal swing phase dura-

iP5t within [0.20, 0.30] approximatively) was realized in a broad range tion are consistent with what could be expected from the variation
of Fr values (Fr € [0.05, 0.55]) when varying the nominal swing phase  of its nominal value 7 (for example the increase of T, by a fac-
duration Ty, and duty ratio /§ This figure represents the main char- tor of 2.3, from 0.15 to 0.35 s, results in the increase of T by a
acteristics of the walking patterns, i.e. the cyclic period (a), the walk- factor of ~2.2). In contrast, the variation of the cyclic period when

ing speed (b), the duty ratio (c¢) and the ipsilateral phase difference the nominal duty ratio varies is much smaller than expected (de-
(d). For the modulations of the speed, the results follow closely the crease by a factor of ~1.25 instead of 2 when § varies from 0.75 to
tendencies given by (10). Regarding the modulation of the cyclic pe- 0.50)
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Fig. 11 Stabilization mechanism provided by the phase modulations,
relying on automatic adjustments of the duty ratios (index k was omit-
ted to simplify the figure). When the body rolling motion becomes
asymmetric (i.e. (6,01) # 0) due to a perturbation, the average load
(fn) supported by the left and right legs differs. This results in the

R*

" increased BL" decreased

the rolling motion causes a similar asymmetry in the load
supported by the legs so that ( fnL*) r becomes greater than
( fnR*)k. As f, is used to modulate the transition from the
stance to the swing phase, the increase of (f;,)x (for the left
legs) leads to the prolongation of the stance phase, while it
is shortened when ( f;,)x decreases (for the right legs). Con-
sequently, the effective duty ratios of the left legs increase,
while they decrease for the right legs (BkL* > ,3,5*), amplify-
ing the original asymmetry of the (f,;)«. This is equivalent
to say that the duration of the inverted pendulum motion
around the left legs feet (situation (c2) in Fig. 4) becomes
longer than the one around the right legs feet (situation (c1))
during walking cycle k. Hence, via the automatic adjustment
of the duty ratios, a moment is generated that tends to can-
cel the asymmetry of the rolling motion and bring (6,511) k+1
back to 0 and therefore contributes to stabilize the posture
in the frontal plane. The same argumentation can also be ap-
plied, of course, for perturbations that cause an asymmetry
of the body rolling motion in the opposite direction.

5.2.2 Performances against lateral perturbations

Methods Each simulation in this section started with the
same initial conditions as described in the Methods of
Sect. 5.1.4. As lateral perturbation, a force, that pushes the
model to the left, is applied at the center of mass of the trunk
during 0.1 s at various timings during the walking cycle, af-
ter the system has reached its steady state. Four timings were
chosen: the onset of the swing phase of the left hind leg, left
foreleg, right hind leg and right foreleg (respectively indi-
cated by t1y, t1F, try and fgrr). When the system was able

R* — L*
<fr> = <f+>

FRONTAL PLANE
front view

R*. o
<f > < <f >
A i
phase modulations

BR* decreased

v

<fnR*> decreased <fnL*> increased

/

BL" increased

increase (resp. the decrease) of the stance phase duration as the leg
is more (resp. less) loaded, due to the phase modulations. Hence the
effective duty ratios B are automatically adjusted and the original dif-
ference between (f,) in the right and left legs is amplified to generate
a stabilizing moment that tends to cancel the asymmetry

Table 4 Walking patterns used for the assessment of the resistance
ability against perturbations. (SH) and (LG) are walking patterns with
respectively a short and a long cyclic period

Ty (5) B T (s) B
(SH) 0.15 0.75 0.40 0.69
(LG) 0.25 0.75 0.65 0.69

Table 5 Maximum lateral perturbation force supported by the model
without falling according to the timing of application. The ability of the
system to recover from perturbations that occur at either gy, trr or tr
is relatively good. In those cases, it can withstand perturbation forces
whose amplitude are ranging from 10 to 20 N (i.e. 25% to 50% of the
weight of the model approximately). However, the model is relatively
sensitive to perturbations applied at f7y

19924 ILF tIRH IRF
(SH) 2N 16 N 14N 20N
(LG) 3N 12N 10N 14 N

to recover from the perturbation back to the steady state, the
trial was considered successful. For each timing, simulations
were carried out with increasing intensity of the perturbation
force (increased per step of 1 N) until the model was unable
to recover and fell.

Independent LCs In the case of independent LCs (the
ACM is disabled), results presented in Table 5 shows that
the ability to recover from perturbations that occur at either
trH, trF or trF is relatively good while, on the other hand, the
model is relatively sensitive to perturbations applied at 7.
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For all timings, the perturbation is directed to the left of the
model, which causes the angular velocity of rolling ému to
decrease (Fig. 11). Accordingly, the stance and swing phase
duration adjustments due to the phase modulations are qual-
itatively similar and result in B%* > BR*. The difference of
performance is related to the influence of the perturbation
on the amplitude of the body rolling motion and the asso-
ciated lateral transfer of leg loading. This is illustrated in
Figs. 12 and 13 using walking pattern (LG). Graphs show-
ing similar results for (SH) can be found in Maufroy et al.
(2009b).

When the perturbation is applied at ¢, try or fgF, it re-
sults in the increase of |6,0], leading to a temporary aug-
mentation of rolling motion amplitude (see Fig. 12). As
a consequence, the lateral transfer of leg loading is ac-
celerated. The additional load supported by the left legs
causes their stance phase to be extended, while the swing
phase of the right legs is prolonged. For those timings of
application of the perturbation, the model fails when the
perturbation is so large that the stabilizing moment pro-
vided by the duty ratios adjustments is insufficient to cancel
the moment induced by the perturbation. The model then
falls on the side towards which is directed the perturbation
force.

On the other hand, for 77y, the perturbation causes |ér011|
to decrease, leading to a temporary diminution of the rolling
motion amplitude (see Fig. 13). This tends to cancel the
rolling motion and the associated lateral transfer of leg load-
ing. Accordingly, the rate of unloading of the left fore-
leg decreases and, if the amplitude of the perturbation is
large enough, fLF" does not become smaller than the thresh-
old x. The transition to the swing phase is prevented, which
greatly disturbs the interleg coordination. Depending on the
walking pattern, the transition can either only be temporar-
ily prevented (and takes place during the next cycle) such
as in Fig. 13 (with (LG) walking pattern) or be durably
prevented (when a perturbation of 3 N is applied at f1y
with (SH) walking pattern for example, see Maufroy et al.
2009b). In the first case, even if the transition finally oc-
curs, it does with a timing quite different from the usual
one. Hence, the model is destabilized and falls on the side.
On the other hand, when the transition is durably prevented,
none of the forelegs can swing and the model falls for-
ward.

Effectiveness of the ACM The upper considerations show
that an additional mechanism is needed to help the system
to recover when the rolling motion amplitude is suddenly re-
duced. The situation that occurs in that case can be seen as
a conflict between the control of the rhythmic pitching mo-
tions of the legs, which requires the stance-to-swing phase
transition of the foreleg to preserve the coordination, and the
posture control in the frontal plane, prevents it because a leg
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still supporting the body should not swing to preserve the
balance. For that reason, the ascending coordination mech-
anism (ACM) described in Sect. 4.3 was introduced at that
point. While allowing the foreleg to swing, the ACM glob-
ally increases the duty ratio of the foreleg: the transition to
the swing phase is still delayed compared to normal (hence
the stance phase is extended) while the next swing phase du-
ration is shortened. Moreover, the increase of the duty ratio
is positively related with the increase of the load supported
by the foreleg (i.e. with the intensity of the perturbation).
Consequently, the ACM works in cooperation with the sta-
bilization provided by the phase modulations (Fig. 14). In
order to see its effectiveness, we simulated similar perturba-
tion for r1y with ACM (Fig. 14) and we found that adding
the ACM to the control system leads to the drastic improve-
ment of the resistance to perturbations applied at #; 4, up to
25 N and 16 N for (SH) and (LG) respectively. The ACM did
not however improve the performances for the other timings
(i.e. trF, try and tgr ), where the cause of failure is the ex-
cessive increase of the rolling motion.

Importance of the phase modulations based on leg unload-
ing To clarify the contribution of the phase modulations
based on leg unloading to the performances, we also investi-
gated the situation where a condition based on the oscillator
phase ¢ is used for the control of the stance-to-swing tran-
sition, instead of the condition based on leg unloading. In
these experiments, after the system has reached its steady
state, the condition given by (5) is replaced by: ¢ > @smres,
where the threshold ¢y.s is set to the value of ¢ at which
the transition normally occurs when the leg-unloading-based
condition is used. If the walking pattern maintains after
switching the condition, lateral perturbations were applied
to evaluate its ability to reject them.

In the case of a short cyclic period (i.e. with walking pat-
tern (SH)), the walk gait is preserved after the switching
of the transition conditions. However, very small perturba-
tion forces (~2 N) caused the loss of interleg coordination
resulting in the fall of the model, regardless of the timing
(i.e. regardless of the influence of the perturbation on the
rolling motion). For walking patterns with longer cyclic pe-
riod (such as walking pattern (LG)) where the rolling mo-
tion amplitude is larger, the locomotion became unstable
directly after the condition is changed. Hence, these ex-
periments confirm that the stance termination mechanism
based on leg loading/unloading is important for the stabi-
lization of the walking pattern and its resistance to perturba-
tions.

5.2.3 Performances on uneven terrain

Methods Each simulation in this section started with the
same initial conditions as described in Sect. 5.1.4. The per-
formances of the control system (with and without the as-
cending coordination mechanism) when coping with two
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Fig. 12 Recovery from a
perturbation increasing the
amplitude of the rolling motion
(a force of 12 N is applied at tgr
with walking pattern (LG)). Due
to the phase modulations, the
duty ratios are automatically
adjusted, which contributes to
stabilize the posture in the
frontal plane and restore the
symmetry of the rolling motion

RH I |

LH I | I
RF

LF . L .

= = unperturbated

0| — perturbated ‘ i ‘Body roll angle 0, (rad)
' ‘ |
|

perturbation
0

-
-

— - LHunperturbated - | Normal ground reaction force f;; (N)
30 — LH perturbated

l"’
15.5

Simulation time (s)

(a) Modulation of the stance period of the supporting legs. The perturbation induces
an additional load on the supporting legs (represented by LH here), so that their
stance phase is extended. Consequently, the duration of the inverted pendulum mo-
tion around the left feet is extended.

Body rolling motion amplitude © (rad)

-0.04

-0.08 | J

0.8
. . . | Rk - . . . .
O X kO X K O F {' H "O+:x* O x % O+ %k O
|
R
| ORH +RF 3 +!
xLH *LF 1 o ‘
0.4 1 1 [ ] 1 1 ]
14 15 16 17 18 19

Simulation time (s)

(b) Duty ratios adjustments subsequent to the perturbation. For a mean body roll
angle (0,,11) < 0 (respectively > 0), the duty ratios of the left legs are increased
(respectively decreased) while the ones of the right legs are decreased (respectively
increased).
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Fig. 13 The transition to the

swing phase of the left foreleg Eg _—____
(LF) is prevented due to a RF I 1
perturbation decreasing the LF I I
rolling motion amplitude (a 0.2| — - unperturbated

force of 4 N is applied at 775 | — perturbated
with walking pattern (LG)). In
this case, the transition is only
temporary prevented and takes
place during the next walking
cycle. However, the timing of

: onset

amplitude decreased " o

the onset of the left foreleg

swing phase differs from the 0l 7" II:II;“ uggz?gl;tt:ged : Normal ground reactlon force f;; (N)
usual one (it occurs before the P . :
onset of the left hind leg swing 20+ transition PE‘E"_"PE‘E‘!

phase). As a result, the model is

destabilized and falls on the side 10F-===—p/""-~

threshold y;

¢ (rad)
10.5
Fig. 14 Action of the RH — — —
ascending coordination LH I —
mechanism and recovery from a RF I | I I
perturbation decreasing the LF — | |
rolling motion amplitude —- — noacm E perturbation ‘ Body roll angle eroll (rad)
(a force of 7 N is applied at 1y |7 mod. x only i
. . 0.2 - ——— mod. % and ® H onset -

with walking pattern (LG)). The -

increase of y I triggers the
transition from stance to swing.
This restarts the oscillation of
the body roll angle (shown by 021

" amplitude decreased -

the difference between curves
“mod. x only” and “no acm”).
Swing phase duration is
subsequently shortened to
reduce the increase of the roll
angle (as it can be seen when
comparing curves “mod. x and

@ transition to swing ----
phase induced
1

” and “mod. x only”)

== LH

6 —|® increase of the threshold | : ‘ LC phases ¢ (rad)

swing phase
duration modulated

kinds of uneven terrains (elevated steps and slopes, as rep-
resented in Fig. 15) were evaluated. For the elevated steps,
three situations were considered: the model steps once on an
elevated step with its right hind leg (hind leg on step case),
with its right foreleg (foreleg on step case) or has to contin-
uously walk with both its right legs on a lateral step (lateral
step case). To prevent the model to stumble on the steps,
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10.5

Simulation time (s)

their borders were rounded off. For the slopes, both uphill
walking (up slope case) and downhill walking (down slope
case) were considered. In each simulation, the obstacle was
positioned in such a way that the model had already reached
its steady state before dealing with it. We found that the re-
sults are independent of the position of the obstacles with
respect to the starting point of the robot.
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Fig. 15 Types of uneven
terrain: (a) hind leg on step,
(b) foreleg on step, (c) lateral
step, (d) up slope, (e) down
slope

(d)

Body rolling motion amplitude © (rad)
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Fig. 16 Lateral step (4 mm) with (SH) walking pattern without ACM.
When the simulation model is walking on the lateral step (+ > 7 s), the
rolling motion becomes asymmetric due to the perturbation (the min-
imum value is greater than the maximum, hence the model is leaning
on the left) and the duty ratios are automatically adjusted (increased

Results The results are summarized in Table 6, which
gives the maximum height of the step or the maximum in-
clination of the slope that the model could handle without
falling. In the case of the lateral step, the inclination of the
lateral slope equivalent to the step (when taking into account
the width of the model) is also given. The control system, in-
cluding the ACM, is able cope with medium level of terrain
irregularity, such as steps in the range from 1 to 2 cm and
slopes with inclinations of around 10° in the sagittal plane
and of around 5° in the frontal plane, with both walking pat-
terns. This shows that the control system is able to withstand
not only punctual perturbations (like the lateral perturbation
or walking once on a step) but also prolongated perturba-
tions in the sagittal and frontal planes.

When dealing with terrain irregularities inducing per-
turbations in the lateral plane, the posture is stabilized by
the automatic adjustments of the duty ratios (as shown in

for the left legs and decreased for the right legs). As a result, a stabi-
lizing moment is generated that counters the moment induced by the
tonic perturbation. A new equilibrium is reached and the motion can
be performed with a shifted mean value of the roll angle

Table 6 Performances on uneven terrain. (a)~(e) correspond to the
types of uneven terrains shown in Fig. 15

Perturbation type (SH) (LG)

Without With Without With
(a) Hind leg on step 5 mm 20 mm 12 mm 20 mm
(b) Foreleg on step 16 mm 16 mm 9 mm 10 mm
(c) Lateral step 4 mm 14 mm 6 mm 10 mm
(equivalent slope) (1.9°) (6.7°) (2.9°) (4.8°)
(d) Up slope 10° 10° 8° 8°
(e) Down slope —6° —12° —9° —10°

Fig. 16). The ascending coordination mechanism greatly
improves the performances in situations where walking on
the unevenness of the terrain causes a sudden decrease of
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the rolling motion amplitude (hind leg on step) or the in-
crease of the average load supported by one (lateral step) or
both (down slope) forelegs. This is especially true for (SH),
where the rolling motion amplitude is smaller than for (LG).
On the other hand, (SH) performs better than (LG) in situa-
tions where the unevenness of the terrain causes an increase
of the rolling motion amplitude (foreleg on step, lateral step
after the addition of the ACM and up slope).

6 Discussion
6.1 Ascending coordination mechanism

Regarding the structure of the control system, an ascend-
ing excitatory connection linking the hind and foreleg leg
controllers was required (Sect. 4.3). Interestingly, a similar
mechanism seems to exist in animals as well. Results ob-
tained by Akay et al. (2006) during cat locomotion on a
transversely-split treadmill suggest the existence of an as-
cending excitatory pathway linking the systems generating
flexor bursts in a foreleg and the ipsilateral hind leg. To-
gether with two other pathways, it allows to explain the
asymmetric adaptations of the walking patterns in the fore-
and hind legs observed when reducing the speed of either
the front or the back treadmills.

6.2 Utilization of the embodiment to integrate posture and
rhythmic motion controls

Dynamic walking was realized in a broad range of cyclic
periods and speeds using a control system extremely sim-
ple and distributed. Despite this simplicity, good perfor-
mances against various perturbations were demonstrated.
This achievement relies on the proper exploitation of the
embodiment for walking and in particular the relation be-
tween rhythmic pitching motions of the legs in the sagittal
plane and the rolling motion in the frontal plane, which is
apparent in the transfer of leg loading between the legs. As
explained in this contribution, a single mechanism using lo-
cal rules based on leg loading information allowed to suc-
cessfully control both of these periodic phenomena, hence
realizing a basic integration of posture and rhythmic motion
controls.

6.3 Dependence on parameter adjustments

The main drawback of using an approach strongly relying
on sensory feedback is that the performances of the sys-
tem become more dependent on the mechanical properties
of the body and on the way it interacts with the environ-
ment. Therefore, some parameters of our system at the level
of the motor command generation (i.e. Al and ¢ ) had to be
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adjusted when the walking patterns were modulated. This
could complicate the implementation of the control method
on other platforms, mechanically different from the sim-
ulation model, because appropriate parameter adjustments
should be found again. However, this should likely be only
a minor difficulty because the number of parameters to tune
is quite limited and the value of ¥ can be used as an indi-
cation to guide the tuning process so that parameter tuning
could even be automatized.

In agreement with this view, preliminary experiments
aiming at implementing the proposed control strategy on a
real robot (which is globally similar to the model, but which
presents differences in the length of the segments, the total
mass, the moment of inertia, the friction at the joints, and so
on), seems to indicate that the control method can be applied
without serious trouble for small variations of the mechani-
cal properties (Maufroy et al. 2010).

6.4 Adding the stepping reflex as the next improvement

During locomotion, there is always an upper limit over
which the stance period of a leg cannot be extended. It is
ultimately given by the maximum stride length that can be
realized given the physical limitation of the body and de-
creases as the speed increases. As the posture stabilization
mechanism explained in Sect. 5.2.1 relies on the adjust-
ment of the stance phase duration, the resistance ability of
the control system against perturbations was found to de-
crease with the speed. In addition, there is also an absolute
upper limit to the intensity of lateral perturbation that the
system can withstand. If the projection of the center of mass
goes beyond the line formed by the feet of the supporting
legs (for example the left legs in the case of the perturba-
tion used in Sect. 5.2), there is no way for the system to
recover.

Hence, to overcome this limitations, a general legged lo-
comotion controller should implement, in addition to the
phase modulations which affect the current stance phase of
a leg, other stabilization mechanisms that are able to in-
fluence its next stance phase. These include for example
the stepping reflex, which adjusts the touchdown angle of
the swinging legs using vestibular information. In animals,
a similar mechanism contributes to the stabilization of the
posture in the frontal plane via hip abduction and adduction
movements (Misiaszek 2006; Karayannidou et al. 2009). We
intend to consider this issue in the future and investigate
the relative contributions of the phase-modulations-based
and stepping-reflex-based stabilization mechanisms in more
detail. However, we believe that phase modulations based
on leg loading/unloading is a fundamental mechanism, con-
tributing to posture control but also interleg coordination,
and that it would give redundant and robust functions when
adding the stepping reflex.
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7 Conclusions and future works

Although Tekken2 (Kimura et al. 2007; Kimura and Fukuo-
ka 2004) and BigDog (Boston Dynamics 2005) succeeded to
realize adaptive dynamic walking in outdoor environment,
still a lot of endeavors are required to develop a general
legged locomotion controller with the ability to integrate
both posture and rhythmic motion controls and shift con-
tinuously from one control method to the other according
to locomotion speed. In this paper, we intended to show the
basis of such controller, using a control architecture and a
mechanical model as simple as possible.

Although the legs had no roll joint, rolling motion was
still induced by the inverted pendulum motion during the
two-legged stance phases. The rhythmic motion of each leg
in the sagittal plane was generated by a single leg con-
troller implementing phase modulations based on leg load-
ing (to control the swing-to-stance transition) and unload-
ing (to control the stance-to-swing transition). As local leg
loading/unloading information reflects both the current pha-
sic state of a leg (swing or stance) and the global pos-
ture of the body, our approach allowed to simultaneously
coordinate the rhythmic motion of the legs in the sagittal
plane and control the posture of the body in the frontal
plane. As a result, coordination of the rhythmic motion of
the legs (resulting in a gait) emerged, even without explicit
coordination amongst the leg controllers, allowing to real-
ize dynamic walking in the low- to medium-speed range.
We showed that the proposed method has resistance abil-
ity against lateral perturbations to some extent, but that an
additional ascending coordination mechanism between ip-
silateral legs was necessary to withstand perturbations de-
creasing the rolling motion amplitude. Even without step-
ping reflex using vestibular information, our control system
enabled low speed dynamic walking with long cyclic period
and on uneven terrain, which was not realized in our former
studies. Consequently, rhythmic motion control (including
interleg coordination) and its integration with posture con-
trol were achieved while utilizing the body dynamics and the
characteristics of legged locomotion under a gravity field.

Future work will be devoted to the implementation of our
control system on a real robot (and the engineering chal-
lenges related to this topic) in order to show that the pro-
posed leg controllers is an appropriate model of CPG in
four-legged mammals. Promising results were obtained dur-
ing preliminary experiments with a newly built quadruped
robot, similar to the simulation model. We intend to pursue
these experiments in order to compare simulation and exper-
imental results.
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Appendix: Constant parameters of a leg controller
and ACM

Table 7 Values of the constant parameters of LC and ACM
Leg controller
H (m) 0.18
L (m) 0.10
X ™) 10

Hip Knee Ankle
Kpjst (Nm) 40 10 5
Ier,sw (Nm) 20 5 2.5
Kpjs (Nms) 0.56 0.28 0.20
Kpj.sw (Nms) 0.40 0.20 0.14
ACM
)A(ampl (N) 15
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