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Abstract—A nonlinear closed lattice or ring is proposed as of the gait cycle at which a given limb hits the ground. Then
a central pattern generator (CPG) for controlling hexapodal phenomenological models reproducing these features can be
robots. We show that the ring composed of six anharmonically niroquced and used for robot design. Inspired by this itiea t

interacting units coupled to the limb actuators permits to f illat | networks with diff i hite
reproduce typical hexapod gaits. We provide an electronic circuit use ot oscillatory neural NEtworks wi ifrerent arcnitees

implementation of the CPG providing the corresponding gaits. has been suggested [5], [6].

Then we propose a method to incorporate the actuator (motor)  In fact, most animal gaits possess a degree of symmetry
and leg dynamics in the units of the CPG. With this electro- and universal features not far from the behavior of lattice
mechanical device we close the loop CPG — environment — CPG‘ringS of coupled oscillators [7]. For instance coupled iradr

thus obtaining a decentralized approach for the leg control that - . .
does not require higher level CPG intervention during locomotion oscillators can be considered as possible models for lotmmo

in a non-smooth hence non flat landscape. The gaits generatedCPGS in insects and other animals [8]-[12].Then transition
by our CPG are not rigid, but adapt to obstacles faced by the between different gaits can be modeled as switching between

robot. different activity patterns in a lattice ring.
Index Terms—Legged locomotion, manipulator dynamics, non- Let us now briefly describe the symmetries observable in
linear circuits hexapodal gaits. Fig. 1 illustrates three typical gaits of a

insect (for more details see e.g. [9]). We use the following

convention: the limbs on the left and right sides are nuntbere

starting from the frontal leg and marked by letters L and R,
Animal locomotion seems to be driven by a central pattef@spectively (Fig. 1A).

generator (CPG), which is an intra—spinal network of nesron When an insect moves S|ow|y, it norma”y adopts the so

capable of generating a rhythmic output required for thélimeajled metachronalgait (Fig. 1B). This gait can be described

control [1] The Study of CPGs is crucial for Understandings a “wave” propagating forward from the rear of the animal

both the global animal behavior and particular functions @first on the left side, and then on the rigth side) according t
such neural networks. Besides it is also important for d8s® the scheme:

neuro-inspired robots capable to move in an efficient manner Ls, Lo, L1, R3, Ry, R;.
in almost arbitrary landscapes or environments.

Research on the leg coordination and movement has bé&®t this gait the adjacent limbs of each half of the insectybod
shifted from descriptive studies [2] to investigations bkt (Rs and R, R, and R) are60° out of phase. The limbs of
neurophysiological mechanisms and control of walking [3gach segment (e.g.;Rand Ls) are half a period (ot80°) out
Leg movement seems to be an intrinsic part of the step patt@fnphase.
generator rather than merely the reflection of activity iighh  Caterpillar is a medium speed gait at which the motion of
level CPG [4]. The architecture of CPGs is seldom observatifée left and right limbs are in synchrony (Fig. 1C) according
in vivo. However, important aspects of their structure can K0 the scheme:
inferred from observation of gait features such as the phase (LsRs), (LaRs), (L1Ry).
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earlier works [6], [10], [12] gaits have been considered as

fixed oscillatory rhythms. However, as earlier noted insect
— (and other animals e.g. crustaceans) play free gaits, aiging
| | | rhythms according to the environment. We propose a element
Ly L, Ly composed by a mechanical leg, its actuator (an electrical
B motor) and an electronic circuit to form a CPG. In this way
ta — — we incorporate the actuator and leg dynamics in the CPG
Lf — hence closing the loop CPG - environment — CPG. Thus

our approach departs from the concept of fixed gaits and

Ry — naturally permits to efficiently perform during locomotiower
R I . .
Rf — a non-smooth, non-flat environment on a low CPG level with
c no direct participation of a possible robot upper “brain” or
Ly -— — additional, higher level CPG.
L, — I
L, — —
Il. THE LEG KINEMATICS MODEL
R, —-— — . . . oL .
R — — Learning from Nature but not just copying or mimicking it,
R — — in this Section we propose a leg kinematics model inspired
D by the observation of a stick insect (see [22], [23] and refer
tz oy T —— ences therein). The basic principles upon which we build the
L, e s ] model are: i) Minimization of the energy consumption during
walking; ii) Autonomous behavior of individual legs also in
R, — — — h f Il obstacles; and iii) D ical li
R -— — — the presence of small obstacles; and iii) Dynamical cogplin
R, ] e of the legs permitting gait adaptability to the environment

According to biological evidence, a positive feedback ia th

Fig. 1. Sketch of three typical hexapod gaits. A) Leg numlgedonvention.  rghot body —coxa (“hip") and femur — tibia (“knee") joints$1a
Letters L and R indicate the left and right sides of the agsgpectively,

while the subscript stands for the limb number. B) Metachrdioal — speed) been_ postulated [24], [25] Thi§ positive feedback inw@/i

gait. Thick segments show the swing phases (or the returkedtraotted elastic components during walking leads to conservation of

Ilngs cqrre;pond the the_stance phases (or the_power st@h&;& one leg at gravitational energy [26] observed in insects. At variance

a time is lifted and moving forward. C) Caterpillar (medium — eqegait. . .. . .

D) Tripod (fast — speed) gait. with such positive feedback, in our case conservation of the
potential energy will not be due to the existence of elastic
components in the hexapod robot, but it comes with the

the path the swing phase of a leg can be shifted or margeechanlcal design of the legs.

shorter, thus ensuring smoothness in the animal’s movement A B
This feature is a real challenge for robot design since a
continuous real time adjustment of the CPG cycles is reduire > < >
which in turn demands fast and sophisticated sensory-motor
loops feedbacking information about the environment. The
complexity of such an a_pproach h_as led to shortcomings I% 2. Examples of displacements preserving potential gnéxpCircular
most of present-day available walking robots. wheel on a flat, horizontal surface; B) Square “wheel” on aeiited catenary.
In this paper we approach the problem of locomotion control
from the nonlinear dynamics viewpoint [13]-[15]. We take

advantage of similarities between waves observed in cduplterIn ?Tr]d?ir ;0 mf|rt1;]m|febthtewt?tr;]ergy Irc])sts :tu\r/lnlg (iltlnevjr ?:f]msla-
nonlinear oscillators and the symmetries found in animésga ory) motions of the robo a constant velocity we Impose

In particular, here we consider a lattice ring of coupledltzsc that the robot potential energy is approximately constint.

tors whose nonlinear units or elements have been exteyls:i\/gl]p“eS that_ the vertlc_al posm(_)n of the center_of mass t.h
studied in recent years albeit building upon much earlietkwo ro_bot_ remains at a given ho_nz_ontal level. This co_nservatlo
In our recent works [16]-[18] we have proposed combining r|nC|pI9 s, for example,. satisfied by a wheel rptatlng oxer
Toda inter-particle nonlinearity [19], [20] with a Rayl&idorm at horlzontal surface with constant yelomty (Fig. 2A).chu

of active friction [21] to help maintaining oscillations.aMave motion requires no energy supply. This also can be the case fo

shown theoretically and numerically the existence andléiab more complex objects movir_1g over various non-flat su_rfaces
of robust propagating waves in such a model problem usi 9. 2B). Below we apply this concept to the robot design to

F
a hybrid electro-mechanical analog system. Several haedwé?'ve automgtically the robot legs in a way that the inigiall
implementations of a six-units model have been developdd afven potential energy of the robot remains unaltered.
tested [18]. Here we show that the excitation wave pattarns i .
such a lattice ring of coupled Toda-Rayleigh oscillatorsehaA- The leg stance-swing cycle
the same symmetries and waveforms as the above mentionellig. 3 sketches the main elements or modules of an insect
three forward-walking gaits adopted by insects (Fig. 1). lieg: coxa, femur, tibia, and tarsus. The modules are coupled




by joints in a way that the leg has nine degrees of freedom
though for walking purposes only three are significant as

shown by Cruse and collaborators [4], [27]. For the robot

design we assume that the leg has only three degrees of
freedom controlled by the angle8: — protraction-retraction

of coxa,a — depression-elevation of femur, apd— flexion-

extension of tibia. An individual leg can only be in one of two

possible functional states: i) stance (or supporting) erasl B
i) swing (or recovery) phase.

Fig. 3. Schematic diagram showing the main modules of the rodmpt |
inspired by observation of insects. Note the hinge charaotethe coxa-
femur and the femur-tibia joints. A motor inside of the robot pddrawn
here outside for easy visualization) drives angleontrolling protraction-
retraction of the coxa according to the leg moving phase. Ttheraangles Fig. 4. Mechanical design of the robot. A) The leg configunatat rest.
are functionally coupled to the evolution 6f(see main text). Hy is the elevation of the robot body (body-femur joint) over tiaizontal
plane. Anglesay and By define initial inclination of femur and tibia, and

is the distance from the body to the tarsus. The leg at each f@s a
In the stance phase the tarsus stays on the ground. lar winding reel (not to scale) fixed to the body (duristignce phase)

movement of the robot can be achieved by the counterclochd tibia (always). The reels are coupled through a windiitg.WwVhen one

i ; i i N joint rotates, the wire winds in one reel while unwindingrfrahe other with
wise rotation (m Fig. 3) of the anglé by a drlvmg motor no sliding. B) The robot top view. Relative successive posé of the Ly leg

placed inside the robot body. To keep the tarsus fixed @ ihree different values of during the stance phassy is the robot step
the ground (no sliding) the protraction of coxa (andle size. Note that the leg tarsus is fixed on the ground, whilerttmt body

is accompanied by an appropriate continuous adjustment"ﬁ*’es forward. C) The robot frontal view#,, is the vertical distance from
the n-th tarsuszr to the body levelzy (shown only for the anterior right

the anglesa and 3. During th_e swing (or reCOV?W) Phaseeg, 1, — 1). All legs in the stance phase adopt a configuration of joings
df/dt > 0, the femur anglex increases, the leg is elevatedalues ofa and 3, such that the body levely remains unaltered.

over the ground, moves forward, and then the angle decreases

again until the tarsus hits the ground, which generates the

swing trajectory of the tarsus (Fig. 3). Thus the evolutioanother to the tibia. According to the anglethe former

of the angled functionally determines the behavior ef rotates always staying in the tibia-femur vertical planavife
both in stance and in swing phases. This suggests thatc@#hnecting the two reels can be winded with no sliding on
a CPG can control just the angl of the legs producing the reels when joints rotate. This mechanical coupling adds
different oscillatory modes (or gaits), then the other amgla constraint to the angles and 3 in the stance phase. We
follow the dynamics of,, (n = 1,2,...,6 for six legs). Then assume the reels to be circular cylindrical with rafliy and

an appropriate synchronization of the stance-swing cyofes Rt for the body and tibia reels, respectively. Then a change
different legs can be considered in terms of synchronimatiof value in one angle (e.gA,) leads to the corresponding
of anglesé,, only. change of the other angle (ef5):

Aﬁ = (k - 1)Aa (1)
B. Leg design: Stance phase
wherek = Rp/Rr is the transduction coefficient of the reels.

. F|g.. .4A lllustrates schematically our. model leg, V\{hgre 9 ote that for identical reels the tibia angferemains constant.
simplicity we use only two segments: femur and tibia, al . . .
hus the mechanical coupling gives

neglect the lengths of coxa and tarsus. The behavior olberve

in insects suggests that for walking over a flat horizontal Qstance(t) = T+ Aq,

surface, we can approximately assume that both femur and Btance(t) = B+ (k — 1)Aq @)

tibia lie in a vertical plane. At rest, i.e. when the robotysta

on a horizontal plane, the elevation of the body over theglawhere@ and 3 are constants to be identified below.

is given by the constantly (Fig. 4A) and the leg angles fixed As earlier noted, a leg movement in the stance phase

by construction aréd = 0, a = ag, and = f. imposes the condition of no tarsus sliding over the ground.
At each joint we introduce a circular winding reel (Fig. 4A)Hence the tarsus stays at the same transversal disiatce

One reel is attached to the body during stance phase dhd body (Fig. 4B) and the femur and tibia angles are coupled



during the coxa protraction (changes@®fby the constraint C. Leg design: Swing phase

As earlier mentioned we are seeking a leg design permitting
dp cosa(t) + dr cos 3(t) = L/ cos () (3)  autonomously handling small obstacles solely by the lowest
leg (intelligence) level. The robot legs should be able &xte
wheredr anddr are the lengths of femur and tibia, respec the presence of obstacles on the path in a way that the robot
tively. body (i.e. position of the leg coxas) keeps constant itdcadrt
Assuming that the body is the heavier part of the robebordinatez, (Fig. 4C). This can be achieved only if (7) is
(recall that the motors driving the legs are inside the bpdydatisfied for the stance phases of all legs during all steps.
we aim at maintaining unaltered the vertical level of theatob  From (8) follows that the value af depends on the height
center of mass. This implies that during the robot movemest the obstacle under the leg tarsus. During walking over
with all legs being in stance phase (i.e on the ground) wgeven ground, at each step the tarsus may be placed at
should adjust the angles and 3 in a way that the vertical different levels, unknown in advance. Consequently, tHaeva
coordinate of the coxa of the corresponding legremains of @ differs from step to step. On the other hand, (7) must be

constant (Fig. 4C). satisfied and hence the valgeshould be adjusted according
For a given leg, the distance from its tarsus positignto to (7) at each step. This is only possible if the relationgfip
zo during the stance phase is given by: is satisfied during the whole swing phase, i.e.
dp
— - _ . T - e . 1
H(t) = drsin B(t) — dp sin a(t). 4) €08 Bswing (1) = s COS Qgwing (t) (10)

Note that H can vary from leg to leg and depends on thghe latter means_thgt the swin_g phase is not arbitrary, but
ground profile, i.e. on the presence of obstacles (Fig. 4€, [&1stead the leg swinging in the air always stays “prepared” f
and right legs). At rest (4) is reduced fé, = drsinfg, — the next stance phase.

dp sin . A solution is to introduce during the swing phase a mechan-

Expanding (4) in a Taylor series and using (2) we obtainic@l constraint on the leg mechanics to perform a suitable,
ad hoc swing phase. Fig. 5 shows a possible mechanism

H(t)=HO® + HYA, + O(A?) (5)

A stance phase

with
H© = drsinff — dpsing,
W — B _ (6)
HW = (k —1)dr cos f — dp cos@.

By setting H(") = 0, we have
d

cos 3 = m COS . @)

With (7) satisfied, the variation aff during the stance phase .
is of second order im\,, which, as we shall see below, gives B sSwing phase
an error less than 1% for an acceptable rangAof It is with
such “tolerance” or error bar that we can say that energy is
maintained “constant”.

Given the height of an obstacle (h > 0 for a bump, and
h < 0 for a trough), we can find the value aof

A /‘\Bswing

X =

- dp o 2 L Fig. 5. Leg model design. Implementation of an “intelligekeli swing
H(O)(Oé) =dr \/1 - ( COos a) —drsina. (9) phase. A) During stance phase the mechanism produces noatonsn the
(k - 1)dT dynamics of theo and 3 angles. B) In swing phase the device lifts up the
leg.
Note that when a leg is on the ground and the robot
moves forward, there are no forces from the leg transversdlowing lifting up the leg over the ground satisfying (10)
to the body, because the system is in a flat potential regidaring the whole swing cycle. It consists of the stabilizvay
corresponding to a minimum. This means that a small frictiddC coupled by freely rotating joints to tibia and the lever CA
between the tarsus and the ground would be enough to preva@npoints D and C, respectively (Fig. 5A). The bar has the
sliding of the tarsus perpendicular to the body. same length as the femur and stays always parallel to it.

HO (@) +h = Hy (8)

where




During the stance phase, the sliding rail has two degreit during motion the leg preserves approximately thetrsbo
of freedom (Fig. 5A) and hence has no effect on the lgmptential energy. As earlier mentioned our proposed swing
dynamics described by (2), (3), and (7). At the beginnindef t maintains (7). Accordingly, the behavior of the leg durihg t
swing phase, the redt (Fig. 4A) becomes free, so (2) is nostance phase does not depend so much on the flatness of the
more valid. At the same time the rail is maintained in vetticground, as seen in Figs. 6B and 6C, thus fullfilling item ii)
position by the hammer (Fig. 5B), suddenly pushed to the l&ect. 2, introduction.
during the swing phase thus increasing the anglg,.. To Fig. 6D shows an enlarged view of the body trajectories
complete the swing phase the sliding rail is shifted back&arshown in Figs. 6A, 6B and 6C. Note that the error in the
until the tarsus hits the ground, perhaps, at a differertiozdr horizontal position of the body increases with increasitep s
level. Then the reel is attached again to make the next stamegth. In our case, a small increment of potential enexgy

phase of the leg movement cycle. must by related to a sliding of length L of the tarsus on the
During swing the leg has no degree of freedom, and itgound as

motion follows the sliding rail displaced by the hammer.rfro FyAL = AU (15)

geometrical considerations (Fig. 5B) we have

where Fy is the total external force on the tarsus in the

OA c05 fswing (t) = OB c0 swing(t). (A1) girection of its displacement. Note that in the limit of an
Choosing ideal connecting wire and perfect solid rigid bodies, ncita
OB dp energy is stored in the robot and the internal forces do not
OA = (k—1)dr (12) work. As shown in Fig. 6D, the body elevation remains

approximately constant so we ha¥d/ ~ 0 and thenFy = 0.
This means that a small friction force of the targus;. > £y
Cvgith the ground will be enough to prevent sliding of the tarsu

we satisfy (10) during the swing phase.

With the above described leg design, &ll, remain ap-
proximately constant (albeit in general unequal, Fig. 4
during the robot walk even over a rough ground. This ensures
conservation of the vertical coordinate of the robot’s eentB. Gaits control
of mass. Hence, energy is only necessary to lift and swing
the robot legs that, with our design, demands relativelktlig
energy consumption. of

Our leg design allows handling small obstacles at the level
each individual leg (Fig. 6). This permits a simple cohtro
of the robot movement just by an appropriate driving of
the anglesd,,(t) (n = 1,2,...,6). In order to determine the
evolution of the angles we assume that the robot employs one
In the previous section we have shown that our kinemaii¢ the gaits shown in Fig. 1. The ratio between the durations
model of the leg allows the gait control using only sif the stanceTitance) and swing Ciwing) Phases is given by:
degrees of freedom (one per leg) given by andles.., 6;.
Moreover, it is based on a conservation energy principls thu
minimizing energy losses during the robot movement. Let us Tswing m

n?w |I|I|L(J_strate hm(xjv_f’;he model W(()jrks l:}yl penl‘;)rmlr_]g Sl'm_UIaBO”whereN is the number of legs of the robot, and is the
of walking over different ground profiles. For simulationg w ¢\ 1164 mode or gait number. For an hexapéd= 6 and

use parameter values found for stick insects summarizedv\llg havem — 1,2, and 3 that correspond to the metachronal
Table 1 [23], [28]. caterpillar, and tripod gaits, respectively.

Let us assume that the robot moves with a constant velocity
A. The leg dynamics vg. Then independently on the gait number duration of the

Using parameter values from Table | we get the leg anglé&nce phase is
ap = 43° and fy = 62° for § = 0 that we can take as and Thance = &
(. Note that the parameters, 3, and L are related through Vo
(3), so we have only as free parametethat can be fixed by
using (7). Finally, we have as a function ofA,,

IIl. SIMULATIONS

Tstance _ N-—m

(16)

17

where S is the step length. For typical dimensions of a stick

insect (Table I) we havey ~ 4.5 mm/s andT,.nee =~ 3.3

dp cos@ s. Using (14) we obtain the dynamics of the protraction-
kdr ) kla (13) retraction angle in the stance phase (when the tarsus is on

th d):
Hence, from (3) we haver as a function off. This means e ground)
that according to (9) the body elevatidii(d) is determined
only by 6. Note also that the horizontal positiarof the coxa

relative to the tarsus, during the stance phase, is given by .
where 0 < t < Tytance- According to (16) and (17) the

s(t) = Ltan6(t). (14)  duration of swing phase depends on the mode number

(8 = arccos (

(18)

So — 2vpt
estance(t) = arctan |:02L0U0:|

Thus we have a parametric relation between the body elevatio m Sy

ands as shown in Fig. 6A for a flat surface with= 30°. Note Towing(m) = N—muv (19)



TABLE |
TYPICAL PARAMETER VALUES FOR A STICK INSECT[23], [28].

Body elevation Length of tibia  Length of femur  Step size  Trammsal distance  Step frequency
Hp (mm) dr (mm) dp (mm) So (mm) Lo (mm) (step/min)

7 14 8 15 12 18

The swing phase of the metachronal gait is 2.5 and 5 timesln view of the above we take a composite conservative-
shorter than those for caterpillar and tripod gaits, reipelg.  dissipative system. Such a Toda-Rayleigh model [17] in its

The angle is then given by canonical form is given by:

— 2upt(N — P+ wp (eI — T I oy (g — §2)d, =0 (22

Buwing (1) — — arctan {SO Vo (L m)/m] (20) En +wple e )=y — i) (22)

2Lo where wq is the frequency of linear oscillationg; is the
where0 < t < Tiying. The coordination of the legs is achieved?@yleigh parameter, and accounts for the strength of the
by an appropriate shift of stance-swing cycles (Fig. 1): Rayleigh cubic nonlinearity in the dynamics of the ring. In
the limit v = 0 we have the original Toda equation whose

0,1 =0 (t+ (n —1)mSy . 1) exact solution is a cnoidal periodic wave [19], [20].

" (N —m)v By allowing v to be positive or negative we introduce an

_ ) input-output energy balance hence offering the possibilft
_ Fig. 7 shows the anglé,, (n = 1,2, ...,6) as a function of maintaining oscillations. In the truly damped cage € 0)
time for three different gaits and the corresponding stanGge system has only one motionless globally stable solution
swing cycles very much like the qualitative relat|onsh|p§xn+1_mn = 1}. At ;1 = 0 the system undergoes a symmetric
shown in Fig. 1. Note that usually insects adopt an apprt:priq_,opf bifurcation [17], [31], and fop: > 0 the energy balance
ggit for walking with gcertain v:_elocit_y, but they_also Canveo a4mits only a discrete set of solution€V — 1) different
with the same velocity employing different gaits. In thisea ggcjllatory modes (five for six-units lattice ring) appear i
(Fig. 7) the leg dynamics in the stance phase is the same {0 system [18], [32]. These modes correspond to stable limi
all gaits [(17), (18)], but the swing phase differs amongnihe cycles coexisting in the N dimensional phase space of the
being faster for the slower gait [(19), (20)]. system. They represent nonlinear waves, similar to waves
shown forf,,(t) in Fig. 7, propagating along the ring and can
IV. ELECTRO-MECHANICAL CPGINTEGRATING THE pe Iabt_—zled by their wave numbes. For the six—un!ts lattice
ACTUATOR AND BODY DYNAMICS IN THE GAIT conTRoL NG (Fig. 8A) the moden = 1 corresponds to a single-peak
wave;m = 2 to a two-peak waves ang = 3 is a mode such
Fig. 7 shows the evolution of the angles controlling the legghat the nearest neighbors move in antiphase (also denoted
A minimal CPG should be able to produce the correspondingptical” mode at variance with the others denoted “acatisti
signal driving the actuator motors. Let us first start witinodes). The sign in the mode number defines the (clockwise
a description of a dynamical systems approach [15] to tle counterclockwise) direction of the wave propagationteNo
generation of rhythms. that since each mode corresponds to a stable limit cyclg, onl
one mode can be realized in the lattice ring at a time with no
) o . o superposition admitted.
A. _Toda-Raerlgh lattice ring and its analog circuit implem Fig. 9 shows a circuit block-scheme for the Toda-Rayleigh
tation lattice ring consisting of six units (22). Detailed destidp of
Toda [19], [20] provided exact solutions for a mechanidl/l components can be found in [17]. According to the curent
cal lattice system (and also for its electric analog systeyltage (I-V) characteristics of a double capacitor (DC) we
(Fig. 8A). Six units are coupled by special springs whodeave [33]:

force exponentially increases with the decrease of the-imié &2V, = aly, (23)

distance (Fig. 8B). Under appropriate limits the exporanti dt? )

Toda interaction reduces to the harmonic oscillator or t thvherea is a parameter depending on the inner components

hard sphere interaction. of the double capacitor. Using Kirchhoff’'s laws we get the
The Toda system is a conservative one, whereas its circéftuations governing the circuit [17], [34]:

implementation unavoidably has energy losses [29]. Thys an &2V

excitation of the circuit decays in time and finally vanishes = =a (I — Ingy + Iny) (24)

dt?

Accordingly, to mantain oscillations we need to supply en- . . . .
gy i erel,, is the current through the nonlinear resistor (Fig. 9).

ergy to the system. One energy-dissipation balance, ear . . .
mentioned, was long ago proposed by Lord Rayleigh [21} represents the current.through the junction diode, that can
It includes a cubic nonlinearity in the original Toda syste e accurately modeled with

regulating the pumping-dissipation balance [17], [18] oftrer Vo1 — Vn>

possibility was proposed by Van der Pol [30]. In = Is exp ( Vi (25)
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Fig. 6. Leg behavior preserving approximately the potesetigrgy during the
stance phase of a step over different ground profiles. Tatorgl movement of
the leg fror_’q initial (thick black line) to intermediate (gjagnd to final_ (light Fig. 7. Hexapod gaits simulations (compare to Fig. 1) and timauéion
black) position over a stance phase. The body moves forwalil a@nstant f'the angles controlling the protraction-retraction of {egs during walking
speed. A) A step over a flat ground (= 45°); B) A step in a small trough fo,. 5) Metachronal, B) Caterpillar, and C) Tripod gaits.r@aeter values
(@ = 30°); C) A step over a small bumpa = 65°). D) Body elevation i5xen from Table |.

H(t) versus tarsus positiof(t) during the leg movement in the three cases.

The deviation of the body elevation from its initial vertigeosition does not

exceed 1%.



Xy =X,

Fig. 8. The Toda ring. A) Six units are coupled in a latticegriby L, - -
“exponential springs”. B) Exponential coupling force agtibetween pairs R p——— —— e —— - - - — - ——
of neighboring units. L

Ry———————— - —_——— oo -
I I Rz************_ ********
Vpg D Vn e Vi+1 Ry _——— -
______ o o o B
|nr|A1 |dc# 0.8
Ny
n- 1 bﬁ DC n-—+ 1 0
________________ N N S =
J’_ = = 1.4\=
0 2] 4 6 8 10
Fig. 9. Block scheme of the Toda-Rayleigh ring. Each unit(encircled R E
by a dashed box) includes two main blocks: a double capadit®) @nd a [ — - — e
nonlinear resistor. Lf ____________ —_——— o —
R, - - - e e —— e
R, ------- — e —_—
where the constantg, and V; depend on the inner diode Ry -mmmmmmmmoe- = = 7
structure. Thus using diodes we obtain the Toda exponential C43
coupling (Fig. 8B) between neighboring units. The current ’
through the non-linear resistdy, is a cubic function of the 8,
voltage applied to its terminald V' that accounts for the T
Rayleigh energy pumping mechanism ;':3_9
I (AV) =b (V2 = AV?) AV (26) 37
0 2 4 6 8 10
~ . . T
whereb andV are constants. Finally we have the equation for L) o e - e — - -
the voltageV,, of the unitn Ly mrm e
Ry, --------- —_——-- _
R, - o m— oo

d2V Vn—1—-Vn Vn—Vn41

7277’ = a{[s |:€ Vi — € Vi :| +Inr}- (27)
dt Fig. 10. Oscillatory modes generated by a six-unit Toda-&gjtcircuit and

. . their relations to hexapod gaits (compare to Figs. 1 and 7peUparts show

Comparing (22) and (26) with (27) one can see that dynamkcilloscope traces of the voltages from all six units. Sottparts show the

cally the circuit described by the voltag®s is equivalent to corresponding phase relations. A) The wave mode with= 1 corresponds
the mechanical lattice ring’ ~ to the metachronal gait (Fig. 1). B) The mode = 2 corresponds to the
n n-

. . . caterpillar gait. C) The optical-like moder{ = 3) models the tripod gait.
Fig. 10 shows experimental traces of the three oscillatory

modes {(n = 1, 2, and 3) generated by the Toda-Rayleigh
six-units lattice ring. The three modes will lead to the limlyyhen the voltage derivative is positive we have the swing
movements with symmetries shown in the lower parts @hase, whereas the negative derivative corresponds to the
Fig. 10. Comparing the gaits obtained with the Toda-Rajleigtance phase. Then the interlimb coordination will natyral
CPG with the actual insect gaits shown in Figs. 1 and 7 Wellow from the coupling and dynamical interaction of the
indeed see that the metachronal, caterpillar and tripots gahttice units. Although having a practical potential sucBRG
are successfully generated by the CPG (Figs. 10A, 10B aRgls a drawback. It produces the same rhythms (fixed gaits) thu
10C). having neither account for the dynamics of the robot legs nor
We can associate each limb with a single oscillator whoser the body.
dynamics drives through an adaptor the corresponding ac-
tuator. The actuator motor rotates according to the volta%e
dynamics of the corresponding Toda-Rayleigh unit. Thus we
can transform the voltage on the unit into angle value,

A Central Pattern Generator (CPG) based on the Toda-
ayleigh electro-mechanical circuit

Let us now propose a new circuit implementation for the an-
Vo, — 0,,. (28) harmonic Toda lattice ring that includes the robot curréates



as a variable. Thus the new CPG will have a context-dependent )
dynamics so it will be able to change some characteristics of JAV AV +T =41 (32)
the gait “on the fly”. Vo di?2 " Vp dt 0%

Let us start with the equation of the motor driving a leg. Now we can split the current = Iy + I + I,. and adjust
First we note that, in a quite general case, the dynamicseof the valuesl; and I in such a way that:

motor obeys the following equation

dv T
= / —, Ir=—. (33)
d29 do q)o‘/o dt (1)0
Sty =12-T (29) " Then from (32) follows:
where f is the angle of the rotor of the motor defining the d27V _ E%Id (34)
protraction/retraction of the coxa of the leg, (see Fig.I3), dt? J ¢

is the electromagnetic torqud, is a constant load torquewhich is mathematically equivalent to the equation desugib
including the internal Coulomb friction, the paramefeis due the behavior of the double capacitor [(23) and Fig. 11]. Thus
to the internal viscous friction in the motor that can be takeve have been able to replace the DC circuit by its electro-
as a constant, andlis the momentum of inertial depends on mechanical analog. This demands replacing in (27) the ifacto
the inner motor structure and geometrical distributiont@ t ¢ by V;/J®,, which now describes the inner mechanical
masses. Note that (29) includes the mechanical charaitsrisproperties of the leg-motor. We obtain a network where amste
of the robot and/ is a parameter domain-dependent becaus¢ the electronic circuit with double capacitors we use the
it is affected by the global coupling between leg standing afynamics of the motors given by (34). Accordingly, the new
the ground and the body of the robot. Thus we fullfill item ii)CPG incorporates a body-leg-motor feedback loop. It preduc
Sect. 2, introduction. The current flowing through the motawing-stance cycles for each leg, similar to those earlier

windings I is given by described (Fig. 10), but now directly referring to the asgle
JI 40 0, (Fig. 7).
E% +rl+ c1>E = Vin(t) (30) Let us finally show how the symmetries of different gaits

shown in Fig. 1 can be related to the modes generated by the

whereV;,,(t) is the input voltage, ané is the magnetic flux CPG based on the Toda-Rayleigh electro-mechanical circuit

across the air gag, andr account for the self (inductance)

and the resistance of the motor, respectively. A
Usually, each motor leg is driven by an input voltage

generated by the CPG (typically a Heaviside step function

[35]), while the current through the motor is determined by

(30). In our case, the motors are not driven by an input veltag

but by the input current | according to (29). In the case of B

small motors that we use the magnetic flux is generated by a

permanent magnet. Then, to a first approximatioa- ¢, is

a constant. -
In order to integrate the dynamics of (29) in our Toda- )

Rayleigh lattice ring we use an angle-voltage converter cou
pled to the rotor of the motor (Fig. 11)

Vi (t) = V09n(t) (1) Fig. 12. Electro-mechanical hexapod CPG based on the TogeiBla six-

. . units lattice ring (see Fig. 8). A) Twisted ring topology. Bpnnection scheme
where V4 is the converter constant. Usually this type o0éf the electro-mechanical Toda-Rayleigh CPG with no inteiiateddevices

converters are optical devices and do not affect the motetween the leg mechanics and electrical circuit.
behavior. Then the new variablé, (¢) evolves according to

(29): To accommodate the earlier described oscillatory modes
to the gate symmetries we change the initial ring geometry.
Fig. 12A illustrates how a new twisted topology can be ob-
Ly V Iﬂ ‘ tained. For the new topology we have the following sequence
: of units:
DC 2—-3—-4—-1—-6—5.
J_ Note that this sequence is used only for mapping of the umits t

the limbs, whereas the actual Toda-Rayleigh circuitry riesia
unchanged. This procedure permits a direct mapping of the
Fig. 11. Block-scheme illustrating how the DC of the CPG (Fy.can Wave_mOdeS observed in the circuit to the g,alt symmetries
be replaced by the electro-mechanical circuit integrating motor (leg) described above. We use the motor-leg as a piece of the CPG
dynamics. with no intermediate device (Fig. 12B). Our CPG generates
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suitable wave forms producing different gaits. symmetries of animal gaitsNonlinear Sci. vol. 3, pp. 349-392, 1993.
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