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SUMMARY

This work presents biologically inspired method of gait
generation. It uses the reference to the periodic signals
generated by biological central pattern generator. The
coupled oscillators with correction functions are used to
produce leg joint trajectories. The human gait is the reference
pattern. The features of generated gait are compared to the
human walk. The spring-loaded foot design is presented
together with experimental results.
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1. Introduction

The majority of body functions, such as beating of the
heart, breathing, chewing, and locomotion, is periodic.4 In
human, walking-synchronized displacement of all main parts
of the body is noticeable. Longitudinal and lateral rotation
of the trunk, pelvis, and twist of shoulders is coordinated
with the states of walking cadence (moment of foot touching
the ground, foot lift-off, middle stance, etc.).!>!” The single
inverted pendulum or spring loaded inverted pendulum is
often used as the simplified mechanical model of human
gait.

In recent years, there are many attempts to get the two-
legged robots moving as the human.>!! However, to obtain
the robot movement similar to human is still a problem due to
the mechanical construction limits or due to the weaknesses
of motion generation methods.'” The biologically inspired
methods of gait generation refers to the neural generators
of living rhythms (in that is also the walking rhythm). A
broad discussion of advantages of utilizing central pattern
generators (CGPs) in robotics can be found in ref. [7], and
an interesting overview of the different oscillators utilized
for robotics purposes is given in ref. [4]. By contrast to the
pendulum-based methods, where the mechanical parameters
of construction predetermine the synthesized motion pattern,
the oscillators-based methods focuses on sensory feedbacks
(gait synthesis using Matsuoka oscillators’) or on close
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imitation of biological gait features (leg transfers sequences
or joint angles). Therefore, the mechanical structure must be
able to follow the motion pattern.

The research being conducted at the Warsaw University of
Technology aims at developing biologically inspired motion
patterns'® for legged robots. We consider the coupled oscillat-
ors —the type of oscillators for which the closed-form solution
does not exist. Those oscillators couplings synchronize not
only the joint positions, but also their higher order derivatives.
The analysis of those oscillators is difficult. The analytical
form does not include the information from the sensors.

The biped robot consisting of the lower extremities and the
torso is meant to serve as a research platform for presented
method of motion synthesis. Robot has 12 active degrees
of freedoms (DOFs). The design structure is illustrated in
Fig. 1. To reduce the masses, the elements were cut by laser
in aluminum rectangular segments.

2. Robot Gait

2.1. Motion pattern

Our method refers to the biological CPGs and to the
conclusion of Bernstein? concerning the scheme of human
motion skills development. According to ref. [2] in learning
the motion abilities, three stages exist. In the first stage
(early infancy), the reduction of DOF is visible — by
random displacements, the baby learns how to produce the
highly coupled simple rhythmic movements. The second
stage includes freeing the previously locked DOFs and
producing complex motions on the basis of first governed
rhythms. The third stage enhances motion efficiency by
using the advantages of passive dynamics, inertial effects,
etc. Referring to this concept in our work, we first produce
the periodic motion trajectories for leg joints. For the search
of parameters describing the trajectories, a genetic algorithm
is used. The role of the penalty functions used here can
be compared to the qualitative learning experience gained
by the baby. As the equivalent of biological CPGs, we use
equations of coupled oscillators for compact “storing” of the
fundamental rhythmic pattern. Fine tuning of the shape of
the trajectories is obtained by the correction functions. This
is the stage of adding complexity to the previously learned
rhythmic, but not obviously fully correct, motion pattern.
The third stage where human uses the advantages of passive
dynamics and other dynamic effects was realized in our work
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Fig. 1. Front and side view of the assembly with dimensions
analyzed in one of the calculations (the torso is not included).

by heuristic addition of pelvis rotation. The advantage of
applying the coupled oscillators for modeling of the CPGs
rhythm is the compactness of the trajectories description and
possibility of fast tuning of parameters in analytical equations
for following the arbitrarily chosen rhythmic trajectories. The
equations describing the dynamical properties of oscillators
have the following general form:

Z—ngc) 'x050+g2'xosc =dq. (1)

jéosc — M- (p

The variables 1, p?, g2, g influence the properties of

oscillators. Cyclic solutions of coupled oscillators formula

are interpreted as the legs joint trajectories.! Specifically, the

changes of angle in the hip and knee joints for both legs are
described by the following four oscillators:

ar— - (pf—x2) - ar + g7 - xa = qu,
dy— o (p3—xi) a2+ 83 x = qo, )
a3 —ps - (p3 —x2) s+ 83 - xe = g3,
g — pa - (pF—x3) o+ 83 xa = qu,

where

Xg =@ — Az - 02 — A3] - @3,
Xp =0 — A2 - 0] — A4p - Q4
Xe =03 — A3 -0 — A4z - g,

Xg = 04 — A4 - 0y — A3gq - (3.

These equations have 24 parameters: [y, 2, U3, U4,
p%’ P%’ p?z,’ pzzl’ g%s g§7 g%» giy q1, 42, q3, 44,
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Fig. 3. Robot in walk.

A3, A31, A2, A2r, A4, Aaz, A4z, Azs. The coupling
parameters A;; mainly determine the type of gait — they
influence the phase shift between the trajectories. The
influence of the coupling parameters as well as the other
parameters to the trajectories of «; is not possible to specify
in coupled oscillators formula. The results of some study
on it were presented in ref. [18]. The angles o7, o3, o3,
aj correspond to the adequately scaled oy, oo, a3, ay. It is
assumed that the angles o are positive, if the thigh or shank
is in front of the vertical line and negative if it is begin
(Fig. 2, Fig. 3). The coupling terms A;; through x, to x4
define the influence of «j to o}. Figure 2 illustrates the
notation. The variables «; and o] represent the values
expressed in degrees.

The trajectories recorded during human walk were
considered as the reference. The motion was sampled
every 0.021s. The recorded data were processed and
evaluated using the specialized software combined with the
VICON motion recording system. It was confirmed that
the person (healthy young man) walks with statistically
verified, representative gait (Fig. 4). The gait period was
1.04 s, walking speed was 1.53 m/s, the support phase was
about 60% of the gait period, in this the double support
phase took 10% of the gait period. Those values match
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Fig. 5. Joint trajectories for human gait and the generated gait (for
one leg).
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Fig. 6. Obtained joint trajectories compared to the human gait.

the norm established for human gait.'*!” To imitate more
closely the biological learning process and to get the accuracy
in reproducing the gait rhythm, a genetic algorithm for
oscillators parameters evaluation was applied.

The search started from the previously identified
set of parameters:18 mr=1, up =2, us =1, us =2,
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- Point mass
of the body
part

il |

A

Fig. 8. Simplified model of human body.

Lpi=1 pi=12¢1=17 g =20g=
17, gf =20, q1 =12, g =-20, g3 =12, g4 = —20,
)\13 = 02, )\31 = 02, )\12 = —0.2, )\,2] = —0.2, )\,24 =
0.2, Ao = 0.2, A3 = —0.2, Azg = —0.2.

The details on genetic-algorithm-based parameters tuning
are given in ref. [19]; therefore, we will give here only the
summary of it. The fitness function consisted of the sum
of square errors between generated and measured leg joint
angles:

p%:l, p%:

n . 7N\ 2
f = Yo () — e(i) | )

n

where o (i) is the value of jth joint angle in human walk
obtained in the ith data instant, oej(i) is the angle obtained
from the generator, and »n is the number of data registered
for one walking step. The six penalties with experimentally
chosen ranges (over those ranges oscillators were unstable)
were introduced. The penalties were as following: s; —
penalty weight considering interlimb coordination, this
penalty was maximal (s; = 5) when both legs were moving
together, s, — penalty weight for unstable oscillations
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Fig. 9. Human’s pelvis rotation (up and down in frontal plane).
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Fig. 10. Robot’s pelvis rotation (up and down in frontal plane).

(maximal s, = 10), s3 — penalty weight for backward
movement of torso (maximal s3 = 3), s4 — penalty weight
for backward movement of the foot (maximal s4 = 3), 55 —
penalty weight for lack of foot forward motion (maximal 55 =
3), s¢ — penalty weight for abnormal knee bend (maximal
s¢ = 3). If any of the listed above conditions was not fulfilled
the appropriate penalty assumed its minimum — s; = 1. The
overall fitness function was

FFo=—(fi+ A+ i+ [] s “)

Figure 5 illustrates the obtained joint trajectories compared
to the human gait. The oscillators parameters are as follows:
py = p3 =359375, pup=pus=2, pi=p;=2 p3=
pi=1g=g3 =28.0039,¢3 =g =17.7031,q, = q3 =
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Fig. 11. ZMP trajectory for human gait evaluated using human body
model with consideration of trunk inclination (double support phase
is included, the foot frame is shown).
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Fig. 12. ZMP trajectory for modified robot gait with trunk
inclination (double support phase is included, the foot frame is
shown).

15.8516, g = g4 = —7.04492, A3 = dyy = A3q = Ay3 =
—0.451172, Apg = Agp = A3z; = A3 = 0.417969. In the next
stage of motion learning (according to N. A. Bernstein),
movement complexity is increased to obtain motions
reaching targets, such as rhythmic walk and walk with
gait transitions. Following this, the next aim was to mimic
closely the human gait. The addition (or subtraction) of
smooth function increasing from zero to some maximum
and next decreasing, with its derivative being equal to
zero at the ends of the definition range can produced
appropriate correction of joint trajectories. We chose

Feorr = A cos*(¢) ¢ = (—T1/2,T1/2), 5)

amplitude A can be positive or negative depends on for which
joint (hip or knee) it is used. With added corrections, the gen-
erated and real gait trajectories almost overlap (see Fig. 6).
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Fig. 13. New foot.

Fig. 14. Robot with simple feet - left, robot with new compliant
feet - right.
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2.2. Motion implementation
Final synthesis of the robot motion requires us to take
into account the selected indicators (ZMP, pelvis movement
properties) describing the human gait. The time courses of
those indicators were obtained for the kinematic models
with point masses for the human and the robot bodies. The
differences between those indicators were due to differences
in human and robot structure — especially lack of upper
body part in robot. We adjusted the robot motion to
obtain the considered indicators close to the human and
the point mass model of the human body was considered.
Masses of body parts and link dimensions were assumed
from anthropomorphic data for the person whose gait was
recorded. The body build was typical for the 95% centile
level. Motion was synthesized for a legged robot with only
the legs and upper part of the body being a cube (3D structure,
the upper part of the human body was also simplified to a
point mass assuming that the upper limbs remain motionless
during walking. With this simplification, the model of human
body consisted of five parts — two shanks together with feet,
two thighs, and one part representing the whole upper part.
Robot prototype was 0.3295 m tall, with length of thigh
equal to 0.10 m and shank with foot equal to 0.145 m. The
mass of the robot was 1.61kg, with thigh mass equal to

Fig. 15. Pictures of robot’s new feet: right picture — left foot is in open (spring released position) during leg takeoff, right foot is closed in

full support phase.
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Fig. 16. Mass distribution of the robot with modified feet.

0.16 kg, shank with foot equal to 0.34kg, and in that foot
equal to 0.10 kg. The distance between the ground projection
of the robot ankle and rear of the foot was 0.041 m. The
point mass of thigh was located below the hip joint at a
distance equal to half of thigh length. Point mass of the
shank considered together with foot was located below the
knee at a distance equal to 83.7% of the shank segment
length. Legs were about 3.7 times shorter than in the human.
The structures of robot and human bodies are presented in
Figs. 7 and 8. The dynamical modeling (ZMP calculation)
was performed using our own software with Newton—Euler
formulation in 3D space. The details regarding ZMP can be
found in many publications (see, e.g., refs. [15] and [16]).
The following formula produces the coordinates xzyp, yzyp
of the point Fzp:

YoimiGi— i — Y im Xz — Y I

= ’ 6
Xzmp Z:l Y E— ©
Yzmp = imiGi—g)yi — i mi Yooz — Y IFa) @)

YUimiGGi—g) ,

where m; is the mass of the ith body part, x;, y;, z; are the
coordinates of mass center of the ith part expressed in the
frame attached to the trunk, X;, y; z; are accelerations of
those points with respect to this frame, I*, I;" are the main
moments of inertia for ith body part about X- and Y -axes,
ay, aly are the angular accelerations about those axes, and g
is the gravity constant.

Applying the human motion pattern to robot ZMP
calculation, it was detected that at the end of the robot single
support phase the ZMP was outside the back of the footprint —
the posture was not equilibrated. This was also confirmed in
reality. First walking experiments were not successful. The
robot was falling back, what was expected considering the
position of the ZMP. Moreover, it was found that not all
servo motors produce the same speed and the control step
must be again increased to 0.08 what resulted in gait period
equal to 4s. Concerning ZMP, the gait was modified. The
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Fig. 18. Lateral displacement of robot upper body.

ranges of hip joint trajectories were shifted toward positive
direction reducing the leg-end backward shift at the end of
the support phase and increasing the forward shift at the
beginning of the support phase. In the knee, a small bend
during the support phase was added. Using the reference
to human motion, the robot rolling (trunk inclination in the
frontal plane) was introduced. That referred to the feature of
human gait, however it did not exactly imitate it (see Figs. 9
and 10). The resultant time course of the ZMP was similar
to that observed in human walk (compare Figs. 11 and 12).
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Fig. 19. Robot in walk: sequence from left to right, first — upper line.

3. Spring-Loaded Foot

The elaborated gait pattern was implemented in the biped,
details and results are discussed in ref. [19]. After successful
implementation of gait, the robot’s feet were replaced by
the modified one, with in-build springs (see Figs. 13 and
14). The new foot consists of two, instead of one main
element as previously, spring is located in the heel (Fig. 15).
This increases the weight. The motor controlling the spring
release is also located in the foot. Foot modification besides
of changing the robot upper leg mass distribution (compare
Figs. 7 and 16) affected robot motion performances. The
mounting of two moving parts introduced small horizontal
backlash, the spring locking mechanism has also latch

https://doi.org/10.1017/50263574711000300 Published online by Cambridge University Press

backlash along vertical direction appearing in locking
position. Because of that it was needed the adjustment of
previously implemented gait. In first stage, it was done
keeping the spring in locked — compressed position (closed
foot). The lack of upper body increasing the motion stability
made the gait tuning task difficult. The stability during leg
transfer required significant pelvic displacements. In some
extend, it is similar to human motion performance where
the pelvis traces a sinusoidal curve with an amplitude of
approximately 0.06 m.'® The pick of this transfer occurs at
the end of mid stance (see Fig. 17). As is illustrated in Fig. 18
in single support phase, the robot is inclined to side for about
10°, the pelvis central point side shift is about 0.04 m. This
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Fig. 20. Back view of the robot feet during the walk: frame 1 — the moment after left leg touched the ground, the spring in right leg is
released and leg starts transferring; frame 2 — right leg is in transfer phase and the motor partially compressed its spring, the spring in left
leg is fully compressed; frame 3 — right leg just landed, the spring release in left leg will start soon; frame 4 — the full release of the spring
in left leg, just before takeoff; frame 5 — left leg in transfer, the foot is still not closed; frame 6 — end of whole cycle (situation as in the

frame 1 but after completing one step).

is quite big value, following the robot-human dimensional
proportion 1 : 3.7 the range of this displacement should be
(0.06/3.7) = 0.017. On the other hand, the robot leg masses
are not following the human proportions; moreover, the mass
of the lower leg is significantly greater than the upper one
what is not the human case. Figure 19 shows the sequence of
pictures during robot walk. Just recently, we obtained the new
results for the walk with spring support. In the beginning of
support phase due to the force load, the spring is compressed
and then is locked by locker. The spring release starts shortly
(240 ms) before leg takeoff; once the leg is in transfer, the
motor compresses the spring and closes the foot. The whole
walking cycle with one step by each leg lasts 4 s. The spring
stiffness is 122 N/m and the active length is 0.024 m. The
observed walking performances with active spring are better
than those with constantly closed foot, the gait was more
robust to the external disturbances. The springs action during
the walk is illustrated by sequence of frames selected from
recorded movie (see Fig. 20).

4. Conclusions

To obtain the robot movement similar to that of an animal, or
totally independent of human decision is still a problem due to
the mechanical construction limits, or due to the weaknesses
of motion generation methods.

Our target is to use biological inspiration for two-legged
robot design and motion controlling. The foot design with
spring refers to observed compliance in human gait.% For
human being this helps in dynamical motion. Only in recent
several year, the role of foot in robot locomotion focuses the
attention of researchers.’
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Dynamical simulations and recently performed experi-
ments proved that with our modified robot, it is possible to
obtain the stable gait. Such gait saves the energy comparing to
the previous prototype.® Currently, we started theoretical and
experimental study aiming to explain how the springs with
different length and stiffness affect the motion properties.

As the final conclusion, it must be noted that the foot
compliance obtained by spring is one of the simplest and
cheapest solutions. The more advanced designs use flexible
actuators with controlled stiffness,'# they are applied in
complex humanoids.
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