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Abstract. Human walking has been intensely studied, but it is difficult to reproduce
on humanoid robots that maintain awkward movements. Three main difficulties exist.
(i) Different joint kinematics and size between humans and robots. (ii) A rolling
motion of the foot which is often impossible to execute with humanoid robots that
walk with their feet flat. (iii) A difference in the dynamic model of a robot compared
to a human that makes a copy of a human movement lead to unstable walking. In
order to take into account the first two difficulties, the specifications for reproducing
human movements are adjusted. To ensure stability, a previously developed dynamic
model called Essential Model is used. The zero moment point (ZMP) is imposed, and
the horizontal evolution of the centre of mass (CoM) is computed to satisfy the ZMP.

Key words: Humanoid robot, Human-like walking, Center of Mass, Zero Moment
point, Essential Model.

1 Introduction

Humanoid robots are complex mechatronic machines due to their numerous
degrees of freedom, physical characteristics such as their weight, the limita-
tions of their actuators, the unilateral constraints with the ground etc. To
design walking motions is a complex challenge [1]. To overcome these difficul-
ties, many researchers define the walking motions by using the linear inverted
pendulum (LIP) model [2]. This model is efficient to obtain walking motions,
but the resulting gait is not very human-like and the dynamic influence of
the different bodies of the humanoid robot is not taken into account. Several
approaches to imitate the human motion have been developed. For example
a walking gait based on human-like virtual constraints has been investigated
in [3] for the robot Nao. Sakka, who carried out a work about the imitation of
human motion with Nao, also performed this type of study [1]. However, their
approach does not consider the constraints on the ZMP trajectory, which are
essential for stability.
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The purpose of this work is to design a periodic walking motion with
single support (SS) and double support (DS) phases, which is based on the
Essential model [5] for Romeo - a humanoid robot with n = 31 generalized
coordinates. The trajectory of the ZMP is imposed, the horizontal position of
the CoM is free to adapt to the ZMP evolution. The CoM is thus computed
from this ZMP evolution. The original contribution is that the remaining
n — 2 generalized coordinates are prescribed by using trajectories inspired
from human walking data. The recorded human motions are approximated
by sinusoidal functions of time.

The paper is outlined as follows. The main characteristics of human walk-
ing are presented in section 2. A reference walking motion based on human
data is presented in section 3. This section highlights the necessity of the Fs-
sential model, which is then detailed in section 4. The cyclic walking motion
is stated in section 5. Numerical results are analyzed in section 6. Section 8
offers our conclusions and perspectives.

2 Study of human walking.

Duration of different phases: Human walking can be decomposed accord-
ing to important events that occur during the walking. A gait cycle consists
of two steps. The duration of different phases is measured as a percentage
of a cycle duration. The percentage of DS phase varies from 9 to 17%
depending on the age and velocity of the human [6].
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Fig. 1 SS and DS phases duration, measured as percentage of complete cycle.

Step placement: The step length and width vary widely depending on mor-
phology and age. For a young healthy adult the step length varies widely
(from 0.40 to 0.80m for larger velocities), same as the step width (from
0.125 to 0.22m, with width decreasing for larger velocities) [6, 7].

CoM Trajectory: Human CoM trajectory is close to a sinus in longitudinal,
transverse and vertical directions [6]. The magnitude and period of oscil-
lations in transverse direction vary with speed [8]. In vertical direction the
magnitude of the oscillations increases with velocity and is equal to about
2% of body height.
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ZMP trajectory: The ZMP (Zero Moment Point) goes from the heel to the
tip of each foot [9], which corresponds to the rolling motion of the feet
and the mobility of the human sole. The trajectory of the ZMP changes
depending on the footwear of the human [10].

Swing foot motion: The motion of the swing foot can be separated in two
components, the trajectory of the swing foot as a whole and the orientation
of the sole. We observe nearly vertical landing and takeoff trajectories, with
most of the horizontal movement performed in the middle of SS.

Trunk motion: The trunk, which represents 60% of the weight, has signif-
icant angular oscillations[11]: in the saggital plane, the amplitude is of
about 20 around the equilibrium position (which varies with the walk-
ing velocity but is typically between 5 and 130, leaning forward). In the
frontal plane, the oscillations amplitude varies from 3 to 6o depending on
the velocity.

Hip motion: The oscillations of the hip and the basin allow to make big-
ger steps, to smoothen the trajectory of the CoM. The amplitude of the
oscillations around the vertical axis is of about 10° [6].

Arm swing: The arm swing in human locomotion is speculated to be useful
to reduce the contact wrench on the support foot, as well as the global
cost of walking [12], [13].

3 Human trajectory and humanoid robot

Once the human trajectories are found, they can be applied to a humanoid
robot. However, that does not give a viable walking motion. Romeo is a
prototype platform issued by company Softbank Robotics, see figure 3 a). It
is 1m47 tall, weighs 36 kg and features 31 degrees of freedom groups into the
configuration vector q. The duration of the DS phase is chosen to be close
to 12% of the cycle duration 2 - T, where T' = Tpg + T'ss, Tps = 0.15s and
Tss = 0.60s are the durations of the DS phase and SS phases. It is impossible
to achieve a step size of 0.75m as what is observed for humans, because the
pelvic rotation and rolling motion of the stance foot is necessary for these
larger steps, see [14]. It is necessary to adapt the parameters of trajectories
for Romeo. The step width is chosen to be 0.20 m to satisfy a safe clearance
between Romeo’s ankles. The step length is chosen in the range 0.15 to 0.20
m, which corresponds to a 0.30-0.40 m displacement of the swing foot and a
velocity of 0.83 to 1.1 km/h. A summary of the other adaptations is shown
in the following table 1. We approximate most periodic functions by a sinus
to have a simple model that is infinitely differentiable.

Once we have adapted the human walking motion to the n = 31 variables
of Romeo, we tried to run it on the robot model. Due to differences in dy-
namics, the ZMP position resulting from these trajectories will not satisfy
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Table 1 Main parameters of the trajectories for Romeo

Variable Period Mean Value Magnitude Phase

Motion along Z about 2% Minimum in

of the CoM T 1.12 (leg length) of height middle of DS

Motion along X linear

of the CoM progression - - —

Motion along Y about 2% Zero around

of the CoM T 0 of height 80% of DS
Minimum in

Trunk roll T 0 5° middle of DS
Maximum

Trunk pitch T 6° 2° at beginning
and end of DS

Swing foot cycloid 2T -

height

Swing foot cycloid 2T - —20° to 81° Minimum right

pitch after impact.

the equilibrium condition. We checked that the ZMP trajectory is outside
the support polygon, as is visible in figure 2

2MP trajectory for human COM

Fig. 2 ZMP (multicolored) obtained if the human COM motion (in green) is applied
to the robot Romeo.

To solve this problem, we need to impose the ZMP trajectory instead of
the CoM by using the Essential model first introduced in [5].

4 Essential model

Instead of imposing as many trajectories as there are degrees of freedom
(DoF's), we will leave two DoF's to allow for a better placement of the ZMP.
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Since the relation between ZMP and CoM is considered as a determining
feature of human gait [2, 15], and the positions of CoM and ZMP are strongly
linked, we choose to ”set free” the horizontal coordinates ry = (z,y) of CoM
in order to adapt to the imposed trajectory of the ZMP.

To take inspiration from the human motion, let us introduce r € R31*1:

r=(rere) = (2,y,2(t), 25 (1),yr (1), 25 (1), Vs (t),

6f<t)a ¢f<t)’ wtr(t)’ etr(t)7 (btr(t)’ QI3(t)’ U 7Q31(t))T'

We define r. as the vector of the 29 variables of r for which the trajectories
are imposed. z(t) defines the desired altitude of the CoM. x#(t), yy(t), z¢(¢)
and ¢(t),0¢(t), ¢¢(t) describe the desired position and desired orientation
of the free foot, and (W4, O¢, drrr) give the desired orientation of the torso
link. The upper-body variable joints are defined by g13 to g31. The desired
motion for r.(t) is defined based on human motion as summarized in table 1.

The robot configuration can be defined by the vector ¢ or r and a geometric
model can be built. Let ¢ = g(ry,7.), ¢ and § are deduced thanks to the
kinematic models as follows:

(1)

G = Jpip+ Jote, §=Jpip 4 Jpit 4 Jofe + Jorl. (2)

Here J; € R3*2? and J, € R3*% In the current study the evolution of r.
is chosen as a function of time, thus the joint evolution can be expressed as
function of ry, 7,7 and t only :

ngt(’l“f,t>, c}szff—i—v(t,rf), c'j:in‘f—i-jffJ%—I—a(t,rf,ff). (3)

a)

Fig. 3 a) Photography of Romeo. b) Illustration of the global equilibrium.

To evaluate the feasibility of a walking trajectory, it is necessary to cal-
culate the effects of external forces acting on the humanoid robots. The
origins of these external forces are the gravity force F; and the ground
reaction forces acting applied on each foot figure 3 b). The resulting ef-
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fect of the ground reaction is defined by the wrench € R6*! (Fy, M()T =
(Fy, Fy, Fyy My, M, M,)" in a reference frame Y. The global equilibrium of
the robot can be written as :

Fo Ar\ . (dr(q,q)
= . 4
(Mo) (AM>q+<dM(q,q) @
where ¢ € R31*! is the joint vector of the robot.
Using equation (3), the global equilibrium (4) can be rewritten:

Fy Apr(t,rf) . dFT(t,Tf,f"f)
= R 5
<M0> (AMr(t,’l"f) rf+ er(t,Tf,T’f) ( )
Let p = (ps,py, 0) be the global zero moment point (ZMP). Its coordinates
p. and p, satisfy :

F.p, + My =0, F,p, — M, = 0. (6)

(pz,py) must be inside the convex hull of support for all times in order to
satisfy the dynamic equilibrium condition [16]. To be sure to find a periodic
motion that satisfies the equilibrium condition, we choose a desired evolution
(pe(t),py(t)) of the ZMP. During the SS phase the desired motion of the
ZMP is a function of time to define a migration of the ZMP from the heel
to the toe of the stance foot. In DS phase the desired motion of the ZMP is
defined by a linear evolution form the final position of the ZMP at the end of
the SS phase on the stance foot, until the initial position of the ZMP at the
beginning of the SS on the next stance foot. Using equation (6), and using
the 3", 4*" and 5" lines of (5), we obtain :

(Aprz(t,75)if + dpez(t,75,78)) Pa(t) + Anary (,75)F f 4 dagry (8,75, 75) = 0
(Aprz(t,rp)ip + dpra(t, 15, 74)) po(t) — Anrra(t,74)is — dagra(t,mp,75) = 0
(7)
that isolates the essential characteristic of the walking that is the rela-
tionship between the ZMP and the CoM. Solving of equation (7) gives the
Essential model describing the acceleration of the horizontal positions z and
y of the CoM, that are defined to achieve to an imposed evolution of the
ZMP:

= f(ry,7r,tpa(t), py(t)). (8)

By integration of (8) from initial conditions we can calculate the current
values of ¢, i.e &, y, and ry¢, i.e , and y. To sum up, the evolution of x and
y is not imposed in order to allow them to adapt to the imposed evolution of
the ZMP. With this strategy to define a reference trajectory of walking, which
is based on the FEssential model (8) and r.(t), no approximations are made
to the dynamic model when designing the humanoid walking. The method
ensures the feasibility of a walking trajectory from the point of view of the
condition on the ZMP. The choice of z(t) of the CoM allows to satisfy the
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positivity of the vertical component of the resultant ground reaction force
during the walking. The condition of no slipping can be checked based on the
knowledge of 7"y and Z.

Then the torques required to produce the motion have to be calculated.
During the SS phase, considering the stance foot motionless on the ground,
we can define the dynamic behavior of the robot:

TZAT(t,Tf)'Ff—i-dr(t,TfJ"f) (9)

In DS phase effort (]\};[‘P“ ) are applied on the second leg, (9) becomes
ext

M . Fea:
T:Ar(t,rf)rf+dr(t,rf,rf)+Jm(A, i). (10)
exr

The global equation gives the global reaction force Fy, M, but the distribu-
tion on both legs is free and will modify the actuation torque. During double
support, the global ZMP is the barycentre of the two local ZMPs on each
foot, this implies that the global ZMP and the local ZMPs are aligned. The
evolution of the global ZMP is chosen in order that during all the DS, the
two local ZMPs keep a constant pose corresponding to the final pose of the
ZMP in SS : ps, and the initial pose of the ZMP for the next SS : po. We can
calculate the vertical reaction force on leg 1 and 2 Fj, and F5, by solving
this system:
plelz +p2mF22 o
Flz + F2z —be
(11)
plyFlz +p2yF22 _

F12+F22 Py

To avoid slipping, the ratio between tangential and normal force for the global
equilibrium is conserved for each leg. The components Fi,, Fiy, Foz, and Fy,
are calculated to satisfy:

Flrc F2T7F11)+F2’I‘
Flz FQZ F1z+F2z

(12)
Fly F2y_F1y+F2y
Flz F2z F1z+F2z

By using (11) and (12) we find M, = My, + M5,. The moment around the
z axis is also share between the two legs using a similarly distribution to the
force components (12) as follows:

Mlz MQz o Mlz + MQz

= = 13
Flz F2z F12+F22 ( )
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5 Periodic walking

The target walking motion is periodic, with a step that is composed of
SS phase and a DS phase. There is no impact at the end of the SS
phase. To find the walking motion a boundary problem is solved as fol-
lows. The algorithm starts from an initial guess of CoM position and ve-
locity (x(to),y(to), (t0), ¥(to)) at the start of DS phase. The condition for
periodicity is

(z(to), y(to), 2(to), ¥(to)) = (x(to + T),y(to + 1), &(to + T),y(to + T)) (14)

tacking into account the change of the reference frame when the two legs
switch their role just after the end of the current step. So &(to +7),y(to +T')
are the initial velocities of the CoM in DS of the next step. The boundary
value problem is, what are x(tg), y(to), Z(to) and g(tp) such that after inte-
gration of (8) over the time interval [tg,to + T the cyclic condition (14) is
satisfied.

6 Numerical results

We obtained a cyclic trajectory for a step size of 0.15 m, all other parameters
being the same as described in table 1. A stick-diagram over one cycle of this
cyclic walking motion is presented figure 4.

ZMP and COM trajectory for cyclic walking
T

Fig. 4 Obtained COM trajectory (in blue) for the imposed human-like ZMP trajec-
tory (multicolored), compared to a typical human COM trajectory (in green).
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Fig. 5 Stick-diagram of a walking.

We observe on figure 4 that the COM trajectory is oscillating in the Y
direction a lot more than what is typical for human walking. This difference
can be explained by the slightly larger step width (necessary because of geo-
metric constraints on Romeo) and the overall slower walking velocity. Indeed,
the slower the walking gait, the closer it gets to semi static, and the larger
the COM oscillations in Y direction [7].

This result can be compared to the "raw” ZMP trajectory based on a
human-like COM trajectory without constraints on the ZMP, as presented
on figure 2. It is obvious that this trajectory would not be viable, as the ZMP
trajectory is outside of the convex hull of the foot during single support
phase. This proves the relevance of the approach used with the Essential
Model, imposing constraints on the ZMP position rather than COM allows
to achieve a dynamically stable walking motion.

7 Effect of ZMP evolution on torques

The results presented above correspond to an evolution of the ZMP going
from the heel to the tip of each foot (see figure 4). The torque at the ankle
is directly affected by the pose of the ZMP. It can be seen in figure 6 (274
image), that the propulsive torque is low at the beginning of the step. As a
consequence, a high propulsive torque is required at the knee joint (figure 6
(3t" image). In fact this high torque exceeds the limits of the actuator (shown
in dotted line) of the robot Romeo. We explored the effect of the influence of
ZMP evolution. The results show that a modification of the ZMP trajectory
influences the torques in the support knee and in the support ankle. A ZMP
that has a constant position in front of the foot allows a higher propulsive
force at the beginning of the SS, and thus allows to decrease the propulsive
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force at knee, and then produce a knee torque compatible with the actuator
of Romeo.

s-020
Comparaison $=0.20-5=0.20_full_ZMP. — 5-020_ful P

Joint 1 Joint 2. Joint 3 Joint 4 Joint 5

2 o 06 00 02 oe o6 00 02 os o6 00 o2 oa  as 00 02 o
Joint 11 Joint 12 Joint 13 Joint 14 Joint

/l

Fig. 6 Joint torques (N.m) versus time (s): comparison of the torque in the lower
part of the robot for two cyclic trajectories with a step size of 0.20 m and a period of
0.75 s. The trajectory in green is with a human like ZMP evolution in DS, and the
trajectory in blue has a ZMP constrained to the front of the foot.

8 Conclusions

We developed a 3D cyclic walking motion for a humanoid robot, Romeo. Each
step is composed of a SS phase and a DS phase. The design is based on the
use of the Essential model that ensures the feasibility of the motion by satis-
fying the ZMP condition, which is the hardest constraint to meet. The other
generalized variables of the robot are defined as smooth periodic functions of
time taking inspiration from human walking motions. A dynamic model and
the global equilibrium of the robot prove that the obtained walking motions
are valid. The perspectives are to complete the cyclic walking motions with
a starting phase and a stopping phase and to test a set of walking motions
with an experimental platform.
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