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Abstract - We propose a two-stage gait pattern gen-
eration scheme for the full-scale humanoid robots, that
considers the dynamics of the system throughout the pro-
cess. The fist stage is responsible for generating the pre-
liminary motion reference, such as step position, timing
and trajectory of Center of Mass (CoM), while the sec-
ond stage serves as dynamics filter and modifies the ini-
tial references to make the pattern stable on the full-scale
multi-degree-of-freedom humanoid robot. The approach
allows employment of easy to use models for motion gen-
eration, yet the use of the dynamics filtering ensures that
the pattern is safe to execute on the real-world humanoid
robot. The paper contains description of two approaches
used in the first and second stage, as well as experimen-
tal results proving the effectiveness of the method. The
fast calculation time and the use of the system’s dynamic
state as initial conditions for pattern generation makes it
a good candidate for the real-time gait pattern generator.

Keywords - bipedal locomotion, humanoid robots, real-
time control, pattern generation, LIPM, preview control

1. Introduction

The control of humanoid robots, which are under-
actuated and highly redundant structures is a very com-
plicated task. In most of the locomotion control related
methodologies, applied to the full-scale humanoid robots,
the whole robot is simplified either to the single mass [1],
[2] or to the set of masses [3]. Most of the methods even-
tually results in the gait pattern, which is the set of ref-
erence trajectories that completely define the spatial con-
figuration of the robot in time.

For the humanoid robot to be useful for the society it
has to be able to easily navigate in the human daily-life
environment, which on one hand comprises a variety of
surfaces that are difficult to model, while on the other
hand is very dynamic and full of moving objects. To be
able to handle this kind of environments the robot has
to be equipped with the real-time control algorithms that
are able to very quickly respond to the dynamic changes
in the environment or to the changes in the motion that
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Fig. 1 a) Our research platform WABIAN-2R; b) The
outline of the proposed two-stage pattern generation
scheme.

Stage 1

~20 ms

Stage 2

result from the inaccuracies in the models.

In our research we focus on the model based pattern
generation. There are two major approaches to the model
based gait pattern generation. The first approach is based
on the single-mass models while the second is based on
the multibody dynamics. The former one pays strong at-
tention to the natural dynamics of the locomotion and
uses simple models, often being an inverted pendulum
with extension of the foot to account for the ground con-
tact or the rotating mass to account for the upper body
inertia [2], [4], [5]. However, since they do not include
the full body dynamics in the motion generation process,
they are prone to the modeling errors resulting from the
self-motion and have to rely on the feedback control dur-
ing the execution of motion. On the contrary, the multio-
body dynamics based approach often relies on the notion
of the Zero Moment Point (ZMP) and very accurate mod-
els of the system dynamics [6], [7], [8], [3]. The motion
in this approach is generated by defining the ZMP refer-
ence, and forcing the controller to create the CoM - often
approximated by waist - trajectory that would result in
the real ZMP following the reference. The motion gener-
ated with these approaches is very stable in the environ-
ments close to the ones included in the model. In most
of the approaches the ZMP trajectory generation does not
include information about the present system state and
system dynamics, which requires prior knowledge of the
future ZMP in order to generate the waist trajectory that
would result in small ZMP error and not diverge in the



long term, thus is difficult to use for the real-time pattern
regeneration. Nevertheless, it was successfully applied in
some solutions [9].

The process of pattern generation is often divided into
multiple steps. Most of the approaches start from deter-
mination of the steps position based on the desired loco-
motion direction and ground shape. The feet position is
determined geometrically [10], [11], numerically [12] or
with other methods usually not taking into account the
system dynamics. Then in the further stage the dynamic
controller is responsible for finding the trajectory of CoM
or waist which would result in a stable motion, given the
predefined steps.

The method we propose in the paper is merging the
simplified model and multibody dynamics based ap-
proaches. It provides the tool that takes into account the
natural dynamics of the system from the very beginning
when planning the foot placement and timing, and ac-
counts for the self-motion of the multi-degree-of-freedom
system. The short generation time and inclusion of the
natural dynamics allows for the very rapid and dynamic
motion regeneration. The short calculation time allows
for the on-line implementation, while the consideration
of the present dynamic state in the pattern generation pro-
cess makes it a good candidate for the real-time pattern
generation.

We start our paper from a short overview of the whole
system. In chapter 3.we explain the simple model used
in the first stage of the pattern generation and follow it
with explanation of the dynamics filter used to compen-
sate for the robot’s self-motion. In chapter Swe describe
how the method can be used to regenerate the gait pattern
and finally in chapter 6we present patterns generated with
the proposed method and results from experiments per-
formed on our robotic platform WABIAN-2R (Fig. 1-a).

2. Two-stage Pattern Generation

In our approach we propose a two-stage pattern
generation method that considers the system dynamics
throughout the process (See (Fig. 1-b)). The first stage
comprises a relatively simple model of a humanoid robot
that allows fast and easy locomotion planning with use
of conventional control theories or the motion equations.
This stage of the pattern generation results in the prelim-
inary motion references that would result in stable walk-
ing if the robot was just a single mass. In case of our
implementation these are the trajectories of feet, hands
and CoM. The objective of the second stage is to simu-
late the gait pattern resulting from the first stage on an
accurate dynamic model of the system. This stage checks
how the self-motion (motion of legs, arms and trunk) af-
fect the stability of the gait and if necessary modifies the
reference to improve the stability.

The main advantage of the two-stage approach, is that
we can use simple mechanisms to generate the gait which
follows a given reference and is consistent with the nat-
ural dynamics, yet after passing the second stage we are
sure that the resultant gait will be stable when executed on

the multi-degrees-of-freedom robot. The overall scheme
is presented on Fig. 1-b.

In the following sections we introduce the consecu-
tive stages of the process. The model and methodologies
used inside serve as an example and can be modified and
developed to account for different factors of motion dy-
namics or shape and properties of the environment.

3. Simple Humanoid Model

In the first stage of our pattern generator we are inter-
ested in the planning of the CoM trajectory that would
follow the desired trajectory, yet stay consistent with the
natural dynamics. There are three means of affecting the
motion of the robot’s CoM: 1) modifying the step po-
sition and timing, 2) exerting moment around the con-
tact point with the ground and 3) controlling robot’s self-
motion that utilizes body’s angular momentum. Since the
scope of this paper is to prove the concept of the two stage
pattern generation scheme we focus on the simple model
that uses step position and timing to control the CoM tra-
jectory. Thus, in this stage we use the Linear Inverted
Pendulum (LIP) model presented on Fig. 2-a (for details
and derivation see [13]) and derive equations that are nec-
essary for our control strategy. The motion equations are
linear and allow simple manipulation yet the output fol-
lows the tendency of the system’s natural dynamics. The
assumptions used in the derivation of the motion equa-
tions are as follows:

o The whole system is represented by a single mass in-
verted pendulum with the mass placed at the height of the
robot’s CoM in the free standing configuration.

o The CoM motion is constrained to the horizontal plane
(the height of CoM is constant).

o There is no torque acting between the system and the
ground contact point.

o The friction is big enough to prevent slipping of the
foot.

Thanks to the assumptions the motion in sagittal and
coronal plane can be considered separately (decoupled)
and expressed with the following linear equation:

y= gy, (1)
z

where, z is the height of the CoM, g is the gravitational
acceleration and y is the position of CoM in the foot coor-
dinate frame. The foot coordinate frame is attached to the
sole of the foot at the projection point of the ankle joint,
with initial orientation aligned with the world coordinate
frame. In this paper we use y to denote position of CoM
in coronal plane and x to express the position in the sagit-
tal plane. Both are expressed with respect to the current
ground contact point of the inverted pendulum (foot coor-
dinate frame). It is worth noting that the motion does not
depend on the mass of the robot, but only on the height
of the CoM.

In the following subsections we describe the motion
equations necessary to plan the foot placement and its
timing in order to achieve the desired CoM motion. We
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Fig. 2 a) LIP model in sagittal plane with definition
of apexes, x,.. and z4.. in consecutive steps. b)
CoM trajectory in coronal plane with respect to time.
The blue lines denote step position, while the blue
circles denote the moment of the foot exchange in
LIP model. .,y denotes coronal plane position of
CoM expressed in world coordinate frame.

show example of the use of equations in deriving the mo-
tion in sagittal and coronal plane and finally describe how
we generate the preliminary motion references.

3.1 Fundamental Equations

There are two sets of fundamental equations that can
be derived from LIP model and used to calculate the foot
placement necessary to obtain the desired CoM motion.
The first set comprises equations describing position and
velocity of the CoM in the support foot coordinate frame
derived by integrating (1), as shown in [14].

t t
y(t) = yOCOSh(E) + Z)oksmh(%), 2
J(£) = yorsinh( 1) + gocosh(: 3
y(t) = Yoy sin (E) + 7ocos (E)? 3)

where, yo and ¢, are the initial position and velocity of
CoM with respect to the support foot, ¢ is the time that
elapsed from the initial configuration, k = /z/g.

The second set comprises one equation that is the so-
called Orbital Energy [14]. It expresses the kinetic en-
ergy of the unit mass inverted pendulum. It is calculated
by integrating (1) over the traveled distance and has the
following form:

1. g 1.
E =97 = =(yi — ) + 59, )
z 2
where, y; and y; are the position and velocity of the CoM

at the end of the motion.

3.2 Generation of Motion in Sagittal and Coronal

Plane

In this subsection we describe how using (2)-(4) we
generated the reference foot steps to achieve the desired
CoM motion.

First we start from defining the equivalent of apex in
case of the LIP model (See Fig. 2). We define apex to
be the point along the CoM trajectory in the considered

plane of motion where CoM reaches the lowest speed. In
case when the CoM passes over the support foot (sagittal
plane) the apex will be placed above the foot. In case
when the CoM does not reach the support foot and starts
falling back (coronal plane), apex will be the point where
CoM velocity reaches 0.

A. Sagittal plane

Taking a closer look at the trajectory of CoM during
the single support phase, we can notice that the CoM de-
celerates before reaching the apex and accelerates after
passing the apex point. By controlling the distance of
acceleration during one step and deceleration during the
consecutive step we can control the change of velocity of
CoM in the consecutive apexes. We can derive the equa-
tion governing the relation between the two distances and
the step length from the Orbital Energy equation (4). For
derivation purposes we define the desired step length as
g and assume that it is given. We also define the ra-
tio between the CoM acceleration distance x,.. and step
length x4 as:

r— xacc. (5)
Tsl

The following equation expresses CoM velocity in apex
v+ 1:
ZJrlﬂjapeac = lxapex + %(lxicc - H_lx?lec)v (6)
where, the left superscript denotes the step number, this
notation is used from here on. By noting that ‘x4 =
"Zace + T2 gee, substituting (5) into (6) and simplifying
we obtain the following equation:
152 g2 1
g apex apex + 5 (7)

r==:= -
7 A2
z 2'ws,

Given the step length, (5) and (7) we can calculate the
acceleration and deceleration distances. The acceleration
distance determines the time remaining to the foot ex-
change from the previous apex, while the deceleration
distance determines the distance between the CoM and
the foot position during the foot exchange. Repeating the
calculation for each consecutive step, given its apex ref-
erence velocity and desired step length, we are able to
calculate the motion of CoM, foot steps and the single
support time in the sagittal plane.

B. Coronal plane

The motion in coronal plane, unlike sagittal, comprises
of CoM swings that should never cross the support foot
position (Fig. 2-b), unless the robot is subjected to very
high disturbances. Planing motion in coronal plane is re-
duced to determining the step position so that the CoM
does not cross the foot and the single support time has
the desired duration.

By starting the motion generation from the sagittal
plane, we predefine the single support time for each step
of the gait. Thus, to plan the coronal plane CoM trajec-
tory of each step we need to find such foot placement that



will result in the same single support time as in sagittal
plane. Apart from the step time, we also want to be able
to control the step width as that affects the lateral sway
of CoM and is constrained by the movable range of the
robot. One last parameter that we want to control is the
position of CoM in the world coordinate frame during the
foot exchange, since this will let us to control the locomo-
tion trajectory of the robot Fig. 2-b.

Assuming that the apex velocity reference in sagittal
plane is constant over a number of steps, the single sup-
port time (7,) during these steps will also be constant
and the system will be in a limit cycle. Now, given ar-
bitrary initial conditions we would like to bring our LIP
model into the limit cycle in the coronal plane, in which
the initial CoM position yg at the moment of foot ex-
change is equal to the half of the step width and the
CoM position in the world coordinate frame is equal to
wYo (here, the left subscript denotes that the value is ex-
pressed in the world coordinate frame). The initial ve-
locity should be determined so that after the time 7T,
elapses, the CoM will be in exactly same position yp.
To calculate the initial velocity we can use formula (3)
knowing that for the above to be true the velocity after
Tss/2 should be zero.

i .o sinh(*Tss/2k)
Yo= 4o cosh(iTss/2k)’ ®
where, *T,, denotes single support time in step 3. In order
to achieve this velocity and to assure that the CoM posi-
tion in the world coordinate frame during foot exchange
is at the desired place, when starting from arbitrary initial
conditions, we need to control the step position of two
preceding steps. By combining (2) and (3) for two pre-
ceding steps and adding condition for CoM being at the
desired global position during foot exchange we arrive at
the following set of equations.

i+1y(i+1TSS) — i+1y(0) i+1A + i+ly(0) i+1B
i+1y(i+1Tss) — i+1y(0) i+1C + i+1y(0) i+1A

G(Ts) = 'y(0) 'C + '§(0) A = "F1§(0) ©)
W 2y(0) = Ly(0) =

—'y(0) + "y(*Tss) — “T1y(0) + “Hly(F1Tyy)

where, ‘A = cosh(iT.s), ‘B = k - sinh("Ts,) are
{C = sinh(*Tss)/k are elements of equation (2) and
(3). The simplification yields a set of linear equations,
whose solution provides the desired step position in two
consecutive steps preceding the step of interest (here step
number 7 + 2).

iy(0) ] [fCHB+iA—1 HlA—1 -1 y
i+1y0)| = iCitl A i+l
i y(H_ TSS) = (O)ZAH— A

We use the above equations to calculate the step posi-
tion in every single step calculation. The method proved
to be stable in a variety of tested scenarios. Since the
above equations do not include the system limitations,
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Fig. 3 Top view of the CoM trajectory and the foot
placement resulting from the LIP model. The limit
cycle step size: 0.15m; the limit cycle step width:
0.19m.

like feasible workspace, the result has to be verified
against them and if necessary limited. Since the step
position is recalculated at each foot exchange based on
the current state, even after limiting the step position the
robot will reach the desired global position in the follow-
ing steps.

3.3 Starting the Motion

Since the methods described in 3.2ssume that the sys-
tem is already in motion, we need to put it into motion by
specifying initial CoM trajectory.

A. Sagittal plane

We initiate the motion by applying the virtual torque
to the ankle joint until the mass reaches the desired x,c.
The trajectory of the CoM is calculated with modified
version of (1) to include the effect of the torque.

i=dps v (11)
z mz

B. Coronal plane

We start from generating initial swing in the direction
of the first swing foot. The swing is calculated in a way
that will make the CoM reach the desired velocity when
crossing the sagittal plane (middle) on the way back to-
wards the first support foot. The desired velocity is cal-
culated so that the time needed for CoM to return back to
the sagittal plane is equall to ' T,.

3.4 Generation of the Preliminary Motion Refer-
ence Trajectories

The example of the trajectory generated with the
method described above is presented on Fig. 3. In order
to prepare for the second stage of the pattern generation,
we need to calculate the motion references that predefine
the motion of the whole robot in space. To define the con-
figuration of the robot we need to specify the feet, hands
and waist trajectories. The feet trajectories are generated
with use of the single fifth-order polynomial in x and y
direction, and two separate polynomials in z direction for
the rising and lowering of the foot. Since the LIP model
does not include the double support phase, we artificially
accelerate the landing time and prolong the lift off time
to generate the double support phase. This time is sub-
tracted from the original single support time. For simpli-
fication we set the hands trajectories by adding a constant



vector to the waist trajectory, in order to fix them in place.
The initial waist trajectory is calculated in the first itera-
tion of the Preview Controller.

4. Dynamics Filtering

The second stage of the proposed pattern generator
comprises the dynamics filter. The dynamics filtering
was first used in humanoid robotics by Kajita in [8] to
refine the motion pattern resulting from the first iteration
of his Preview Controller. We decided to call the second
stage of our scheme dynamics filtering, because we ver-
ify the generated motion reference with detailed dynamic
model of the robot. If the discrepancy between the two
models is too big, the motion reference is modified to im-
prove the stability of the locomotion of the multi-degree-
of-freedom robot. The dynamics filter can comprise of
any gait controller that accepts as input the motion ref-
erence and uses the Multibody System (MBS) dynamics
to refine the reference in order to make the gait stable.
One of the common motion references is the Zero Mo-
ment Point (ZMP) and there are two well known methods
utilizing the MBS inside the pattern generation process:
Preview Control developed by Kajita et al. [8] and FFT
based pattern generator developed by Takanishi et al. [3].

In this implementation we used the Preview Con-
troller, however any other method utilizing MBS in the
control loop could be used in this stage. In the next sub-
sections we describe how do we obtain the ZMP refer-
ence and explain the basic principles of the Preview Con-
troller.

4.1 Calculating ZMP Reference

To use the ZMP based method we first need to obtain
the ZMP reference. We obtain the ZMP information from
the results of the first pattern generation stage. Given the
foot position and CoM position and acceleration in time
we can calculate the ZMP with the following formula.

ZMPref = o — Zi (12)
g

The result will exactly follow the position of the support
foot in time given the LIP model is used in the first stage.
We decided to use the above equation in case we extend
the model used in the first stage. In that case the dynamics
filter does not need any modifications and the ZMP ref-
erence calculated with use of (12) includes all the factors
affecting the CoM motion.

After calculating the ZMP, we apply the low pass filter
to smooth the reference and include the smooth transition
between the feet during the double support phase.

4.2 Preview Control

We do not intend to present the derivation and details
of the Preview Control, instead we try to explain its basic
working principles. Readers interested in details of the
Preview Controller should refer to [8].

The task of the preview controller is, given the ZMP
reference, to generate the CoM trajectory of the robot
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Fig. 4 The flow of the dynamics filter with preview
control. s denotes the total number of reference
samples in the single pattern.

that will result in the ZMP resulting from MBS simu-
lation matching the reference ZMP with the specified er-
ror. The input comprises ZMP trajectory and the refer-
ence trajectories which pre-define the motion of the robot
in 3D space. In our case, these are the feet and hands
trajectories, the waist trajectory is determined and later
modified by the preview controller. The flow-chart of the
preview control is presented on Fig. 4. In the first iter-
ation of the Preview Control the initial waist trajectory
in sagittal and coronal plane separately is calculated with
the state space equation of which the controlled variable
is expressed with the following equation:

Np,

u(i) = —Gi Y e(j)—Gam(i)— Y _ Gp(j)ZM P (i+5), (13)
j=0

Jj=1

where, G; is an integral gain trying to compensate for the
steady state ZMP error, G, is a matrix of proportional
gains serving as a state feedback and G, is a vector of
preview gains which modify the control variable depend-
ing on the future ZMP reference, e(%) is an error between
the reference ZMP and the ZMP calculated with MBS
model in the i*" sample of the trajectory, x is the state
vector containing position, velocity and acceleration of
waist in sagittal plane, /Ny, is the number of preview sam-
ples and Z M Pr¢7 is the ZMP reference trajectory. This
iteration provides the initial waist trajectory and the ZMP
error between the original reference and the MBS model.
In the following iterations of the Preview Controler the
waist trajectory is modified based on the ZMP error from
the previous iterations, according to the following equa-
tion

7 Ny,
u(i) = =Giy_e(j) = Gam(i) = Y Gp(i)e’™ (i +4), (14)
j=0 j=1

where, Ax is the state space correction vector and eP"¢?
is the ZMP error in the previous iteration. This iteration
is repeated either until the ZMP error falls bellow a given
threshold or given number of iterations. In our case, just
two iterations were sufficient to reduce ZMP error below
0.003m for the regular forward walk.



The waist trajectory generated in the last iteration, to-
gether with remaining motion references become the final
gait pattern of the generator.

5. Pattern Regeneration

The method we described in the two previous sections
can be applied to regenerate the gait pattern from arbi-
trary point of the swing phase. The point where the new
trajectory is going to be connected serves as a source of
initial conditions of both the LIP model in the first stage
of the pattern generation and the Preview Controler in the
second. In this section we describe the changes and con-
siderations that need to be taken into account when re-
generating the pattern.

5.1 Simplified Model

Since the regeneration of the pattern starts when the
robot is in motion there is no need to generate the start-
ing motion and we can proceed to planning motion as
described in 3.2 Inside the first stage we calculate each
step individually, so the only difference between the al-
gorithm described in 3.2 the calculation of the first step.
The initial conditions for the first step, namely the posi-
tion and velocity of CoM with respect to the support foot,
are taken from the reference calculated in the first stage
of the original pattern generation.

A. Sagittal plane

For generation of the sagittal plane motion we can use
(2), (3) and (7). Since the starting point is not an apex
we need to modify (7) used to calculate ratio between
the acceleration and deceleration to include the starting
position and velocity of the CoM.

i+1:1‘72 _ 72:1'72 1’2 1
p=2_Taper 0, 0 4 - (15)
z 2z, 2'xy, 2

where, x is the position and @ is the velocity of CoM at
the pattern connection point. We have to ensure that the
result fulfills 7 > abs(%), since the acceleration dis-
tance cannot be smaller than the initial CoM position.

B. Coronal plane

The generation of motion in the coronal plane can re-
main the same, since the initial conditions used in the cal-
culation of the step position are taken from the expected
foot exchange point. As we regenerate the motion always
starting from the double support point, knowing the cur-
rent conditions and the remaining duration of the single
support phase we can calculate conditions during the foot
exchange with (2) and (3). The example of the regener-
ated pattern is presented in 6.

C. Preliminary motion reference trajectories

Feet trajectory is regenerated by specifying the first
step initial condition of the polynomials equal to the foot
position, velocity and acceleration at the pattern connec-
tion point of the original trajectory and the final condi-
tions according to the LIP model output. In case the foot

Normal walk Stop X Foot pos. long step|
Long step X Footpos. normalwalk %  Foot pos. stop

0.1F % X X %X XX XX XX X

y [m]

x [m]

Fig. 5 CoM trajectories and foot steps resulting from
the first stage of the pattern generator for the three
scenarios. (Note: plot aspect ratio is not 1:1)

needs to be raised again we modify only the initial accel-
eration in the z direction.

5.2 Dynamics Filtering

The only necessary modification to the preview con-
troller is the initial value of the state vector. In this case
we use the value at the connection point, obtained from
the Preview Controler when generating the original pat-
tern.

6. Output Patterns and Experiments

In this section we present an example of the normal
walking pattern and two examples of its very fast regener-
ation simulating the sudden intrusion of an object into the
robot’s path or sudden detection of a hole in the ground.
The experiments were performed in order to verify how
the robot behaves after connecting newly generated pat-
tern which introduces sudden change of movement. The
pattern is regenerated off-line and connected to the se-
lected pattern connection point. To simulate the on-line
calculation, during the regeneration process we assume
that we can modify the reference only after the chosen
pattern connection point. The total computation time of
the 10s pattern given the 10ms sampling time takes un-
der 30ms under Linux Ubuntu operating system on single
core of 2.10GHz i7 processor.

6.1 Regular Pattern

The regular pattern is created by setting the reference
data for the first stage pattern generator to the following
values:

« apex velocity: 0.082 m/s

o desired step width: 0.19 m

« number of steps: 14

The plot of the resultant CoM trajectory in world coordi-
nate frame is presented on Fig. 5.

6.2 Sudden Stop

In this scenario we simulate the sudden intrusion of a
big object into the path of the robot. The only way to
avoid the collision is to stop the motion and back out. In
this case we regenerate the pattern from the point 140ms
before the ground contact of the right foot. The connec-
tion point was chosen as close to the ground contact as
possible, but far enough to avoid reaching the joint ve-
locity limits during sudden movement of the foot. The
information given to the generator is the negative refer-
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Fig. 6 ZMP reference and feed-back data in coronal

plane registered during experiments.
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Fig. 7 ZMP reference and feed-back data in sagittal
plane registered during experiments.

ence apex velocity and the information that in the first
step CoM should reach apex 2cm before the foot position.
Also, since the robot is already very close to the foot ex-
change point it is not possible to slow down motion given
the current step size, thus we increase the step size by
Scm (the distance was chosen empirically, but can be cal-
culated if necessary). Fig. 5 shows the regenerated CoM
trajectory. We can notice that the first stage model auto-
matically modified the position of the foot in the coronal
plane to account for the change in the single support time.
The Fig. 6 and 7 show the ZMP reference and the feed-
back data, of several steps before and after the regenera-
tion point, registered during experiments. One can notice
that the ZMP error is not significantly bigger during the
sudden foot motion than in other part of the pattern. Also
from the reference ZMP trajectory we can notice how the
LIP model is modifying the stance time to balance the
velocity at the apex.

6.3 Sudden Change of the Step Size

In this scenario we simulate the sudden detection of
the hole or other flat obstacle that forbids the robot from
placing the foot in the originally planed position. The
only way to avoid tipping of the robot is to quickly change
the placement of the foot. In this scenario we regenerate
the pattern from the same point (140ms before ground
contact). The only major change of the reference sent to
the first stage generator, compared to the normal walk, is
the new length of the first step. One can see on Fig. 5
that the first stage pattern generator automatically tuned
the position of the foot in coronal plane to account for the
change in the single support time. The change of the foot
placement results in the very sudden motion of the foot
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Fig. 8 Regenerate ZMP reference trajectory and ZMP
trajectories calculated with Multibody System dur-
ing pattern regeneration process.

(0.11m in 230ms). Fig. 8 shows the ZMP reference and
the errors of the regenerated pattern in the individual Pre-
view Control iterations. One can notice that the sudden
motion of the foot results in the big ZMP error which can-
not be accounted for in the LIP model, but is corrected in
the consecutive Preview Control iterations of the second
stage of the pattern generation.

7. Summary

This paper is a proof of concept of the proposed two-
stage pattern generation scheme. The first stage is based
on the inverted pendulum model that allows for easy and
autonomous generation of the step placement and the
CoM trajectory consistent with the natural dynamics of
the robot. The model used to present the method is con-
strained to the forward locomotion on the flat ground, but
it can be easily substituted with more advanced models
including the ground contact and angular momentum ef-
fects or models enabling locomotion in 3D or in environ-
ments with different mechanical properties. The second
stage is based on the Preview Control used as a dynamics
filter that fine tunes the reference trajectory to improve
the overall gait stability for execution on multi-degree-
of-freedom robots. This controller also can be substituted
with any controller using the Multibody System dynam-
ics in the loop. We show that using the proposed scheme
we are able to easily generate and regenerate gait pattern
which is consistent with natural dynamics and stable even
in case of the very abrupt motion (for the better image of
the motion we encourage the reader to view the video of
the experiment[15]). The method was tested by generat-
ing the pattern off-line and executing it on the robot. The
information and constraints used for regeneration, how-
ever, were the same as if the code was implemented on-
line. Because the execution time is very short (~30ms)
and the regeneration of the pattern is based on the dy-
namic state of the system at the regeneration point, we
believe that the method has a very high potential of being
implemented as the real-time controller and this will be
our next objective.
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