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Abstract— Aiming for a humanoid robot of the next gen-

eration, we have been developing a biped which can jump

and run. This paper introduces a method of running pattern
generation and running experiment of biped robot HRP-2LR.
Based on the physical parameters of HRP-2LR, running pat-
terns are pre-calculated so that it follows the desired profiles
of the total linear and angular momentum. For this purpose
we used Resolved Momentum Control [16]. The vertical

momentum is calculated considering the compliant elements

in order to realize accurate flight duration. The horizontal
momentum is calculated to satisfy the ZMP patterns given
in advance. Using our pattern, HRP-2LR could successfully
run with average speed of 0.16[m/s] with repeat flight phase
0.06 [s] and support phase 0.3 [s].

|. INTRODUCTION

Research on humanoid robots is currently one of the
most exciting topics in the field of robotics and there exist
many projects [1]-{6]. Most of them focus on biped walk-
ing as an important subject and have already demonstrated
reliable dynamic biped walking. Watching those successful
demonstrations, one can ask a natural question, “Can we
build a humanoid that can run?’

We believe this is worthwhile as a technical challenge
for the following reasons. First, studying robot running will
add new functions of mobility to humanoid robots. For
example, jumping over large obstacles or a crevasse in the
ground might be realized by a derivative of running control.
Second, studying extreme situations will give us insights
to improve the hardware itself. Current robots are too
fragile to operate in any environment. Even when the robot
operates at low speed, we must treat them carefully. We
hope to overcome this fragility in the process of developing
a running humanoid.

Running robots have been intensively studied by Raibert
and his colleagues [7]. Their famous hopping robots driven
by pneumatic and hydraulic actuators performed various
actions including somersaults [8]. Using a similar control
strategy, Hodgins simulated a running human in the com-
puter graphics [9].

Ahmadi and Buehler studied running monopods from
a standpoint of energy efficiency. Their ARL Monopod
I1 [10] is an electrically powered running robot of 18
[kg] weight and could run at 1.25 [m/s] with a power
expenditure of only 48 [W].
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Fig. 1. Snapshots of running HRP-2LR

All of those robots have a spring mechanism to retrieve
kinetic energy during running cycles. It is obvious that
these springs help running but they might prevent ordinary
humanoid activities such as walking, carrying objects and
S0 on. Since our intention is to add a running function to
a versatile humanoid robot, we started with a mechanism
without springs. A similar approach is taken by Gienger et
al. [1], Nagasaka et al. [11] and Chevallereau et al. [12].

In this paper, we report our first running experiment with
humanoid biped HRP-2LR. In Section Il, we explain the
hardware of HRP-2LR. In Section 111, amethod for running
pattern generation is described. In Section 1V, the control
system to stabilize the actual robot is outlined, then the
experimental result is shown in Section V. We conclude
this paper and address our future plans in Section VI.

Il. HuMANOID BIPED HRP-2LR

HRP-2LR was originally developed as an “Advanced
Leg Module’ in HRP [15]. To make it as light as possible,
we removed onboard batteries and the dummy weight
which emulated the mass of arms, head and chest. Through
this remodeling, the total weight was reduced from 58.2
[kg] to 31.0 [kq] and the height shortened from 1.41 [m]
to 1.27 [m]. Detailed specifications of HRP-2LR are shown
in Tables I.
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TABLE |
SPECIFICATIONS OF HRP-2LR

6D.0.F/Leg(Hip:3 Knee:1 Ankle:2)
Upper leg length: 300 [mm]
Size Lower leg length: 300 [mm]
Ankle-sole height: 93 [mm]
Length between hip joints: 120 [mm]
Toe-hedl length: 170 [mm]
Legs:8.6 [kg/leg] x2 [legs] = 17.2 [kq]
Weight | Controller: 7.0 [kq]
Body structure 6.8 [kg]
Totdl: 31.0 [kq]
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Fig. 2. Sructure of HRP-2LR

The body contains a 3-axes acceleration sensor, three
gyro sensors, twelve servo drivers and a CPU board (Pen-
tium 111, 933 [MHZ]). Each foot is equipped with a 6-axes
force sensor and rubber bushing which protects the sensor
and robot from the touchdown impact.

I11. RUNNING PATTERN GENERATION

A. Concept of pattern generation

To design running patterns, we plan the total(linear and
angular) momentum for the robot and the foot velocities
for each legs.

No matter how complex the robot’s structure or behavior
becomes, we can determine the position of the total center
of mass (CoM) ¢(3x 1), thelinear momentum P(3x 1) and
the angular momentum £(3 x 1) for the total mechanism.
Dividing the total linear momentum P by the total mass
of the robot m, we obtain the CoM velocity.

d P

dtc m @
Thus, we can control the CoM position by manipulating
the linear momentum. To calculate a pattern which gives
the specified total momentum we use Resolved Momentum
Control [16].

Fig.2 shows the structure of HRP-2LR with the base
frame X5 on the waist link and the foot frames ¥; (i = 1
for theright and + = 2 for the left). Let usintroduce the ve-
locities (vg, wp) for X g and the velocities (v;, w;) for X;.
Hereafter, we put superscript d for the reference variables
implying designed or desired values. When references of
the linear momentum P¢, the angular momentum £¢ and

the foot velocities (v¢, w?) are given, the corresponding
waist velocities (v, w%) can be calculated as following,

-] (]S )

i—

2
M7y, Hy, M? and H; are modified inertia matrices,
which can be calculated from physical parameters of the
robot links and instantaneous configuration. The column
VECtor qe,, (6 x 1) which contains joint velocities of each
leg is calculated from (v%, wg) and (v¢, w?) as follows,

d - d
d _ 7-1 || 41 | B —Tp vy
qlegi - ']leg,i |:wzd:| Jlegi |: 0 E :| |:w%:| ; (3)

where J 4. (6 x 6) is the Jacobian matrix calculated from
the leg configuration, r5_,;(3 x 1) is the position vector
from the base link to the foot frame and " is an operator
which translates a vector of 3 x 1 into a skew symmetric
matrix of 3 x 3 which is equivalent to a cross product.
Using Eq.(2) and EQq.(3), we can caculate joint angular
velocities to control the robot’'s CoM.

Following subsections review the method to calculate
the reference linear momentum P<. The reference angular
momentum £ is given only the roll element as following,

L4 =0. 4

B. Momentum pattern

1) Vertical hopping pattern: When a robot is running,
its CoM hops in a vertica direction. Let us define the
duration of the flight phase as 7T and the duration of the
support phase as 7. Since the trgectories of the robot’s
CoM in the flight phase are limited to parabolas, planning
of the support phases becomes like the following.

HRP-2LR is equipped with compliant elements in its
feet. Moreover we cannot neglect servo compliance for
high speed actions like hopping. When we control a
robot without considering these effects, the flight duration
tends to become longer than planned [13]. Therefore, we
consider a hopping pattern generation which takes into
account of the compliance effects through a spring-damper
model (Fig.3).

In the support phase, to provide a reaction force pattern
14, the position of the robot's CoM ¢, and ankle joint a,
are described as follows.

—da, — ka, = f2 (6)

The robot lifts off when the reaction force becomes zero,
and the force should decrease smoothly toward the end of

support phase(Fig.4).
0<t< AT

fd _ -F(]
OBl - (f50) AL ST

()

where Fj is the constant value of vertical reaction force,
A is the parameter which determines the profile of 2.
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Fig. 3. Inverted pendulum model with compliance element
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Fig. 4. Reaction force pattern

In the flight phase, the robot's CoM trajectory is a
parabola, so the value at the touchdown (td) and liftoff
(lo) of ¢, must satisfy the following,

éz(lo) - éz(td) = ng fe)
{ Callo) = Caqd) = —C2(10) T + 29T ®
Iy is caculated from Eq.(5), Eq.(7) and Eq.(8).
3 Ty
Fo=——(1+2
0= 5 )\( + T. )g 9

To limit the vertical motion of the robot's CoM in the
support phase, A should be close to 1.0. We choose \ =
0.9 by some experiments. Incidentally, when the robot is
supported on both legs, it distributes the robot’s weight to
each legs appropriately according to a target ZMP pattern.

Using a pattern considering the foot compliance (the
thick line of Fig.4) and a pattern not considering it (the
thin line of Fig.4), we simulated a hopping with both of
the legs. Fig.5 shows the resulted vertical forces. The flight
duration becomes more accurate and the touchdown impact
becomes smaller by considering the foot compliance.

2) Running phase pattern: Next, we plan the horizontal
trajectory. We divide the whole motion among two sections,

« The running phase : The section in which the robot
iS running at a constant pace.

12000 not considering compliance

— considering compliance
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Fig. 5. Reaction force at simulation

Transfer phase Running phase

5.0

Transfer phase

y[m]

-0.1F

0.6 -

04+

z[m]

0.2

Timel[s]

Fig. 6. CoM and foots trajectories for running

« The transfer phase : The section in which the robot
accelerates and decel erates between standstill and the

running phase.

and decide the running phase trgectory first(Fig.6).

The running phase consists of flight phases and support
phases, and the condition which the robot's CoM must
satisfy in the flight phase differs from the condition which
the robot's CoM must satisfy in the support phase. In the
flight phase, the speed of CoM is constant as shown in

Eq.(10).
0==¢,

(10)

In the support phase, it is necessary for the ZMP to lie
within the limits of the support polygon. Therefore, to give
the reference ZMP pattern p¢ in advance, and using the
vertical trajectory ¢ aready planned , we caculate the

sagittal CoM trgjectory from Eq.(11)
pcwl = Cyx — f(t)cw

d
flt) =

¢z

&+ g
In order to solve these equations numericaly,

(11)

we treat

them in discrete time domain with time step of At. By
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representing c, (iAt) as c, (), f(iAt) as f(;) and pl(iAt)
as pg(i), Eq.(10) and Eq.(11) can be rewritten as

0= 5Cu(io1) — azCa(i) + 2 Ca(it1), (12)
i 2f i
pg(i) = 7%;%(1’—1) +(1+ Af,(ga) )Cw(i) - Q(T;Cw(i-u)-
(13)

In a flight phase(t = 0,At,---,N;At), by arranging
Eq.(12) in order of time, we get the following equation.

Cy

0 J ’ ‘
—~ = Cz(-1)

0 Bo o 0 Cx(0)

0 aq /81 aq Cx(1)

= , . (14
0 0 an, B, Ca(Ny)
Cx(Ns+1)
o= o=~

In the same way, we arrange EQ.(13) in order of time for
a support phase(t = 0, At, - - - , N,At).

Cs
P K ‘ N
/T Cq(—1)
pg(o) do Yo 0 Cz(0)
Pay | _ M o m Ca(1) (15)
pg(Nb) 0 YN, 5N3 Cx(N,)
Cz(NSJrl)

(i _ 2fu
%‘E—i(t)zafsz‘:l-l- Aj(tz>

We combine Eq.(14) and Eq.(15) over the whole running
phase, and get Eq.(16).

o’ (T4 0] /C}o
Py Ky %0
0 Jy C}l
P | = K, .
o’ | 0 I C}m
(16)
where the terms with ’ indicate modifications for connect-
ing.

To calculate the CoM trajectory ¢, by solving Eq.(16),
it is necessary to give the boundary conditions. We specify
the speed at boundaries as vy, thus

{ Ca(o) = Vf
Cz(N) = Vy.

(17)

This makes the matrix of Eq.(16) to be tridiagonal, so we
can solve it efficiently.

The ZMP pattern p¢ should be chosen appropriately for
the speed and the acceleration, we decide the relation of

the ZMP pattern among the support phases as following,
pj+1 =p; + (Ts + Ty)vy, (18)

where p; is an element of P; which is in Eq.(16).
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Fig. 7. Planning transfer phase pattern (the entire graph corresponds

to a thick line square on Fig.6)

The CoM trgjectory in the latera plane is calculated
in the same way for the sagittal plane. The boundary
conditions which correspond to Eq.(17) are as following,

{ Cy(0) = 0
ey(v) = 0.

3) Transfer phase pattern: In the transfer phase, the
CoM trgjectory is calculated in a different way from the
running phase because the reference ZMP pattern is not
obvious (Fig.7 : corresponding to thick lined sguare in
Fig.6)

The initial state of the transfer phase is defined as
(cz(Th), cx(Tp)) = (0,0) and the final state of the transfer
phase is (¢, (T¢), ¢z (T.)) which is defined by the running
phase. Furthermore, it is necessary for the ZMP to lie
within the limits of the support polygon each time. To
satisfy these conditions, the transfer phase trajectory is
planned by the following procedures.

Stepl We give an initidl ZMP pattern p¢ which lies

~ within the limits of the support polygon (p?

is different from the final ZMP trgjectory ob-
tained in Step3). Next, 77 and T, are set to
satisfy Tp, < Ty < Ty < T, and we cal-
culate a tragjectory in [T, 73] by integrating
Eq.(12) from (¢, (7o), ¢ (Tp)) forwards in time,
and a trgjectory in [Tz T.] by integrating from
(cz(T), cx(Te)) backwards in time. (Fig.7(a))

Step2 The CoM trajectory in [T} T5] is interpolated

~ using a polynomia to keep continuity of accel-

eration. The CoM tragjectory during the transfer
phase is named ci™? and the ZMP tragectory
of ¢! is named pi™P. At this stage, the ZMP
trajectory p!™? comes off the range of the support
polygon in some cases. (Fig.7(b))

Step3 To satisfy that the ZMP trgjectory aways lies

~ within the support polygon, the ZMP trajectory

pi™P is brought close to p¢ by modification of
the CoM trgjectory 7. Using K in Eq.(15),
the correcting function Ac, which makes pi™?

(19)
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Fig. 8. Weight function

coincide with p¢ is as follows [14],

Acy = K~ (ph = pi™) (20)

However, both ends of the CoM trgectory
ct™r should not be modified because the both
ends are aready fixed to (c,(7v),c.(Tp)) and
(co(Te), cx(Te)) respectively. By introducing a
weight function W, we can limit values of Ac,.

T d __ . tmp
o] P

W 0 (21)

where { denotes the pseudo-inverse of the respec-
tive matrix. The weight function W is a diagonal
matrix and the diagonal elements are shown in
Fig.8.

The modified CoM trajectory by using ¢/ is
shown Fig.7(c).

IV. RUNNING CONTROLLER

Fig.9 illustrates the entire running control system in-
cluding pattern generations. The designed total momentum
P4, £4 and the foot motion v¢, w¢ (i = 1,2) are processed
by Resolved Momentum Control and we obtain a running
pattern consists of the following parameters.

q° Joint angles q7 = [q1.,, ail,,]”
%, 0% 4 | Body posture
(R% in roll-pitch-yaw)
w?, Body angular velocity
d ¢ Foot force and moment
phase Running phase (support leg)
(Right,Left,Double,Flight)

These data are fed to running controller where the target
joint angles g are modified so that the robot can continue
running under disturbances. For this purpose, the running
controller uses foot force sensor information and actual
body posture estimated by Kalman filter handling gyro and
acceleration sensors.

Fig.10 depicts the inside architecture of the running
controller. Since HRP-2LR cannot measure absolute body
position, its reference p% is useless (see trash-can in Fig.9).
Instead of this, the controller adopts a local coordinate
system where the center of the body isthe origin. All infor-
meation are casted into the local Cartesian coordinate using
forward kinematics, and stabilizing algorithms works in

this domain. For example, when the robot suffers excessive
vertical floor force at landing, it shortens the both of the
legs'. Finally, the results of modifications are transformed
into joint angles using inverse kinematics and send to the
local PD servo controller of HRP-2LR.

[off-line planning] [real-time control]

d pd q )
P C. R Todd d > q’
esolved IR & ’wlx ol
i Momentum d __d Running | =
p[ ‘f T Controller
27 | Control » q .
(RMC) phase < @ o
3 o
d
¢,0,y,w; | Kalman
filter

Fig. 9. Outline of HRP-2LR control system

d __d
i T1 »
phase » PZ; s RZ; qs
dgdyed  d Stabilizin >
(D ’e W ,wp A g pi’R: LK. =>
Algorithms >
d d pd
q pi, R
FK.

T

Z’Tz

q 0,0,y,w;

Fig. 10. Architecture of the running controller. FK.:Forward Kinematics,
I.K.:Inverse Kinematics

V. RUNNING EXPERIMENT

Fig.11 shows a running experiment of HRP-2LR. The
parameters of the running pattern are listed in Table I1.

Using a pre-calculated running pattern and the running
controller, HRP-2LR could successfully run with an aver-
age speed of 0.16 [m/g]. This speed was 64% of planned
value (0.25 [m/g]), due to slips between the robot’s sole and
the ground. The running cycle, however, was controlled
as planned. We can confirm this by watching the vertical
forces measured at the robot’s feet (Fig. 12).

V1. CONCLUSIONS

In this paper, we introduced a method of running pat-
tern generation and experiment of biped robot HRP-2LR.
Based on the physical parameters of HRP-2LR, running
patterns were pre-calculated so that it follows the desired
profiles of the total linear and angular momentum. For this
purpose we used Resolved Momentum Control [16]. The
vertical momentum was decided to consider the compliant

IMore comprehensive stabilizing algorithms will appear in our next
report.
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T+0.00[s] Flight T+0.07[s] Left touchdown

T+0.33[s] Left lifioff

T+0.36[s] Flight T+0.43[s] Right touchdown

Fig. 11. Running experiment of HRP-2LR. The robot is running from left to right with average speed of 0.16 [m/s).

TABLE |1
RUNNING PATTERN AND RESULT
Support time Ts: 0.3 [g
Planned | Flight time T’: 0.06 [9]
Travel distance: 0.81 [m]
Average speed: 0.25 [m/g]
Maximum foot height: ~ 0.025 [m]
Steps: 9 [step]
Result | Traveled distance: 0.55 [m]
Average speed: 0.16 [m/g]

1200
— Right
— Left
1000

Foot vertical force [N]

16 17 18 19 20
Time [s]

Fig. 12. Vertical foot force at running experiment

elementsin order to realize accurate flight duration, and the
horizontal momentum was calculated to satisfy the ZMP
patterns given in advance. Using our pattern, HRP-2LR
could successfully run with average speed of 0.16[m/g]
with repeat flight phase 0.06 [s] and support phase 0.3
[s].

In the experiments of this paper, we deliberately used
short flight time and slow speed due to joint velocity
restrictions. The realization of faster running will be our
next target.
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