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ABSTRACT

This paper presents an extensive experimental study of the
first steps of the Hume robot. Hume is an adult sized, 20 kg,
series-elastic, point-foot biped robot capable of very fast leg
movements. In this study, Hume is constrained to planar motion
by a linkage mechanism. We present our application of phase
space planning to one, two, and three step walking, the last one
over an obstacle. In the implementation, we modified the original
theory and added ad-hoc adjustments since the robot could not
follow the original theory’s planned walking trajectories despite
their theoretical stability. We present a good correlation between
the phase space plans and our various experiments, and an anal-
ysis of the robot’s final behavior. Overall the planner and ad-hoc
modifications allowed us to execute very smooth gaits even over
non-flat surfaces but at the same time demonstrated the short-
comings of open loop techniques.
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1 INTRODUCTION

Motivated by the struggle to bring humanoid robots out of
the laboratory and into direct contact with humans in cluttered
and uncertain environments, both indoors and outdoors, we have
decided to focus on the difficult problem of dynamic point-foot
locomotion, which has been extensively explored yet remains a
challenging topic [1} 2} 3 14} 5 16, [7, I8]. We designed our robot
with point feet in order to lower the complexity of the mechanical
system and allow for hyper-agile behavior by minimizing the in-
ertia of the swing leg. Our robot is designed to have high speed,
high agility, and moderate efficiency relative to other dynamic
walking robots.

Extensive efforts have been put into feedback control strate-
gies [4,5]. Many attempts have been made to design control sys-
tems for walking robots which avoid the use of the most complex,
but most accurate, models. Very early studies used feedback con-
trol to tie the walking motion to stable limit cycles of the well-
understood stable oscillator system [9]. Compass gait robots
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with simple sensory feedback were made to traverse unknown
rough terrain.[6] Another highly successful control strategy for
simple but highly dynamic hopping behavior was to use sepa-
rate simple controllers for each of the forward running velocity,
hopping height, and body attitude.[[10] A similarly simple strat-
egy was latter successfully applied to biped walking robots with
point feet under a Virtual Model Control (VMC) framework.[2]
Using physically intuitive virtual springs and dampers, this ap-
proach was used to stabilize Spring Turkey and Spring Flamingo,
which are two planar robots with series elastic actuation.

On the other end of the model complexity spectrum, numer-
ous advances in model-based control using rigid body dynamics
have achieved high tracking performance at the cost of computa-
tional efficiency [4, [1]. Rabbit [8] employs event-based control
of the average walking rate by using virtual constraints synchro-
nized with impact dynamics. However, because of the actuator
limitations and lack of leg compliance, Rabbit’s running is some-
what limited. This led to the design of the new planer biped, MA-
BEL, which has springs in its drivetrain. MABEL [4] success-
fully performs stable and fast running through a time-invariant
feedback control law, virtual constraints, and hybrid zero dynam-
ics. Most of the work above is limited to 2D planar motions.
However, the recent development of the ATRIAS robot [1] has
begun the transition of point foot bipeds out of their planar con-
straint mechanisms and into the world of three-dimensional flat
terrain walking.

Although a closed-loop control system is preferable, it is not
always available for various reasons-e.g., time delay between
high-level and low-level controls. In this case, open-loop con-
trol is another candidate strategy that is straightforward to imple-
ment. By properly tuning predefined actuator commands, this
strategy enables bipedal robots to achieve extremely dynamic
motions such as sprinting [3]] and running flips [11].

In our study, we also eschewed high-level feedback con-
trol and relied more heavily on a motion planner based on in-
verted pendulum dynamics. The inverted pendulum is a simpli-
fied model used to abstract complex biped or humanoid dynam-
ics [12, 13} 114]. Zero Moment Point (ZMP), [15} [14, [16], the
mainstream planning method which also uses the inverted pendu-
lum model, is designed to manipulate the center of mass (COM)
of a full humanoid in order to avoid tipping the foot onto one of
its edges. Capture point based methods (CP) [17] take advan-
tage of first-order dynamics within the analytic solution of the
inverted pendulum problem to efficiently predict COM behavior
given the center of pressure location.

Our planning strategy, which we named phase space plan-
ning, avoids use of analytic solutions and thus can handle ar-
bitrary height surfaces [18}, [19]. The algorithm, which we pro-
posed in [19], determines when a walking biped should switch
feet when the COM is known to be maintaining a height defined
by an arbitrary continuous surface. The use of an arbitrary con-
tinuous surface is an improvement over methods which assume a

flat height surface and is better suited to rough terrain locomotion
and natural walking with slight height variations throughout the
stride. In essence, it uses numerical integration of the inverted
pendulum model constrained to a somewhat arbitrary continuous
height surface. Numerically computing the intersection of two
phase space paths corresponds to associating the time frames of
two steps. Phase space planning explains the dynamic limita-
tions of dual support using limiting single-support cases and can
predict the maximum and minimum acceleration for any point in
dual contact.

Although we successfully tackled the problem of path gen-
eration for stable walking in our previous study on the planner,
a number of limitations (e.g., inaccurate model, impulse from
landing, poor position control) prevented its implementation in
a real system. In this paper, we present additional methods to
address the real system dynamics that do not correlate well with
the simple dynamic model of our planner. First, we modified
the equation of an inverted pendulum dynamics to consider the
influence of a slider linkage. Second, we modified the height
surface to smoothly decrease during a landing motion to allevi-
ate the swing foot landing impulse. Third, the COM velocity
was boosted at the lifting time to ensure that each step began
smoothly.

2 Description of Robot System

In this section, we describe the Hume system specifications,
the planar constraint mechanism, and our control strategy for ex-
perimental implementations.

2.1 Bipedal Robot with Series Elastic Actuators

Hume is a human-sized biped robot with series elastic ac-
tuators. Series elastic actuators (SEA) [20] use an elastic ele-
ment to provide lower instantaneous stiffness, external shock ab-
sorption, force sensing, and energy storage. These characteristics
are desirable specially in the field of legged robots [21} [1} 2} i4].
Hume has a separate SEA for each of its actuated joints. Instead
of energy storage, Hume mainly uses its SEA to achieve high
bandwidth of force sensing by encoder-based measurement [22].
Each leg has three degrees of freedom (DOF) and the actuators
are located as near to the center of the torso as possible. This de-
sign principle enables Hume to provide a light and low inertia leg
which allows faster swing motions for the same actuator torque
limitations. A planar constraint mechanism which prevents torso
roll, yaw, and lateral motion is employed to simplify the prob-
lem of walking. It consists of two parallel rails with the length
of the robot’s range walking motion. For planar motions, only 2
DOF (hip and knee flexion/extension) of each leg are controlled
to perform sagittal plane walking tasks. Note that a slider link-
age modifies the real inverted pendulum dynamics, which will be
discussed in detail later in the paper.
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FIGURE 1. Hume robot and joint configuration. Each leg of Hume
has three actuated joints. For planar motion, only the hip and knee flex-
ion/extension joints are involved in the inverse kinematics. Hip abduc-
tion/adduction joints are position controlled to keep the legs in plane.
We use a local coordinate system attached to the stance foot contact
point.

S.E.A.

FIGURE 2. Cascaded control structure. There are two cascaded
feedback loops. The inner loop is a torque feedback loop at the low
level. The outer loop is the a joint feedback loop at M3 server level.
Both of these two feedback loops are based on PD control.

2.2 Open Loop Control

Although the studies about single series elastic actuator
proved that accurate and stable control of SEAs is possible[23]],
achieving accurate position tracking for legged robots with series
elastic actuators (SEAs) remains as an open question. The com-
pliant element in SEAs make robot legs quite “’soft” and induces
sagging errors due to gravity. This problem is usually solved us-
ing integral control gains, but we avoided use of integral control
since it is known to complicate the stability of the whole robot
system. Using high controller gains helps to reduce this gravity-
induced error to some degree. However, if the delay between
state sensing and controller command is larger than around 1ms,
it dramatically degrades the performance of force feedback and
can even cause the system to become unstable. The high level
control system on our robot has been unable to reduce this de-
lay below 7ms thus far, but the distributed low level system has
a Ims delay. To avoid this latency problem, feedback loops are
not adopted in our high level controllers. Instead, we rely on

increasing joint position feedback PD gains K, while reducing
joint torque feedback PD gains K; in the distributed system as
shown in Fig. [2| The controller gains are manually tuned. This
study aims to implement a modified phase space planner with an
open loop control strategy at the high level and this simple, joint
level feedback strategy at the low level.

2.3 Inverse Kinematics

In order to generate joint trajectories at the high level, we
employed inverse kinematics based on a known foot location
and a planned center of mass location. As will be explained,
the center of mass location for this calculation was empiri-
cally modified to somewhat offset the effect of the joint sag-
ging in the low level controller. Our inverse kinematics were
solved analytically as follows. The cartesian space position
vector is defined as X = (xa,m,zwm,xfomw,zfoo,m,,(]))T, where
(Xcom,Zcom) are the horizontal and vertical center of mass (COM)
positions, (Xfoet,,, »Zfoor,,) are the horizontal and vertical swing
foot positions, and ¢ is the torso orientation with respect to
vertical. The configuration vector in joint space is defined as
0=1(90,91,92,93,0)", where (qo,q1) are the stance leg knee and
hip joints respectively and (g7, ¢3) are the swing leg knee and hip
joints respectively (Fig. . Here the COM positions (Xcom, Zcom)
are defined in a local coordinate with the origin at the stance foot
(X footy sZfoory ) = (0,0). Then, we derive the following inverse
kinematic equations.
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Where a = Xfo01,,, — Xcom» b = Zcom — Zfoor,,, for notational conve-
nience.

3 Planner Implementation

The phase space planner we used to accomplish walking mo-
tion is modeled on the one proposed in [19]. However, major ad-
justments were made to compensate for the inaccurate trajectory
following of the low level controller and simple inverted pen-
dulum model. Additionally, as previously mentioned, we were
unable to implement a high level controller due to stability prob-
lems resulting from our large software-induced latency. This
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FIGURE 3. Inverted pendulum with a sliding bar. The Inverted
pendulum model is used to model Hume’s dynamics. It has a point foot
contact and massless leg. The slider linkage is modeled as an extra mass
myg, which modifies the pendulum dynamics by a scaling factor. More
details refer to Equation (3).

resulted in our use of a joint level position feedback controller
which allows the robot to support its weight stably at the cost of
high Cartesian position error. In this section, we present three ad-
justments to our planner which allowed more accurate prediction
of the robot’s behavior despite these limitations.

3.1 Inverted Pendulum with a Sliding Bar

Since we use a slider rocker linkage to keep our robot in
plane, the constrained robot system behaves like the articulated
bodies of [24] rather than a simpler rigid body as assumed in
[19]. The connection between the robot’s body and the rocker
link, with its constrained slider, means that the combined system
does not technically have a center of mass. However, since the
rotational joint between the rocker link and the body is very close
to the robot’s original center of mass, the center of rotation due
to an applied force changes only slightly when the direction of
the force changes. To keep the model simple we neglect this dif-
ference and assume that a center of mass exists. We do, however,
model disparate inertia and gravitational forces in the vertical and
horizontal directions. With this modification in place we arrive
at our updated equation for forward acceleration, following the
nomenclature of Fig. 3}

fsin@ =Mg+M?
fcosO = (M +myg)i

tan @ = z
X
Mx
e .. 5
X 7(M+ms)z(g+1) ©)

Here f and M are the reaction force and robot mass, respectively.
As you can see, the ratio M+Lm modifies the familiar dynamic
equation of a pendulum constrained to a height surface.

FIGURE 4. COM path.

Additionally, while we assume a COM exists, we use an em-
pirically determined estimate for its location. We found this es-
timate by moving the body towards the forward tipping point in
dual support, and iteratively moving the COM estimate towards
the line extending vertically from the forward foot at the instant
tipping began. This method produced an approximation which is
slightly behind our robot manufacturer’s COM estimate for the
body link.

3.2 COM Path Modification to Account for Swing Foot
Landing Impulse

One of the advantages of phase space planning is that we
can plan for any continuous COM height surface. Knowing that
our controller behaves badly in the presence of large impacts, we
designed a height surface which reduces the impact of landing.
To do this we smoothly reduce the COM height at the end of
the stepping motion, resulting in the path shown in Fig. 4| This
COM path is composed of two sinusoidal parts, which meet at
the peak height with first order continuity. The sinusoidal parts
are derived from the height surface parameters. The first part is
found

1 X
z2=zi+ Eh"(l —cos( — m))
1 T . X=X
a= Eho ( _Xi) Sll’l(_ixiﬂ:)
1 T2 X —X;
b= Eho()7f> COS(_*Xiﬂ)) (6)

And the second

1
=25+ 5(zi+ho—z)(1 JrCOS(iT[))

2 )Cf
1 TN . X
a= _E(Zi—’_ho —2zf) <x7> sm(x—fﬂ:)
1 T\2 X
b:fi(zﬂrh(,—zf)(;) COS(;TE) @)

The height path is a function of horizontal position. This is con-
verted to a feed-forward position trajectory by first determin-
ing the horizontal position as a function of time. This calcu-
lation is performed recursively as a discrete integration. Using
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FIGURE 5. COM trajectories for separate single step experiments
without the post-lift-off speed boost. Swing phase starts in area A, and
ends in area C. Area B represents a period of high body tilt rate. At the
landing point, there is impact from the ground, and body velocity is
dramatically increased. The measured data disobeys the rules of phase
space plots to some extent because the joint velocities are filtered be-
fore they are use to compute the center of mass velocity and thus it is an
imperfect derivative of the center of mass position. Foot contact events
in area C immediately follow an extremely high acceleration foot halt-
ing motion. Data after landing is omitted, since the forward kinematics
do not take into account the observed lifting of the stance foot during
impact. The robot rocks considerably after landing.

Ry = Mfmv as the ratio of effective masses and At as the integra-
tion time step, the following equations describe the iteration n of
the integration procedure.

X
A= ERm(g +bi?) (8)
B=1 —Rm{a )

z

A
Xng1 = 3 (10)
Xn+1 = Xu + Xy At (11)
Xnt1 = Xy + XAl +0.5%,A1° (12)

Here, a, b are the values defined in the previous equation

3.3 Post-Lift-Off Speed Boost

We experimentally found that after lifting the stance foot,
the phase space data displayed an unexpected acceleration when
we sucessfully initiated a step. Fig. [5] shows this acceleration in

Single Support  Dual Support

0.9
08
07
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05
X (M/S) o4
03
02

0.1

s L L I I L L L I I
-02 -0.15 -0.1 -0.05 0 0.05 0.1 015 02 025 03

FIGURE 6. COM x Phase Space Path of Single Step Test. The
red line indicates the planned path and the blue lines represent three
separate trials. The red circles indicate the time when the foot is left and
landed. The shaded area highlights the initial dual support phase. After
lifting the foot, the robot follows inverted pendulum dynamics. After
foot touchdown, the COM velocity smoothly decreases.

area B. Later analysis showed this acceleration to be correlated
with angular acceleration of the body. As originally designed, the
planner creates trajectory based on a constant body pitch, how-
ever in our experimental setup the pitch deviates considerably
from our intended pitch, and it helps to boost body velocity. In a
similar study, Jerry Pratt slightly perturbed the robot with a push
to initiate step motion[2]. In our case, the speed boost which
is presented by a sinusoidal segment in phase space is inserted
into the phase space plan at the point of foot liftoff. As a tem-
porary, ad-hoc method of computing this boost, the post boost
phase space path is literally the second part of the original phase
space path translated in both velocity and position.

4 Experiment

In this paper we performed three types of experiments on
the Hume robot: single step, double step, and triple step with an
obstacle. In the first two types the floor is flat and level.

4.1 Single Step

In this experiment, the motion consists of three parts - dual
support forward acceleration of the body, a quick swing leg mo-
tion during single support, and a steady deceleration after landing
(Fig.[8).

As can be seen in Fig[f] the planned COM path has been
modified to include the lift-off speed boost and the real data
demonstrates a very similar behavior when the single support
phase starts. With this boost we allow the robot to more closely
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FIGURE 7. COM height surface tracking in the xz-plane. The red
line indicates the desired surface, and the blue the experimental height
surface of the three trials.

FIGURE 8. One step test. Images progress from left to right.

follow inverted pendulum dynamics in single support, compen-
sating for the sudden tilting caused by the unmodeled motion
of swing leg at lifting time. At the end of single support, the
swing foot lands very close to the intended time determined by
the planner. Given our simple planner, the impact occurring due
to foot touchdown is not avoided, and causes a rotation of the
body. This causes the high COM velocity seen after landing in
the phase space. Despite this rotation effect, the overall motion is
smooth and the COM path converges to zero velocity with slight
torso rotation continuing to be highly visible in the phase space.
Fig.[7] shows the COM hight surface tracking, with the planned
reduction in height being ultimately achieved. One of the most
important reasons why the phase space of the forward COM po-
sition is similar to the plan is the relatively accurate tracking of
this height surface.

Another important point which we have to be careful about
is the velocity of the swing leg. When the velocity of a swing
leg is too large, the dynamics of the swing leg, which are not
considered in the inverted pendulum model, cannot be ignored.
Empirically, so far as hip joint velocity remains below 5 rad/s
(Fig. EI) with knee joint velocity below 10 rad/s, the robot devi-
ates acceptably little from inverted pendulum dynamics.

.
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0.5
oﬁ—w—‘ﬁ/ \ _/—W\ NIRRT
-0.5 “\ . -
-1 Il Il Il Il Il

1 115 12 125 13 135
Hip Joint of Stance Leg

< ~ —
-
L ~ L L
1 1.5 12 125 13 13.5

Knee Joint of Stance Leg

SE L;" “\\ -

AE ‘ : S\J ‘ ‘
11 115 12 125 13 135
Hip Joint of Swing Leg
-
i e
-t \ A\ V- ‘ ‘
11 115 12 125 13 135

Knee Joint of Swing Leg

FIGURE 9. Angular velocity of the body and the joints during
the one step test. x-axis is time (sec) and y-axis is angular velocity
(rad/sec). The red dotted lines presents planned velocity trajectories and
blue lines are experimental data from two trials. The angular velocity
of the hip joint and the knee joint of the swing leg is bounded within 5
rad /s and 10 rad /s during motion, respectively.

4.2 Double Step

In the one step test, we show that our techniques are capable
of handling our real robot dynamics. However the walking is
simplified by the dual contact at the end. With this result, we
attempted to make robot not only step but also walk. The results
are shown in Fig. [I2] and show that actual behavior is similar to
the planned trajectory even though there is velocity noise caused
by wobbling motions.

4.3 Three Steps on non-flat surface

Since our ultimate goal is making Hume walk on rough ter-
rain, it is important to see whether Hume can step on and off of
small obstacles. In this experiment, an 8cm tall wooden block is
used as an obstacle and its position is known a priori by the plan-
ner. Snapshots of this experiment are presented in the Fig. [T1]
The emergency support cable remained slack throughout the mo-
tion.

5 Conclusion

This experiment demonstrates Hume’s ability to achieve
smooth walking trajectories and confirms the viability of using
open loop planning in planar robots with point feet. It is clear,
however, that 3D bipedal walking with point feet will not be pos-
sible without a high level feedback controller. We have found
that it is advantageous to use SEAs since they deal well with
the impulse of landing. We conclude that using SEAs has both
been a huge challenge and a huge aid to Hume’s performance.
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FIGURE 11. Three step walk over an obstacle. Hume successfully takes three steps and surmounts an obstacle. Here the planner is fully aware of

the obstacle a priori.
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FIGURE 12. Phase space for COM x in the two step test. There is
a small dual contact region between steps to improve stability.

In particular, achieving high stiffness which can reject gravity
is a challenging task. On the other hand having SEAs allowed
us to experiment with high impact forces in a repetitive manner

without damaging the mechanical structure of the robot. Overall
the lessons that this study brings to our team are very valuable,
both at the hardware and the control levels, to our ultimate goal
of unconstrained locomotion over rough terrain using feedback
control and inverse dynamics.
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