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SUMMARY

Control of Limit Cycle Walking robots is challenging
because of the complex dynamics involved. However,
recent research has shown that simple, linear control
principles can serve as an effective framework for
enabling stable, efficient walking. Embracing this linear
approach, the present study applies a fully-connected,
linear control architecture, inspired by Braitenberg
vehicles, to the task of locomotion over unpredictable,
rugged terrain with a seven-link walking model. Stable
and efficient walking performance is achieved.

INTRODUCTION

Control of bipedal robots is difficult due nonlinear, non-
stationary, discretely-changing, underactuated dynamics,
in combination with high-dimensional state and action
spaces. Although these characteristics may motivate
application of nonlinear control principles, relatively
simple linear control laws have had significant success,
both in simulation and in hardware [1]. Inspired by these
results, we decided to investigate the efficacy of a linear,
“Braitenberg-style” control architecture in the control of
Limit Cycle Walking.

Braitenberg vehicles are classic two-wheeled mobile
robots that compellingly demonstrate how surprisingly
sophisticated behaviors can emerge as a simple agent
following simple rules interacts with its environment [2].
In one popular instantiation, the motor on each wheel is
directly connected to each of the vehicle’s sensors (e.g.,
light, temperature, proximity), and the motor speed is
proportional to the weighted sum of the sensor inputs. In
this study, we show that a form of the Braitenberg control
architecture is remarkably well-suited for Limit Cycle
Walking.

METHODS

The 2D biped model has seven links, including feet, shins,
shanks, and an upper body (total leg length = 65cm), and
the goal is for it to stably traverse rugged terrain, with a
step-to-step ground height standard deviation of about 3.3
cm (5.0% leg length; see Figure 1). A total of seven
Braitenberg-style neural networks are used, one to control
each of the following: upper body angle, inter-leg angle,
stance knee angle, swing knee angle, stance ankle angle,
swing ankle angle, and the duration of push-off. The
stance leg is determined using a simple heuristic, based
primarily on binary foot contact sensor information. The
neural network inputs include the angle and speed of each
joint, a binary “in push-off phase” variable, and a bias.
The outputs of the six neural networks for controlling the

Figure 1: The seven link model, walking along a
typical terrain profile.

joint angles are sent to Proportional-Derivative (PD)
controllers to compute torque.

A standard real-valued genetic algorithm was used to
optimize the neural network weights and PD gains. The
optimization criteria used (the “fitness function”) is the
distance d the biped walks before expending a fixed
amount of energy (2000J) or falling down, thus
encouraging the evolution of a controller that is both
stable and efficient. The terrain was randomly regenerated
each generation to ensure that the controller evolved to be
effective over unpredictable terrain.

RESULTS

A total of 15 runs of the genetic algorithm were
completed, all evolving stable controllers. To assess the
general performance of the best controller from each run,
it was tested over 100 terrain profiles. The average fitness
(distance traveled) was d = 95.0m, and the biped fell down
on an average of 15.4% of the test terrains. For the
highest fitness run, the biped achieved d = 108.4m, fell
down on 12% of test terrains, and exhibited a specific cost
of transport of 0.173. This is quite efficient considering
humans walking on level ground have a specific cost of
transport of 0.2.

DISCUSSION

The Braitenberg control architecture has shown to be
extremely effective when applied to the Limit Cycle
Walking control of a 2D, seven-link walking model. The
results are noteworthy considering the level of stability
and efficiency that was achieved over rugged terrain. The
next phase of this research will involve application to a 3D
walking model, and subsequently an actual bipedal robot.
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SUMMARY

Using experiments, we recently developed a
dimensionless method to compare studies with different
postural perturbations such as trips, slips, pulls, leans or
translations. We now attempted to theoretically predict
whether a specific postural perturbation would result in a
fall or a recovery using a simple inverted pendulum
model. Although more complex models may be needed to
simulate recovery from reaction time to step time, the
inverted pendulum model appears to be effective in
simulating perturbations from onset to reaction time
without the need for time consuming experiments.

INTRODUCTION

We have experimentally demonstrated that the choice of
the postural perturbation did not appear to affect the
threshold of balance recovery in younger (Figure 1) and
older adults [1,2]. From perturbation onset to reaction
time, our 3 postural perturbations gave different results:
greater pull force decreased maximum lean angle and
greater walking velocity decreased maximum pull force
(mean: thick dashed lines and closed symbols). However,
results were similar enough that they could be compared
using the disturbance threshold line (thin full line + thin
dashed lines): angular positions and velocities at reaction
time of threshold trials (open symbols) separate falls
(white area) from recoveries (gray area). Moreover, from
reaction time to step time, our 3 postural perturbations did
not affect the kinematic performance measures of the
threshold recovery step: reaction time, weight transfer
time, step time, step length and step velocity. Finally, we
showed a 39% decrease of the disturbance threshold line
(shifting down and left) with age. This study attempted to
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Figure 1: Disturbance threshold line for younger
adults using lean, lean and pull and pull while walking

theoretically predict the disturbance threshold line using a
simple inverted pendulum model.

METHODS

From perturbation onset to reaction time (RT), a falling
individual of mass m and height 4 can be simulated using
an inverted pendulum falling under a gravitational
acceleration g=9.8m/s%. To predict the angular position O,
and velocity wpr at reaction time, you only needed the
initial angular position 6, and velocity w, (or initial
walking velocity v) and the amplitude of the pull force F.

RESULTS AND DISCUSSION

Preliminary results in assessing the effectiveness of the
inverted pendulum model in simulating lean, lean and pull
and pull trials from perturbation onset to reaction time are
promising (Figure 2). The inverted pendulum model thus
appears to be sufficient to predict whether a specific
postural perturbation will result in a fall (white area) or a
recovery (gray area) without the need for time consuming
experiments. However, more complex models with
additional components (ex: stepping foot) may be needed
to simulate recovery from reaction time to step time.
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Figure 2: The experimental (gray lines) and
theoretical (black lines) disturbance threshold lines for
a younger female
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SUMMARY

An actuated, bipedal model is developed to examine
lateral plane locomotion dynamics and stability on
inclines.  Variations in the force-free leg length are
determined via inverse dynamics to explicitly and
implicitly match prescribed lateral and fore-aft force
profiles, respectively.  Forward dynamic simulations
incorporating the prescribed leg actuation protocol are
employed to identify periodic orbits for gaits in which the
leg acts to either push the body away from or pull the
body towards the foot placement point. Gait stability and
robustness to external perturbation are found to change
significantly as a function of slope for each type of gait.

INTRODUCTION

Individual leg function in sprawled-posture insects differs
dramatically between running on the level and climbing
vertically, with legs pushing towards the body centerline
on the level [1] and pulling towards the foot placement
point when climbing [2]. Exactly when and why this
functional change happens remains unexplained, but we
hypothesize that improved gait stability and robustness to
external perturbations provide impetus for the switch.
Such lateral plane instabilities may also have relevance for
dynamic walking and running machines that operate on
inclines, and the model investigated here may have
relevance to the design and development of such robots.

METHODS

This study employs a point mass lateral leg spring model
[3] restricted to move in the lateral plane aligned along a
slope of angle o (-90 to 90 degrees). Forces acting on the
mass consist of those due to the actuated elastic leg and
the component of gravity that acts along the slope.

Comparing experimental data for cockroaches running on
the level [1] and climbing [2] reveals that the average,
filtered fore-aft force profile changes from F;sini{20Qt)
(c =0)to Fysin(Qt) (6 =90). In the absence of
experimental data regarding force profiles for intermediate
slopes, we approximate the fore-aft force profile as
Fry = A(o)sin(2Qt) + B(o)siniit).

Ascending or descending a slope in a periodic fashion
requires equal fore-aft velocities at the beginning of each
stance phase. Such periodic gaits require that the average
of the time rate of change of momentum during a stance
phase equal zero, yieldingB (o) = mgmsin(o) /2. The
coefficient A(o) is chosen to vary in a similar fashion and
to match fore-aft forces for o = 0, such that A(o) =
—.196mg[1 — sgn(o)sin(c)]. Freedom exists in the
choice of the lateral force profile; here it is chosen to vary
in a manner similar to the fore-aft profile and to match the
profiles evidenced experimentally for ¢ = 0 and 0 = 90

L\*)

]

Perturbation (%)

Max. Eigenvalue
-

o

\ l 20
50 0 50
Slope (deg.)

50 0 50
Slope (deg.)

N

1
A

Max. Eigenvalue
Perturbation (%)

%5 0 s0
Slope (deg.)

-50 0 50
Slope (deg.)

Figure 1: Periodic gait eigenvalues and the number of
stance phases required to recover from external
perturbations for pushing (top) and pulling (bottom).

o= [0.156(1 — sgn(o) sin(o)) +
Lar = 0.24 sgn(o)sini{o)
Integrating the fore-aft and lateral force profiles yields
expressions for the desired center of mass motion
(xm, ¥im) throughout a stance phase. The force-free leg
length is determined by equating the force developed in
the elastic leg to the lateral force profile
=0+ FLAT)]lcil
qx
where k is the spring constant (4 N/m), |q| = \/q% + q% ,
and g, and q, represent the difference between the mass
center location and the foot placement.

mg sinfidt).

RESULTS AND DISCUSSION

Prescribed leg length variations generated by inverse
dynamics are utilized in forward dynamic simulations of
the equations of motion. Periodic gaits are identified at
the preferred average forward velocity of the cockroach
Blaberus discoidalis, 0.225 m/s, over the entire range of
slopes. In Fig. 1, eigenvalues of the linearized Jacobian
indicate that pushing gaits destabilize below and above
negative 19 and positive 27 degrees, respectively, while
pulling gaits are stable over the entire range. Gait stability
results for this speed, when analyzed in conjunction with
recovery rates from external lateral perturbations of up to
85% of the system’s linear momentum, suggest that
pushing gaits are likely preferable for ¢ = —10 to 20
degrees. Similar analyses at higher and lower average
forward velocities suggest that this transition point varies
with speed.
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INTRODUCTION

It has been observed that during walking the Wigndy
Angular Momentum (WBAM) demonstrates a very
reproducible pattern from stride to stride [1, Zhis has
been viewed as a sign that the CNS cares aboubtorg
the WBAM [1]. However, the way this control is
performed is not clear, and more particularly theeywhe
CNS deals with the redundancy of the body segmients
produce a given WBAM value.

An interesting way to study this question is theiaro of
multi-segmental synergies, and the framework of the
Uncontrolled Manifold Hypothesis [3]. Within this
framework, the control is viewed as a two levekiehy:

at the lower level, the individual variables aregyed
into Elemental Variables (EV) based on their caation.

At the upper level, the neural controller formdhe space
of elemental variables a sub-space, named Unctadrol
Manifold (UCM), corresponding to a desired valuiené
profile) of an important Performance Variable (PBy
confining the elemental variables to that sub-spaice
controller guaranties a constant value of the PV.
Moreover, if most of the trial-to-trial variance ésnfined

The SAM were submitted to a principal component
analysis (PCA) and the 5 first PCs, which accouffibedt
least 95 % of the variance, were kept for furthealgses.
The magnitudes of these PCs were considered as the
elemental variables (EV) of the UCM analysis.

The linear relation between the WBAM and the EV was
expressed by a Jacobian matrix, whose null spdwee, t
Uncontrolled Manifold (UCM), was computed. The @i

to stride variance of the EV was computed, profbcteto

the UCM and its orthogonal subspace, and normalged
these subspace dimension (4 and 1 respectively). It
resulted in 2 componentsi ¥y (note that this component
does not affect the WBAM) and o¥. An index of
synergy (V) was computed as the difference between
these 2 components, normalized by the total vaeiasfc
the EV (normalized by the number of EV, 5). Thider
was used to quantify the strength of the synergiesng

the SAM stabilizing the WBAM.

RESULTSAND DISCUSSION

Whole body angular momentum patterns and resultiseof
PCA were typical from those already published [}, 2
confirming that segments can be grouped in a small

to the UCM, a conclusion can be drawn on a synergy humber of independent components. Figure 1 shows th

among the elemental variables stabilizing the perémce
variable (i.e., decreasing its variability acrasals).

Within this framework, this study aims at investigg:

1/ the presence or the absence of synergies antong t
individual segment angular momenta (SAM) to produce
repeatable WBAM; 2/the evolution of these synesgie
along the stride. Results of this study will praviishsight
into the control of human walking.

METHODS

Seven male subjects (mean age 31 year old, meghthei
1.80 meter, mean weight 76.1 kg), without any known
neurophysiological disorders, were asked to wal&r v
treadmill at their own CWS for about 10 minutes. 3D
trajectories of 38 markers attached to the subjesmte
recorded for at least 5 series of 10 consecutivdest A
17 segment models was adjusted to

time profile of the index of synergy for the sagjitplane

averaged across subject. On overAW was positive

(p<0.05). Moreover, one can remark the increas@a\of

between the double support and swing phase (p<0.05)
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Figure 1: Time profile of the index of synergy averaged
across subjects (+ one standard deviation).

These results confirm that the WBAM is a variabfe o

subject's importance for the CNS. Moreover, the control o th

anthropometry using the GeBOD database and the 3DyypaM differs between the gait phases: positive eslof

kinematics (joint angles) were computed from thekaa
trajectories using the LifeMod plugin. The indivau

AV during double support reveal that synergies antbieg
SAM are used to make the WBAM reproducible from

segment angular momenta (SAM) and the whole body strige to stride. On the opposite, during the dewhipport
angular momentum (WBAM), all relative to the whole phase 4V<0) the CNS tends to adjust the WBAM from
body center of mass, were then computed for the 3gyide to stride. These observations have impbeatiin

dimensions of the reference space and normalizetthdy
mass, height and CWS of the subject [1]. Data fhe
stride (from left heel strikes to left heel strikegere time
normalized over a 100% time window. Further analyse
were performed independently for the three pla@ady
results for the sagittal plane will be presentegthe

terms of bipedal waking control and can be more
particularly linked with the ZMP control methods.
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