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Modulation of Robot Orientation via Leg-Obstacle Contact Positions

Abstract

We study a quadrupedal robot traversing a structured (i.e., periodically spaced) obstacle field driven by an
open-loop quasi-static trotting walk. Despite complex, repeated collisions and slippage between robot
legs and obstacles, the robot’s horizontal plane body orientation (yaw) trajectory can converge in the
absence of any body level feedback to stable steady state patterns. We classify these patterns into a
series of “types” ranging from stable locked equilibria, to stable periodic oscillations, to unstable or mixed
period oscillations. We observe that the stable equilibria can bifurcate to stable periodic oscillations and
then to mixed period oscillations as the obstacle spacing is gradually increased. Using a 3D-
reconstruction method, we experimentally characterize the robot leg-obstacle contact configurations at
each step to show that the different steady patterns in robot orientation trajectories result from a self-
stabilizing periodic pattern of leg-obstacle contact positions. We present a highly-simplified coupled
oscillator model that predicts robot orientation pattern as a function of the leg-obstacle contact
mechanism. We demonstrate that the model successfully captures the robot steady state for different
obstacle spacing and robot initial conditions. We suggest in simulation that using the simplified coupled
oscillator model we can create novel control strategies that allow multi-legged robots to exploit obstacle
disturbances to negotiate randomly cluttered environments. For more information: Kod*lab (link to
kodlab.seas.upenn.edu)
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Modulation of Robot Orientation via Leg-Obstacle
Contact Positions

Divya Ramesh!, Anmol Kathail®, Daniel E. Koditschek!, and Feifei Qian’

Abstract—We study a quadrupedal robot traversing a struc-
tured (i.e., periodically spaced) obstacle field driven by an open-
loop quasi-static trotting walk. Despite complex, repeated colli-
sions and slippage between robot legs and obstacles, the robot’s
horizontal plane body orientation (yaw) trajectory can converge
in the absence of any body level feedback to stable steady state
patterns. We classify these patterns into a series of “types” rang-
ing from stable locked equilibria, to stable periodic oscillations, to
unstable or mixed period oscillations. We observe that the stable
equilibria can bifurcate to stable periodic oscillations and then
to mixed period oscillations as the obstacle spacing is gradually
increased. Using a 3D-reconstruction method, we experimentally
characterize the robot leg-obstacle contact configurations at each
step to show that the different steady patterns in robot orientation
trajectories result from a self-stabilizing periodic pattern of leg-
obstacle contact positions. We present a highly-simplified coupled
oscillator model that predicts robot orientation pattern as a
function of the leg-obstacle contact mechanism. We demonstrate
that the model successfully captures the robot steady state for
different obstacle spacing and robot initial conditions. We suggest
in simulation that using the simplified coupled oscillator model we
can create novel control strategies that allow multi-legged robots
to exploit obstacle disturbances to negotiate randomly cluttered
environments.

Index Terms—Dynamics, Legged Robots, Contact Modeling

[. INTRODUCTION

NIMALS often use limb and body contact to negotiate

complex, cluttered environments. Snakes can use their
body segments to push against grass stems to change their
direction of movement [1], [2]. Cockroaches have been found
to use different pitch and roll body angles to traverse dense, tall
grass-like barriers of varying stiffness [3], [4]. Human beings
also instinctively coordinate their limbs to take advantage of
obstacle collisions in locomotion tasks such as parkour.

In contrast, robots typically avoid most collisions and
contacts with their physical environments and treat large
disturbances as “obstacles” because our limited understanding
of contact reaction forces precludes their effective use. Without
a better understanding of the dynamics of repeated locomotor-
obstacle interactions [3], [S], [6] methods and strategies devel-
oped for flat, smooth ground are often not directly applicable.
Recent robophysics studies demonstrate the great potential of
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obtaining such understanding from systematic experiments in
simplified settings [7], [8], [9], [10], [11], [12], [5], [13]. While
the vast parameter space presented by any natural environment
presents daunting challenges to analysis, this paper seeks to
build on recent progress in extracting a highly abstracted but
physically revealing model of periodic legged gaits interacting
with periodically structured obstacle fields [13]. Our central
goal in this paper is to refine this model to explain a broader
set of interaction patterns while maintaining a sufficiently
abstract representation to permit control strategies that might
use them systematically for navigation. Specifically, we study a
quadrupedal robot engaging a periodically spaced field of half-
cylindrical obstacles using a low-frequency trotting walk in a
manner laid out as follows. Sec. II describes the experiment
setup and data processing algorithms. In Sec. III, we first
report on the appearance and disappearance of “types” of
stable steady state patterns of the robot’s yaw trajectory that
emerge as the obstacle spacing is gradually increased. We then
show how to refine the original model [13] to successfully
predict this observed series of pattern bifurcations. We end that
section by presenting a speculative use of this model for an
active gait controller whose simulation suggests that it might
allow a robot to exploit obstacle disturbances to effectively
navigate in a randomly-structured obstacle-filled environment.
Sec. IV briefly reviews the contributions and offers a brief
sketch of future work.

II. EXPERIMENTAL MATERIALS AND METHODS

To simplify the complexity of the natural cluttered envi-
ronment, and to begin extracting key mechanisms of robot
locomotion dynamics under modulation of a contact-rich en-
vironment, in this study we perform systematic experiments
to investigate the steady-state dynamics of robot-obstacle
interactions in a periodically-structured environment. In this
section, we introduce the experimental setup (Sec. II-A) and
data analysis protocols (Sec. II-B) that allow us to reveal fun-
damental interaction principles and develop phenomenological
abstract reduced-order models (Sec. III-B) of the coupled
dynamics. We later demonstrate that these highly abstracted
insights, although developed from simplified and structured
settings, can lead to innovative control strategies applicable in
randomly-structured environments (Sec. III-D).

A. Experiment Setup

1) Robot: A hexapedal robot, HQRHex (Fig. 1C), was
used to perform all experiments in this paper. HQRHex'is a
smaller version (0.48 m in length and 0.29 m in width) of
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the C-legged RHex class robots [14]. Each leg is attached to
a gearless direct-drive motor [15] (Tiger Motor U8) which
provides a fast and accurate torque estimation during the
robot’s interaction with the obstacles. The leg motors are
controlled by a customized micro-controller (Ghost Robotics
MBLC v0.5.2). The robot is powered using a 6400 mAh 4-cell
LiPo battery (16.8 V when fully charged).

For this study, the robot was programmed to function as a
quadruped (the two middle legs held up in the air and not
engaged in locomotion) during obstacle field traversing. A
common quadrupedal gait, trotting (one pair of the diagonal
legs move together and alternate with the other pair of diagonal
legs (Fig. 1D)), was implemented on the robot as it interacts
with the obstacle field, with a stride frequency of 0.27 Hz.

2) Environment: An array of 15 evenly-spaced half-
cylinders (Fig. 1A, B) were used as a simplified form of
obstacle-filled environment for our experiments. This struc-
tured environment allows for systematic control and variation
of environment parameters and facilitated the emergence of
passive (i.e., without any body-level feedback control) robot
orientation steady states under repeated obstacle disturbances.
The obstacle diameter is D = 0.11 m, comparable to the
robot leg size. The obstacle spacing was systematically varied
between 2.5 inches and 6.5 inches with l-inch intervals
(corresponding to five different obstacle spacings of 0.06 m,
0.09m, 0.11m, 0.14m, and 0.17m).

3) Data collection: For each of the five obstacle spacings,
24 trials were performed with systematically-varied robot
initial conditions. The initial orientation of the robot, #;, was
varied from O degrees to 70 degrees. The fore-aft direction
initial position of the robot, I, was varied from I = 0.5 m
to I = 0.9 m. This fore-aft position of the robot was defined
as the distance between the robot’s right front leg and the
near edge of the first obstacle. Due to the symmetry in the
environment along the lateral direction, we only investigate
and discuss #; > 0 region and assume symmetry for the 6; < 0
region.

Two types of measurements, Motion Capture (MoCap)
tracking and microcontroller logging, were collected and syn-
chronized for each trial. The motor angular positions and
torques were logged with the robot’s microcontroller (Ghost
Robotics MBLC v0.5.2), whereas robot Center of Mass (CoM)
6 degree-of-freedom (DoF) positions (Fig. 1B) were tracked
by the MoCap system (Vicon).

B. Data Analysis

1) Orientation state characterization: The steady yaw an-
gle of the robot, 0y, is used to characterize different steady-
state behaviors into “types” which will be further discussed
in Sec. III. This angle is calculated by averaging the yaw
angle of the robot during the stabilized region of the robot-
obstacle interaction from the experimental data. The stabilized

IThe robot was used as a simplified model system in this study to allow
systematic parameter variation and to facilitate the understanding the complex
coupled dynamics of robot-obstacle interactions. We expect that the coupled
oscillator model (Sec. III-B) and the “obstacle-aided navigation” concept (Sec.
I1I-D) developed using this model system can later be applied to more general
multi-legged platforms with different designs.

D g
e
Trotting
Gait
&

o (x2)

(2 ("2

Figure 1. Experiment setup and contact position detection method to
investigate the dynamics of a legged robot interacting with a regular obstacle
field. (A) Experiment setup of the obstacle field. (B) The obstacle field consists
of half-circular pipes of diameter D, regularly spaced with distance P. For
each trial the robot begins from systematically varied initial orientation (yaw)
angles 6; and fore-aft distances I. (C) HQRHex is a small RHex [14] class
robot with the middle legs held in air during all trials so that it functions as
a quadruped. (D) The robot uses a feed-forward trotting gait (one pair of the
diagonal legs move together and alternate with the other pair of diagonal legs)
to traverse the obstacle field. The periodic gait couples with the periodically-
structured environment and allows the emergence of passive steady state
dynamics. (E) Point of Contact on the obstacle. (F) Point of contact on the
flat ground. (G) Coupled oscillator model (Sec. III-B) diagram.

region is selected as the last 1m of the robot trajectory in the
obstacle field, before either of the front leg exits the boundary.
The statistics reported in Sec. III-A and Table I represents the
mean £ standard deviation of ¢y computed from all trials for
the corresponding type of steady state within each obstacle
spacing.

2) Contact Position Analysis: To understand the emergence
of different steady states during periodic robot-obstacle in-
teractions, the initial contact positions of each leg with the
obstacle was computed as the robot trotted over the obstacle
field. In this subsection, we briefly overview the method used
to extract these contact positions from the experiment data.

a) 3-D Reconstruction: A 3-D reconstruction of the
experiment was used for the identification of contact position
patterns to study the robot-obstacle interaction. The robot body
and obstacles were reconstructed using the MoCap-tracked
CoM positions. At every time step, the robot was transformed
to its pose in the world frame using transformation matrices
calculated from the MoCap tracking data. The legs were then
reconstructed relative to the body based on the actual motor
angular position, S,t-

b) Estimation of contact point on the leg: Once the robot
legs and obstacles were reconstructed, the obstacle in contact
with each leg was identified by the following criterion:

ke = arg min [zops (k) — il 1)
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here k € [1, 15] denotes obstacle index, k. denotes the obstacle
in contact, x; is the fore-aft position of leg ¢. The algorithm
then automatically identifies all leg-obstacle contact events by
finding peaks in the motor torque, 7,,.,¢. For each contact
event, we calculate the euclidean distance, d, between leg @
and obstacle k.:

d= \/(-Tz - xobs)2 + (Zz - Zobs)2 2)

where x;, z; are the fore-aft and vertical positions of the leg
center, T,ps and 2,5 are the fore-aft and vertical positions of
obstacle k..

We define the contacting threshold, d., to be the sum of the
radius of the obstacle, r,ps, and the outer radius of the leg i
projected onto the X-Z plane, rZZ,:

dc = (robs + Tgit) (3)

If d <= d.?, we classify leg i to be in contact with obstacle
k. (Fig. 1E), and calculate the contact position on the obstacle
using the triangle proportionality theorem:

SC* TobsTi + rgitxobs * TobsZi + Tgitzobs

= fobeti T TouTobe e TobeS T loutZobs (g

Tobs + Tont Tobs T T'out
*
Y =Y &)

If d > d., we classify leg ¢ to be in contact with the flat
ground (Fig. 1F), and the contact position is given by

*

T = Ty, y* = Yi, Z* = Zobs (6)

III. RESULTS AND DISCUSSION

Using the experiment setup and data analysis methods
discussed in Sec. II, we investigate how the coupled dynamics
between robot and obstacles is modulated by leg-obstacle
contact position patterns, and how such modulation principle
could be used to allow obstacle-aided locomotion and naviga-
tion.

The dynamics of locomotion by a multi-legged robot un-
dergoing repeated perturbations from obstacle interactions is
nontrivial. At any step, small changes in leg-obstacle contact
positions could result in variation in robot orientation, which
can lead to substantial changes in the contact position at the
next step, causing the robot to switch to a completely different
trajectory [6].

Despite such complexity, we noticed from our experiments
that periodic robot gaits seem to couple with periodically struc-
tured environments and produce stable, periodic dynamics.
The emergence of such periodic behaviors allows us to closely
observe how the dynamics of robot orientation are governed by
repeated leg-obstacle interactions, lending increasing insight
into the consequences of their interaction for overall body
motion.

In Sec. III-A we present the different steady-state behaviors
observed from experiments, and the passage from one to

2d < d, occurs when the concave side of the half-circular leg is “hugging”
the convex obstacle

3Intrinsic experiment noise can cause some less stable types (e.g., Type
IIT* in Fig. 2A) to switch to more stable types (e.g., Type I). Type labels in
Fig. 2 aims at providing rough visual correspondence and do not intend to
capture such exceptions.

another as obstacle spacing is gradually increased. These
observations suggest a very simple model incorporating our
hypothesized stability mechanism as discussed in Sec. III-B.
We compare the predictions of this model against the measured
experimental data in Sec. III-C, and offer speculative remarks
of the prospects for using this model for planning active
control policies for randomized obstacle fields in Sec. III-D.

A. Stability of the types of orientation steady states

Fig. 2 shows the horizontal-plane trajectories of the robot
CoM traversing through obstacle fields with different spacings.
We noticed that the robot’s orientation exhibited several dis-
tinct types of steady-state dynamics, including both consistent
orientation as if in equilibrium and periodic oscillation.

The trajectories of the robot converge from different initial
orientation angles to these steady-state behaviors in a manner
characteristic of the classical dynamical systems notion of an
attractive basin. The trajectories with similar orientation angles
and same qualitative leg-obstacle contact patterns during the
stabilized region were classified into the same steady state
type group. This qualitative classification yields five different
types of steady states with each having a distinct stabilizing
mechanism. The type labels associated with the groupings
of curves in Fig. 2 are interpreted in Table I in terms of
the roughly constant (Type I, III, V) or roughly periodic
oscillations (Type II, IV) of steady state yaw.

Fig. 3 shows the fixed points (markers) for the five different
types of steady states, with the the basin of attractions (colored
regions) — in reminiscent of a bifurcation diagram - that
converges to these states. As the obstacle spacing is increased,
the stability and the size of basin of attraction for each steady
state type varies.

At spacing P = 0.06 m, Type I (equilibrium steady state at
|0¢] = 5.6° & 0.8°), Type III** (the oscillatory steady-state
at |0f| = 37.7° + 4.3°) and Type V°(the equilibrium steady-
state at |0 = 94.0° £ 0.7°) was observed (Fig. 2A, Fig. 3).
We noticed that in some of the trajectories, the robot would
temporarily move along ~ 30° but would eventually converge
to ~ 0° due to the intrinsic experimental noise indicating that
Type I steady state is more stable than Type III* at this
spacing.

As spacing increased from P = 0.06 m to P = 0.09 m, Type
I equilibrium bifurcated into Type II (|6;] = 7.5° + 1.5°)
periodic oscillatory state, while Type III (|6| = 34.7°£0.4°)
and Type V (|0;| = 94.7° £0°) persist (Fig. 2B, Fig. 3). Type
IIT steady state became more stable at this spacing than at
P =0.06 m.

4We use the symbol * to denote less stable states, or possible non-periodic
oscillations. Experimental confirmation was difficult since small amounts
of noise could easily interfere with the (theoretically) periodic pattern of
dynamics (like the case with Type II*), or shift it to the attraction basin
of other equilibrium states (like the case with Type IIT* here). A complete
understanding of simpler steady states with a more delicate experiment setup
is needed to make further study of these more complex dynamics.

3The 90° equilibrium state is a trivial case that was already observed and
discussed in [13]. In this steady state all robot legs stepped on the flat ground
between the obstacles while the robot walked sideways. Since the mechanism
is trivial we will not analyze it further here and only include the observation
for completeness.



4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JANUARY, 2020

A, OBSTACLE SPACING P=0.06 m

4
L TYPE I .
STyPE I

TYPEV

Y (m)
Y (m)
Y (m)

c OBSTACLE SPACING P=0.11 m

0C) ||D, OBSTACLE SPACING P=0.14m 6. |[E
) L : s

. OBSTACLE SPACING P=0.17m  9,(*)

Y (m)

E
X (m)

X (m)

3

E— 2
X (m) X (m)

Figure 2. Trajectories of the robot’s center of mass on the XY plane at different obstacle spacings P with systematically varied initial orientation angles 6;.
Type labels in the figures loosely3 correspond to different steady state behaviors as summarized in Table I. (A) P = 0.06 m; (B) P = 0.09 m; (C) P =0.11
m; (D) P =0.14 m; and (E) P = 0.17 m. Color indicates initial orientation angles 6;.

Table I
TYPES OF STEADY STATES.

Type Steady State Pattern Obstacle Mechanism (Fig.4(iv), Eqn. 12, 14) Steady Yaw
(Fig. 2) (Stability) Spacing (m) Step 1 Step 2 [0¢] (°)
I Equilibrium 0.06 RF andniliusrlri?ngorward, LF ananol'a;usrlriipngorward, 56408
Periodic Oscillations
I/ I (stable) 0.09 Only REF slips forward, Only LF slips forward, 75+ 15
Oscillations (less stable) 0.14 CCW turning CW turning 6.6 £ 1.0
Oscillations (less stable) 0.17 6.4 +42
Oscillations (less stable) 0.06 377 £ 43
Equilibrium (stable) 0.09 347 + 0.4
III*/ Equilibrium (stable) 011 Both step on ground, no Both step on ground, no 309 £ 0.2
1II turning turning
Equilibrium (stable) 0.14 31.8 £ 0.1
Equilibrium (stable) 0.17 304 £ 09
v PenOdl(cstS;f; )llatlons 0.14 Only REF slips forward, Only RB slips forward, 63.9 + 3.2
Lo F CCW turning CW turning
Periodic Oscillations
0.17 63.1 £ 3.0
(stable)
Equilibrium (stable) 0.06 94.0 £ 0.7
Equilibrium (stable) 0.09 94.7 £ 0.0
v Equilibrium (stable) 011 Both Stel:u(;:lli I,;ground, no Both ste[:u(;;li fround, no 037 + 1.8
Equilibrium (stable) 0.14 J & 96.2 £ 1.3
Equilibrium (stable) 0.17 85.2 £ 6.8

Types of Steady State Patterns of yaw trajectories associated with the groupings of COM trajectories labeled in Fig. 2. Asterisks denote type variants
exhibiting qualitatively less stability. CCW refers to counter-clock wise. CW refers to clock wise. Hypothesized stability Mechanism for each type is detailed
in Fig. 4(iv). Steady Yaw, 0, is roughly constant for equilibrium patterns (filled circles of Fig. 3) and roughly the mean yaw for periodic patterns (open

circles of Fig. 3).

As spacing kept increasing from P = 0.09 m to P =0.11 m,
Type II was no longer observed in experiments (Fig. 2C, Fig.
3). Type III (|0¢| = 30.9° & 0.2°) appeared to be the most
stable equilibrium at this spacing, with the largest basin of
attraction (from approximately 0° to 60°). Type V equilibrium
(16f] = 93.7° £ 1.8°) persists at this spacing.

At even larger spacing (P = 0.14 m and P = 0.17 m, Fig.
2D and E, Fig. 3), Type II* (|0¢| = 6.6° &+ 1.0° for P =
0.14 m and |f| = 6.4° + 4.2° for P = 0.17 m) became less
stable, Type III equilibrium (|ff] = 31.8° + 0.1° for P =
0.14 m and |67] = 30.4° £ 0.9° for P = 0.17 m) persists
with a reduced size of basin, and a new steady state, Type IV
(periodic oscillation around |6¢| = 63.9° £ 3.2° for P = 0.14
m and || = 63.1° = 3.0° for P = 0.17 m), emerged. Type V
(16f] =96.2° £ 1.3° for P = 0.14 m and |f¢| = 85.2° + 6.8°
for P = 0.17 m) persists.

B. Contact position hypothesis and coupled oscillator model

We noticed from experiments that after the robot’s orienta-
tion stabilized, the alternating pairs of legs also began to repeat

a pattern of obstacle contact positions. We hypothesize that the
periodic change in the robot orientation during steady states
was primarily a result of the synchronization of the contact
positions between the two alternating leg pairs.

Based on these experimental results, we now introduce
a highly abstracted phenomenological “coupled oscillator
model” to initiate formal reasoning about the empirically ob-
served emergence of the various types of steady state behavior
documented above. As with the original RHex robot [14],
HQRHex robot’s gait is generated by a single, centralized,
feed-forward “clock™, split out into an in-phase and anti-
phase reference to drive the virtual biped realized by the
robot’s alternating diagonally paired hips [16]. Thus the key
theoretical question to address concerns the manner in which
steady state body yaw emerges from the dynamical coupling
between that internal oscillator and the external oscillatory
forces arising from leg contact with the spatially periodic
ground [17].

We develop a half-stride return map [18] to facilitate in a
manner analogous to [19] analysis of the symmetry enforced
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Figure 3. Fixed point and basin of attraction for the five types of robot ori-
entation steady states observed at different obstacle spacing from experiment
measurements. Markers indicate fixed points of the orientation steady states.
Error bars indicate the range of orientations during oscillations around the
fixed points after reaching a steady state. Shaded boxes demarcate approximate
basin of attraction (i.e. interval of initial angles, ; that converge) around the
fixed point of the corresponding color. The shape of markers indicates our
classification of steady state dynamics listed in Table I: solid circles indicate
equilibrium; open circles indicate stable, periodic oscillations; open squares
indicate less stable oscillations.

or broken by the ground geometry across a full stride. We
find it convenient to work directly in body yaw coordinates,
whereby the pair® (61,6%) denotes the robot body’s yaw angle
(in the inertial world frame) sampled in stride k£ at the two
successive half stride events of interest: initial ground contact
by the synchronized leg pair O; = {LF, RB} (red, Fig. 1G);
and then by O = {RF, LB} (green, Fig. 1G). At each such half
stride event, the yaw angle is rigidly related to the difference in
fore-aft distance between the contact positions on the obstacle
of the corresponding diagonal leg pair:

AX'=X.r — XgB
AX? = Xpr — X5 @)

In contrast, the phase of ground contact, X; := X; mod P+
D [13], is advanced at each half-stride by the projected fore-
aft step length S|, = Spcosf (where Sy is the constant step
length in the robot frame),

Xt = (X%Z + Spcosf?) mod P+ D
XE_H = (X%+17i+Socos9,i+1) mod P+ D. (8)

Finally, the resulting yawing torque, representing the crucial
coupling between the phase of the periodic ground geometry
encountered by the legs with the phase of the trotting cycle
when so encountered, arises from the difference in the slipping
distances between the two legs. Observing that the slipping

%Here and throughout the sequel, we use the subscript, k, to denote the
stride number, whereas superscripts denote the 15t and 274 half-stride events,
respectively.

distance, S;, i€ {LF,RF,LB,RB}, can be represented as
a function of the phase of contact [13], we have ’

ASy = Spr(XLr) — SrB(XrB)
ASE = Spr(Xgrr) — Ste(Xep). ©)

Computing the differences (7) associated with (8), adding
in the slip-induce coupling forces (9), now yields our discrete
dynamical system that we write in yaw angle coordinates as

2 1
s = % cos cos(6] + ) + gy sin(6}) — iz A 7] 45

_ 2w
03,1 = £cos cos(0} ., — ) — ol sin(0},1)

1
+%AS,§H]—6.

(10)
Here L and W are the robot half body length and half body
width, C = /L% + W?2 is the robot’s half diagonal length,
and § = tan~'(W/L) is the aspect ratio angle (Fig. 1G).

C. Comparison of synchronization patterns between experi-
ment and model

We now use the model (10) to exhibit sufficient conditions
for a fixed point (i.e. where both half strides repeat the same
yaw angle) and a period-two orbit (i.e. where the yaw angle
oscillates between the two half strides). We observe in Fig.
4(ii), (iii) that these steady state conditions closely predict
the empirical observations. Work in progress will explore
conditions for still higher period orbits and develop stability
conditions to predict their emergence.

1) Synchronization Mechanism of Equilibrium Types: We
define the orientation equilibrium to be:

1 _ p2
9k+1 - elc

2 _pl
Ok1 = Okya-

Y

From the model we can derive that one sufficient condition to
achieve equilibrium would be:

ASE=0

ASE, =0. (12)

Fig. 4A shows that as the model predicts, during the steady
region of Type I equilibrium state (black box in Fig. 4A-
(ii),(iii)) both synchronized leg pairs ([RF, LB] and [LF, RB])
contacted between the top and far edge of the obstacle (Fig.
4A-(ii),(>ii),(iv)) and slips forward the same amount (Eqn.
12), allowing the robot to maintain a constant orientation
at 0° (Eqn. 11, Fig. 4A-(i)) despite the repeated obstacle
disturbances. This is consistent with previous observations
from [13].

Similar to Type I, in Type III equilibrium, during the
steady region (black box in Fig. 4C-(ii),(iii)), both synchro-
nized leg pairs ([RF, LB], [LF, RB]) steps either on the flat

7excluding the special condition of AY! = Y7, p —Ygrp = 0and AY? =
Yrr — Yrp = 0, in which case we have AS% = 0 and AS% =0,
respectively.

8the model selects one of the solution based on the value of AS and the
pre-slip robot orientation.
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Figure 4. Comparison of leg-obstacle contact point pattern from model and experiment for different types of steady states. (A) Contact point pattern for
Type I steady states at obstacle spacing of 0.06 m. (i) Model-predicted robot orientation. (ii) Model-predicted contact point pattern. (iii) Experimentally
characterized contact position pattern. In both (ii) and (iii), Z denotes the normalized fore-aft position relative to the near edge of the contacting obstacle. The
green boundary of the white space represent the near edge (¥ = 0) and far edge (z = D) of the obstacle. The blue centerline of the white space represent
the top of the obstacle where the direction of leg slippage switches[6], [13]. The markers indicate the normalized initial leg contact position on the obstacle:
blue circle indicates the normalized initial obstacle-contact position of the RF leg; red star indicates the normalized initial obstacle-contact position of the LF
leg; Magenta circle indicates the normalized initial obstacle-contact position of the LB leg; cyan star indicates normalized initial obstacle-contact position of
the RB leg. Gray shaded region in (ii) and (iii) indicate flat ground where obstacle disturbance and leg slippage is zero. (iv) Illustrative diagram of stabilizing
mechanism. Black boxes in (i)-(iii) indicate stabilized region of steady state. Orange region in (iv) represent obstacles. (B) Contact point pattern for Type II
steady states at obstacle spacing of 0.09 m. (C) Contact point pattern for Type III steady states at obstacle spacing of 0.11 m. (D) Contact point pattern for
Type IV steady states at obstacle spacing of 0.17m. In (B)-(D), content of sub-figures, notations, and marker representations are the same as (A).

ground between the obstacles, or at the edge of the obstacles
(Fig. 4C-(ii),(ii1)). In either case, the difference in slippage
within the synchronized leg pair is approximately zero (Eqn.
12), allowing the robot to maintain a constant orientation
at approximatley +30° (Eqn. 11, Fig. 4C-(i)). This stable
orientation depends sensitively on obstacle spacing, and can
be analytically calculated using the ODF framework presented
in [13].

2) Synchronization Mechanism of Period-2 Oscillations
Types: We define the discrete, period-2 oscillation of orienta-
tion as:

1 _pl
9k+1 - gk

03,1 =07 (13)

One sufficient condition for this type of steady state would be:

ASE, — ASE =4W (sinb;, | — sin6})
ASE = ASp ., =4W (sin6?,, —sin6; ) (14)

In the periodic oscillatory steady state Type II (Fig. 4B),
during the first half of the stride (labeled “STEP 1” in Fig. 4
(i1)-(iv)), leg pair [RF, LB] (O;) is in stance. Leg RF (blue
circle in Fig. 4B-(ii),(iii)) contacts the obstacle between the
top and far edge and slips forward, whereas LB (magenta
circle in Fig. 4B-(ii),(iii)) steps on flat ground and no slip
occurs. The resulting total disturbance causes the robot to turn
counterclockwise (Fig. 4B-(iv) step one). Similarly, during
the second half of the stride (labeled “STEP 2” in Fig. 4
(i1)-(iv)), leg pair [LF, RB] (Os) is in stance. Leg LF (red
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star in Fig. 4B-(ii),(iii)) contacts the obstacle between the top
and far edge and slips forward, whereas RB (cyan star in
Fig. 4B-(ii),(iii)) steps on flat ground and no slip occurs. The
resulting total disturbance causes the robot to turn clockwise
(Fig. 4B-(iv) step two). The repetition of this contact position
pattern resulted in the observed periodic oscillation of the
robot orientation (Eqn. 13, Fig. 4B-(i)).

Similar to Type II, the oscillation of robot orientation
observed in Type IV was a result of the two oscillators,
O and O, generating a turning moment in same magnitude
but opposite directions (Eqn. 14, Fig. 4D-(iv)). The periodic
repetition of this movement caused the observed oscillation in
robot orientation angle (Eqn. 13, Fig. 4D-(1)).

We note that the highly-abstracted model aims to capture
and understand the dominant coupling dynamics between
robot and obstacles, and therefore does not take into account
many details such as leg compliance, and periodic movement
of leg relative to the hip. These simplifications lead to some
discrepancies between model prediction and experiment obser-
vations. For example, we notice that the amount of orientation
oscillation appears to be smaller in experiment (1.5°) as
compared to predicted in model (3.5°). In addition, orientation
and contact phase in experiments exhibit period-two oscillation
rather than period-four in simulation. This is likely due to the
model’s assumption that the legs are completely rigid, but the
c-shaped legs used in experiments can compress and “damp
out” some of the obstacle disturbances. Future work shall
explore the sensitivity of different steady states to noises.

D. Broader applicability: Gait sequence planning in a random
obstacle field

The model provides a simple yet effective representation
that allows reasoning about how multi-legged robots could
produce different dynamics within the same environment by
controlling the pattern of leg-obstacle interactions. In this
section we demonstrate in simulation that without active
steering, a quadrupedal robot could adjust its gait sequence
to produce different obstacle-aided navigation patterns from a
random obstacle field. The idea is that a robot would reactively
select legs to engage obstacles in a manner such that the
total obstacle disturbance is in favor of the robot’s locomotion
goal. At each step, the model evaluates the potential slippage
that a leg could produce if the leg was chosen to engage
with the available obstacle at its position. Based on this
evaluation the model selects the set of legs that could produce
the most progress towards the desired locomotion goal. Here
we demonstrate four different navigation patterns: counter-
clockwise turning (Fig. 5A), clockwise turning (Fig. 5B),
moving straight (Fig. 5C), and zig-zag (Fig. 5D).

Taking the counter-clockwise turning as an example, at
each step the model selects the leg from the right side with
a maximal forward-slipping disturbance during the obstacle
interaction and selects the leg from the left side with maximal
backward-slipping disturbance. The selected legs would then
get activated to engage with the obstacle, producing a counter-
clockwise turning moment, while the other legs stay in the
aerial pose. The model predicts the robot orientation after

the leg slippage, moves the robot one step length forward
along the new orientation and repeats to evaluate potential
slippage for all legs and choose the activated leg group
for the next step. For the clockwise turning behavior, the
process is similar, except that the model selects the leg with
maximal backward slippage from the right side and the leg
with maximal forward slippage from the left side. For moving
straight, legs that would produce the minimal difference in
obstacle-induced slippage between the left and right side gets
chosen at each step. For a zig-zag motion, the model chooses
the activated legs to switch between counter-clockwise and
clockwise turning behaviors.

This simple example demonstrates that we could extend
the understanding of obstacle modulation on robot orientation
beyond structured obstacle settings, to create environment-in-
the-loop control strategies for more complex environments.

IV. CONCLUSIONS

In this study, we systematically examined the dynamics of a
multi-legged robot’s horizontal plane orientation as it traversed
through a field of evenly spaced obstacles with a quasi-static
trotting gait driven by an open-loop central pattern generator.
Notwithstanding the absence of any body level feedback,
the robot can converge to a variety of distinct, qualitatively
stable steady state patterns, including equilibrium and periodic
oscillations, through the repeated obstacle disturbances. These
observations suggest a highly-simplified “coupled oscillator”
model, which allows close prediction of robot leg-obstacle
contact position pattern and the resulting steady state orienta-
tion for a variety of obstacle spacings (the external coupling
frequency) and robot initial conditions (the initial phases of the
oscillators). We demonstrate that the model-predicted steady-
state dynamics and the underlying mechanism effectively
approximate experimental measurements, and begin to allow
gait-space planning for obstacle-aided navigation.

Looking ahead, the coupled oscillator model provides a
mathematically tractable yet empirically effective represen-
tation that invites more careful formal reasoning about the
emergence and stability of different types of synchronization
patterns between locomotor phases and environment modula-
tion. In contrast to the past traditions of the robot navigation
literature, such reduced-order representations promise a com-
putationally effective Gibsonian view of obstacles as “environ-
mental affordances”[20], converting them into opportunities
that robots can exploit to improve effectiveness in locomotion
and overall mobility. We envision that extensions of the current
model will open new avenues for obstacle-aided dynamic
control and planning in locomotion, and eventually allow
our robots to autonomously exploit different environmental
affordances for different goals.
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