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Abstract 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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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), �x 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 (�x = 0 ) and far edge (�x = 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),(iii)). 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:

θ1k+1 = θ1k

θ2k+1 = θ2k . (13)

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

4 S1
k+1 � 4 S2

k = 4W (sin θ1k+1 � sin θ2k )

4 S2
k+1 � 4 S1

k+1 = 4W (sin θ2k+1 � sin θ1k+1) (14)

In the periodic oscillatory steady state Type II (Fig. 4B),
during the first half of the stride (labeled “STEP 1” in Fig. 4
(ii)-(iv)), leg pair [RF, LB] (O1) 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
(ii)-(iv)), leg pair [LF, RB] (O2) 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,
O1 and O2, 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-(i)).

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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Figure 5. Gait patterns generated by the coupled oscillator model that allow a quadrupedal robot to exploit obstacle interactions to (A) turn counter-clockwise,
(B) turn clockwise, (C) go straight, and (D) zig-zag, in a randomized clutter environment with obstacle spacing randomly varying between 0.06 m and 0.17
m. Marker shows which set of legs were activated at each step based on the locomotion goal. Specifically, blue circle indicates that the RF leg is activated
at the step, and its position within obstacle field. Similarly, red star indicates the activation and position of the LF leg; magenta circle indicates the activation
and position of the LB leg; cyan star indicates the activation and position of the RB leg. Robot body pose at each step is shown as black box.
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