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Abstract—For exploration of unknown terrestrial environ-
ments, it is typically assumed that robots possess sophisticated
controllers which can sense important aspects of the terrain
(gaps, obstacles, slippery surfaces). However, robust sensing
of such conditions is not yet possible in harsh environmental
conditions. Biological systems, including plant roots and snakes,
are impressive in their ability to use diverse growth and
movement strategies to penetrate and explore heterogeneous
terrain. Such systems avoid becoming trapped, despite lacking
full terrain state information. We are particularly interested in
how circumnutation — an endogenous circular pattern exhibited
by the tip of a growing root — facilitates penetration and explo-
ration. To discover principles by which robots can gain root-like
capabilities, we constructed a planar, pneumatically driven soft-
bodied robot, which grows from the tip like a plant root and can
bend in 2D space by oscillating the inflation pressure of series
pneumatic artificial muscles (sPAMs) arranged on its two sides.
We demonstrate that 2D tip oscillation improves the robotic
roots ability to penetrate a heterogeneous environment, tested in
a lattice of rigid cylinders distributed evenly on a square board.
Systematic variation of initial robot positions revealed that the
non-oscillating tip strategy led to an increased probability of
becoming pinned to obstacles (and preventing growth), while
the oscillating tip penetrated the lattice significantly further.
The results show that without closed loop control, oscillatory
movements of a leading surface of a growing structure enable
robust navigation in a heterogeneous environment; closed loop
control strategies layered on top of such passive mechanisms
could lead to novel strategies for exploratory and search-and-
rescue robotics.

I. INTRODUCTION

In extreme terrains and operating conditions such as
search-and-rescue operations, robots should be capable of
effectively navigating in complex landscapes, handling fail-
ures and adapting to the environment. This usually requires
significant levels of autonomy supported by sensory feedback
[1]. During the last few decades researchers have built
search-and-rescue robots based on biological models which
effectively move in unstructured environments [2], [3]. The
snake-like robot (Fig. 1A) consisting of a series of 18
independent modules that are connected and programmed to
work together can navigate through cluttered terrain using a
continuously-active feedback controller that relies heavily on
on-board sensors at each link [2]. Recently, a root-inspired

Yasemin Ozkan-Aydin*, Mason Murray-Cooper, Enes Aydin, Erin Mc-
Caskey, and Daniel I. Goldman with the School of Physics, Georgia
Institute of Technology, GA, USA. yasemin.ozkanaydin, and
daniel.goldman @physics.gatech.edu

2Nicholas Naclerio and Elliot W. Hawkes with the
ment of Mechanical Engineering, UC Santa Barbara,
nnaclerio@ucsb.edu, and ewhawkes@ucsb.edu

Depart-
USA.

" _camera B
at tip

\ obstacle
\ <

Fig. 1. Biological and robotic models that explore environment. (A)
A snake-like robot moves through obstacles with a complex, active control
scheme [2]. (B) A growing robot navigates its environment using a tip-
camera [3]. (C) A circumnutating rice root explores its environment. The
root is growing along a plate with a grid of holes spaced 7mm apart in
gel; a circumnutating tip finds the hole on the plate and grows longer (the
direction of growth shown by arrows). (D) A root tip touches a plate from
the point labeled with yellow circle and oscillates along the surface [4].
(E) Maximum intensity projection of the circumnutating root tip from B
showing the oscillatory movement along the surface. Images were taken
every fifteen minutes for a period of five days.

robot (Fig. 1B) that grows through an obstacle course using
a vision sensor successfully navigates through restricted
spaces [3]. However, in real-world situations, the sensor
performance of the robots is affected by environmental
conditions (dust, moisture, heat, etc.) resulting in unreliable
sensory input for active control. Further, the sensors used
for navigation are often large and expensive and require large
amounts of power; this in turn reduces the mobility, dexterity
and endurance and applicability of the robots [1].
Circumnutation is a natural plant movement which results
in an oscillating growth pattern and is widespread among
plants [5]. Recently researchers discovered that circumnu-
tation promotes surface exploration and penetration by rice
roots [4] (Fig. 1C-E). This study grew both circumnutating
and non-circumnutating rice roots on plastic surfaces with a
grid of holes of different densities in a gel environment and
measured the success rate of the roots finding a hole. The
roots that circumnutated at the tip had a higher success rate in






