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In this abstract, we report research on a bio-inspired, minimalistic
horizontal burrowing robot, demonstrate its burrowing characteris-
tics in glass beads, and test the hypothesis that breaking symmetry
via robot shape and/or kinematics leads to net burrowing advance-
ment. The robot is 33 mm in diameter and consists of a pair of 3D
printed sections and a tip with various shapes [Fig. 1(a)]. The base
of the tip is a 11 mm-thick flat disc, to which an additional cone or
lefthanded auger can be mounted. The probe consists of a 132 mm-
long back section that is partially inserted into the 86 mm-long
front section with an overlapping length of 32 mm. The back sec-
tion contains a linear actuator (Actuonix L16-50-63-12-P) that is
connected to the front section, which contains a gear motor that
is also connected to the tip. The linear actuator extends and con-
tracts along the axial direction, while the gear motor rotates at vari-
ous speeds in different directions. Horizontal burrowing tests were
conducted in a clear Plexiglas rectangular box (600 length x 180
width x 300 mm height) filled with pluviated dry glass beads
[Fig. 1(b)]. The movement of the robot was measured using two
vertical steel tubes (dia. = 3.5 mm) connected to the front and back
sections. The steel tubes added resistances of similar magnitude
but in opposite directions to both sections during both the exten-
sion and contraction phases. The tubes may have resulted in less
movement of individual sections, but their overall effect on sym-
metry breaking was negligible.

Four burrowing scenarios were tested with different combina-
tions of tip shapes and kinematics. Tip shapes included a flat plate
(F), cone (C), and auger (A), and tip kinematics included rotation
(R) and nonrotation (NR). Each movement cycle of the robot had a
duration of 5 s, including 2 s of extension, 2 s of contraction, and 1 s
of pause with the linear actuator deactivated. In the C_R and A_R
cases, the tip rotated at 100 rpm in the counterclockwise direction
only during the extension phase. Each burrowing scenario was
tested three times, and the results showed excellent repeatability.

During each burrowing cycle, the front section of the robot
moved forward (advanced) during extension and moved backward
(slipped) during contraction, resulting in a net movement (stride)
[Fig. 1(c)]. The robot with the flat plate (F_NR) was the control
case, as it represented a nearly symmetric design and yielded neg-
ligible net movements. With a non-rotational cone tip, the robot
was no longer symmetric in shape, and it moved forward slightly.
With a rotational cone tip, the kinematics was also asymmetric, and
the robot moved faster and farther. With a left-handed auger tip,
the asymmetry in shape and kinematics was further enhanced and
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Fig. 1. (a) Schematic and design of the horizontal burrowing robots;
(b) test setup; and (c) horizontal and vertical burrowing curves, which
are calculated based on the reference point O in (b).

yielded the fastest burrowing rate (1 mm/s during the first 65 s)
and the greatest distance (85 mm). In addition, vertical movements
and tilting were observed for all asymmetric cases, which can be
attributed to the vertical stress gradient in the soil analog. In the
A_R case, the horizontal burrowing rate decreased gradually after
65 s as the robot tilted and moved closer to the surface. After 120 s,
its horizontal movement became negligible, but the robot continued
to tilt and moved vertically until the tip burrowed out to the surface.

Implications

Tao et al. (2019) demonstrated that, as a result of cyclic extension—
contraction, a vertically aligned robot will burrow upward due to
the asymmetric soil stress state and displacement constraints at the
top and bottom of the robot. For a horizontally aligned robot, net
horizontal movements are achieved by breaking the symmetry of
the robot shape or the movement kinematics, or both. The bur-
rowing speed increases with increasing degree of asymmetry. All
the symmetry-breaking features that allow a reciprocating robot to
advance seem to point to a single factor: the asymmetric load—
displacement responses at the two ends of the robot. Further work
is underway to test this new hypothesis.
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