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Abstract—Many-legged elongated robots show promise for
reliable mobility on rugged landscapes. However, most studies
on these systems focus on planar motion planning without
addressing rapid vertical motion. Despite their success on mild
rugged terrains, recent field tests reveal a critical need for
3D behaviors (e.g., climbing or traversing tall obstacles). The
challenges of 3D motion planning partially lie in designing
sensing and control for a complex high-degree-of-freedom system,
typically with over 25 degrees of freedom. To address the first
challenge regarding sensing, we propose a tactile antenna system
that enables the robot to probe obstacles to gather information
about their structure. Building on this sensory input, we develop a
control framework that integrates data from the antenna and foot
contact sensors to dynamically adjust the robot’s vertical body
undulation for effective climbing. With the addition of simple,
low-bandwidth tactile sensors, a robot with high static stability
and redundancy exhibits predictable climbing performance in
complex environments using a simple feedback controller. Labo-
ratory and outdoor experiments demonstrate the robot’s ability
to climb obstacles up to five times its height. Moreover, the
robot exhibits robust climbing capabilities on obstacles covered
with shifting, robot-sized random items and those characterized
by rapidly changing curvatures. These findings demonstrate an
alternative solution to perceive the environment and facilitate
effective response for legged robots, paving ways towards future
highly capable, low-profile many-legged robots.

Page: https://juntache.github.io/Climbing RSS2025/

1. INTRODUCTION

Mid-sized elongated many-legged robots, ranging from 5 to
10 cm in height and 1 to 2 kg in weight, demonstrate excep-
tional mobility in navigating confined spaces and challenging
terrains. For instance, studies [20, 22] have shown that these
robots can traverse environments featuring pine straw, robot-
sized rocks, mud, bushes, and leaves. Despite these advance-
ments, most research on these systems primarily focuses on
2D planar motion planning [20, 22, 50, 11, 10, 9, 1, 34, 54].

Achieving 3D behaviors, such as climbing or steep slope
ascent, is essential, as it significantly broadens the range of
environments these robots can navigate. This is particularly
important for mid-sized robots navigating among real-world
obstacles (e.g., rocks with height 10 — 30cm, metal wreckage
with height 20 —40cm, and boxes/tubes with height 20 —30cm,
Fig.1).

Despite the challenges in many-legged robots, extensive
climbing studies have been conducted on other few-legged

Fig. 1. Tacitly sensing multilegged robot climbing in different envi-
ronments. (Top) The robot climbs a large rock, four times its height, in
a confined space with terrain covered in mud, grass, and scattered boulders.
(Middle) The robot successfully navigates confined environments with vertical
obstacles, unstable metal bars, and flowable plastic disks. (Bottom) The robot
climbs obstacles five times its height with rapidly changing curvatures in a
laboratory setting.

robots[23, 32, 8, 19, 38, 47, 49]. Quadrupedal robots accom-
plish impressive parkour tasks by incorporating vision into
their control frameworks [23, 32, 8]. Hexapod and quadrupedal
robots utilizing adhesion mechanisms, such as vacuum pumps
[53, 16, 33], magnetic adhesion [17, 26, 24], and bio-inspired
claws [47, 49, 19, 3, 42, 7], have demonstrated robust climbing
capabilities on vertical walls and trees.



However, directly transferring the few-legged climbing
behaviors to many-legged robots presents substantial chal-
lenge. The first challenge is the vision quality. Climbing in
quadrupedal robots relies heavily on camera data to recon-
struct the geometric features of obstacles for motion planning
[44, 23, 8]. The vision in many-legged robots suffers from the
inherent poor quality because (i) many-legged robots often
operate in confined environments where low-light conditions
obstruct vision [56, 46, 57], (ii) many-legged robots experience
substantial body orientation oscillation during locomotion,
which significantly compromise the focus of the vision, and
(iii) the position of camera is typically positioned too close
to the ground, limiting the ability to gather whole-terrain
information. The second challenge is the adhesion design.
Adhesion-based robots are constrained by their specialized
foot designs, which limit their deployment to specific surfaces,
such as metal pipes [17, 26, 24] or smooth glass walls
[53, 16, 33]. To enable many-legged robots to traverse more
general terrains, adhesive foot designs are impractical for en-
hancing climbing capabilities. Finally, 3D motion planning is
particularly challenging for these complicated high degree-of-
freedom (DoF) systems, which have over 25 DoF That is, the
complexity of their dynamic, whole-body interactions with the
environment poses additional difficulties in developing robust
control strategies. Partially because of a lack of systematic
locomotion research on their biological counterparts, we have
limited intuition on “what to sense” and “how to respond” in
many-legged systems.

In addition to vision, tactile sensing offers a reliable short-
range perception framework [6, 13]. Recent studies [52, 29, 2,
43] highlight its ability to accurately estimate the geometric
features of objects at close range. Compared to vision-based
approaches, tactile sensing provides advantages such as lower
computational requirements and insensitivity to lighting con-
ditions, despite its limited detection range.

Building on these advantages, recent studies have integrated
tactile sensing into mid-sized robotic systems for tasks such
as environmental geometry estimation and terrain roughness
assessment. Bio-inspired tactile antennas [35, 36, 27, 28] have
been successfully incorporated into robotic control frame-
works, enabling behaviors like wall-following and climbing.
Snake robots have demonstrated impressive mobility on com-
plex terrain using tactile sensing [15, 45]. Similarly, tactile
sensing has been integrated into hexapod systems [37, 31, 52]
to support effective gait adaptation in challenging environ-
ments. Many-legged robots [20, 22, 21] have also employed
tactile foot contact sensors to adapt their gaits, showing
significant improvements in speed over rugged terrain. These
advances suggest that a tactile sensory system is particularly
well-suited for many-legged robots performing climbing tasks,
especially in highly rugged and low-light environments.

In this work, we demonstrate that a mechanically intelli-
gent many-legged robot, characterized by high static stability
and redundancy, achieves predictable climbing performance
in highly complex environments by integrating simple, low-
bandwidth tactile sensors with a simple feedback controller.

First, we propose a tactile antenna system for short-range
(10 cm) contact sensing to reconstruct obstacle geometry.
We then investigate control algorithms for robot climbing,
including open-loop and feedback-based approaches. Open-
loop control, which coordinates limb stepping with horizontal
and vertical body undulation, effectively handles obstacles
up to twice the robot’s height but has limited capability. To
overcome these, we develop a feedback control framework
that integrates antenna data and foot contact sensors. This
controller raises the robot’s head upon detecting an obstacle,
pitches it downward to position it on top, and guides it along
the obstacle’s contour using antenna contact data. Additionally,
it accelerates the transition of floating segments to stable
positions through pitch-down motions based on duty factor
data from foot contact sensors.

Laboratory and outdoor experiments demonstrate the robot’s
ability to climb obstacles up to five times its center height.
Moreover, it successfully navigates obstacles with rapidly
changing curvatures and those covered with shifting, robot-
sized debris. We also validate the robustness of this climbing
controller in complex outdoor environments: the robot suc-
cessfully completed a pipe inspection within a 20 cm radius
pipe filled with robot-sized rocks and leaves and climbed out
of a 30 cm gap under a bridge, maneuvering over scattered
giant rocks, dense weeds, and other vegetation.

II. BACKGROUND: WAVE TEMPLATES IN MANY-LEGGED
ROBOT

A. Top view,

Fig. 2. Robot wave templates: A. Overhead view of the robot: 0.,
(shoulder angle) and 04,4, (horizontal body joint angle) are determined by
leg amplitude ©;¢4 and body amplitude ©poqy, respectively. B. Side view of
the robot: #, (vertical body joint angle) is determined by vertical amplitude
Ay

Previous studies [9, 11, 10, 20, 22] have demonstrated that
successful navigation of many-legged robots over rough terrain
relies on coordinating leg movements with horizontal and
vertical body undulations (Fig. 2). Specifically, forward motion
is achieved by prescribing leg stepping and body undulation
patterns as sinusoidal traveling waves. In this work, we utilize
the wave template presented in this section to design an open-
loop controller. For the feedback controller, we independently
regulate the pitch motion of two vertical joints while the
remaining joints follow the wave templates.



The robot’s legs provide propulsion by retracting during the
stance phase to maintain ground contact and protracting during
the swing phase to disengage. During the stance phase, each
leg moves from the anterior extreme to the posterior extreme,
reversing direction during the swing phase. The anterior and
posterior excursion angles (6;.,) for a given contact phase (7,)
are modeled using a piecewise sinusoidal function:
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where Oy, is the maximum shoulder angle, and 6,4 (7, %)
and 04 (7c,1) are the shoulder angles for the i-th left and
right leg, respectively, at contact phase 7.. The shoulder angle
peaks (0icq = Oley) When transitioning from swing to stance
and reaches its minimum (0., = —©;c,) during the reverse
transition. Unless otherwise specified, D is assumed to be 0.5.

Horizontal body undulation is introduced by propagating a
wave along the robot’s body from head to tail:
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where Op0ay (75, ©) is the angle of the i-th body joint at phase

74, and £° indicates the number of spatial waves along the
body. For simplicity, we assume that the number of spatial
waves in both body and leg movements is equal (£¥ = §),
allowing the lateral body wave to be parameterized by its phase
Th.

The gait of the many-legged robot is determined by the
phases of contact (7.) and lateral body undulation (3), com-
bining leg and body waves. Effective coordination, ensuring
proper leg retraction during motion, is achieved when 7, =
™ — (/N +1/2).

Vertical body undulation is introduced via a wave propa-
gated along the robot’s backbone:

Sb
0,(7p,4) = A, cos(2m, — 47rg(i — 1)), (3)
where 8, (7, 1) represents the vertical angle of the i-th body
joint at phase 73, and A, defines the wave’s amplitude.

III. TACTILE SENSORY SYSTEMS

In this section, we introduce two sensory mechanisms inte-
grated into the climbing feedback control framework. The first
mechanism, the antenna, estimates the obstacle’s geometry
using its hit data. The second mechanism, the foot contact
sensor, detects the binary foot contact state and monitors the
floating state of each robot segment.

A. Tactile Antenna design

We developed an antenna equipped with two Force Sensing
Resistor (FSRs) sensors capable of detecting forces within a
range of 0 to 10 N. As shown in Fig. 3.A.1, each FSR is
mounted on a flat surface, with the base of the antenna attached
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Fig. 3. Tactile sensory system. A. Antenna design. Al. The base of the
antenna is attached to a Force Resistive Sensor (FSR) using screws. The inner
part of the antenna is connected to its tip with two springs, allowing it to
deform upon contact with obstacles, thereby preventing jamming. A2. Antenna
contact states: A value of O represents no contact (void state), while 1 indicates
an obstacle has been detected. B. Binary limb contact sensing system. B1.
Design of a binary contact sensor for each foot, based on capacitive sensing.
B2. Contact state of the leg: O indicates no contact, while 1 indicates contact.

to the opposite side of the FSR using screws. The inner part
of the antenna is connected to its tip via two springs, allowing
it to deform upon contact with obstacles, thereby preventing
jamming. According to our experiments, the addition of the
antenna does not limit the robot’s physical capabilities, such
as speed or maneuverability.

The contact states of the antenna are expressed using a
binary system. When the antenna touches an obstacle, it is in
the “Hit” state, represented by 1; otherwise, it is in the “Void”
state, represented by 0. The FSR transmits an analog signal

































