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1 Introduction

Enabling climbing robots to climb on a variety of sur-
faces remains a challenging problem. One of the keys to
success in climbing is foot design. Most recent bio-inspired
climbing robots can climb only on a smooth or rough surface
[1-2]. In addition, their feet have limited life cycles. The
traditional way of replacing old feet with new ones is diffi-
cult and time-consuming. Therefore, we developed adapt-
able and changeable feet for a bio-inspired climbing robot.
The novel foot design consists of two main parts: a pas-
sively adjustable ankle and a changeable foot sole. With
the developed feet, we can design the stiffness of the an-
kles for proper terrain adaptation and easily implement foot
soles that are suitable for climbing on a surface to achieve
the best performance. Real robot climbing experiments on
different slopes with various angles and surfaces were used
to demonstrate the effectiveness of the proposed foot design.
The findings indicate that silicone and asymmetrically struc-
tured foot soles are appropriate for climbing on smooth and
rough sloping surfaces, respectively.

2 Materials and Methods

2.1 Bio-inspired Climbing Robot
A bio-inspired climbing robot (Black Panther) used for

the experiments here consists of four legs (each with four
DOFs), a flexible tail, and proposed feet (Fig. 1). Black
Panther has 17 active joints in total, four at each leg and one
at the tail base. Each active joint is driven by a Dynamixel
servomotor. The robot has a total weight of 2.5 kg. Neural
central pattern generator (CPG)-based control is applied to
generate robot climbing behavior with a trot gait. Here, the
neural control is not the main focus of concern, for more
details see [3].

Figure 1: A bio-inspired climbing robot (Black Panther) with
adaptable and changeable feet. The asymmetrically
structured foot sole is inspired by the anisotropic papil-
lae of a cat tongue [4]. The tongue image is reproduced
from [4] with permission (Copyright (2018) National
Academy of Sciences).

2.2 Adaptable and Changeable Foot Design
The new foot design consists of passively-adaptable an-

kles and changeable foot soles (Fig. 1). Based on a rib struc-
ture, the adaptable ankle enables the foot to comply with the
terrain and maintain ground contact during the stance phase.
Using the rib structure and its triangular stacking pattern,
we can design the ankle’s stiffness by adjusting the thick-
ness and width of the ribs and spire (middle axis). Here the
thickness and width were empirically tuned to obtain an an-
kle flexion ranging from -10 deg to 10 deg, which provides
stable climbing. The changeable foot sole allows for eas-
ily removal or insertion into a slot at the ankle base. In this
way, we can apply the proper foot sole to each ankle for
specific surface climbing. For instance, if the robot climbs
on a rough surface, we will use rigid asymmetrically struc-
tured foot soles (i.e., a foot sole with PLA sawtooth pro-
files inspired by the papillae of a cat tongue [4]) which can
catch or grip a rough surface [4]. If the robot climbs on a
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smooth surface, soft silicone foot soles will be used which
can provide good adhesion-mediated friction to the surface.
Furthermore, if a foot sole or ankle breaks, we can easily re-
place the part with a new one, allowing the robot to continue
climbing. The new feet are manufactured by a 3D printer
(Raise3D E2) using polylactic acid (PLA) material. This
can significantly reduce the weight of the feet by over 60%
compared to the original feet, made of aluminum and several
stainless-steel screws [3].

3 Experiments and Results

We set up two different terrains: a rough sloping terrain
(carpet slope) and a smooth sloping terrain (acrylic slope)
for testing the adaptable and changeable feet (Figs. 2(a) and
2(b)). We varied slopes into four different angles on both
terrains and tested the robot’s climbing ability with two dif-
ferent foot sole types (rigid asymmetrically structured foot
soles (RAS) and soft silicone foot soles (SSS)). On the rough
surface, we tested at 40, 50, 60, and 65 degrees. On the
smooth surface, we tested at 30, 35, 40, and 50 degrees. We
found that on the rough terrain, the robot could climb up to
65 degrees with RAS, slid backward while climbing with
SSS (Fig. 3(a)). RAS has cat tongue-inspired asymmet-
rically structured sharp tips that act like claws to interlock
with the terrain’s roughness. It could also enable the robot
to climb on rough, wet surfaces. SSS, on the other hand, has
a flat silicone surface that cannot provide sufficient attach-
ment to a rough terrain. In contrast, on the smooth terrain,
the robot could climb up to 50 degrees with SSS, while it slid
backward with RAS (Fig. 3(b)). This is because the sharp
tips of RAS cannot provide adhesion to the smooth terrain,
while the silicone material of SSS can provide the adhesion-
mediated friction important for climbing on a smooth ter-
rain. In addition to the foot soles, the feet’s flexible ankles
could passively bend to allow for effective foot attachment
and detachment to and from the terrain, respectively, during
the stance phase (Fig. 2(c)).

Figure 2: (a) Black Panther with RAS and SSS on the carpet-
based rough terrain. (b) Black Panther with RAS
and SSS on the acrylic-based smooth terrain. (c)
Snapshots of foot attachment and detachment move-
ments of the robot’s right hind leg during the stance
phase. A video of this experiment can be viewed at
http://www.manoonpong.com/AMAM2023/Video.mp4

Figure 3: Heat maps of locomotion speed in two conditions on
(a) the rough terrain and (b) the smooth terrain. The
area colored white shows positive climbing speed (i.e.,
climbing forward) and the purple the negative climbing
speed (i.e., sliding backward).

4 Discussion and Conclusion

In the experiment, we showed that the robot could climb
on both smooth and rough sloping terrains by simply chang-
ing its foot soles. The RAS provided strong grip on the
rough terrain through mechanical interlocking and enabled
an effective climbing performance on rough steep slopes.
The SSS, on the other hand, offered substantial adhesion-
mediated friction to adhere to the smooth ground. Besides
the foot soles, the adaptable ankles based on the rip structure
could passively bend to achieve efficient foot-to-surface at-
tachment and detachment. The combination of adaptable
ankles and changeable foot soles make the feet unique and
allow for stable and continuous climbing of the bio-inspired
robot. The overall weight of all feet is significantly reduced
compared to the original feet due to the use of a 3D print-
ing technique with PLA, and the feet can be easily built. In
future work, we will perform detailed mathematical model-
ing and finite element analysis to further optimize the foot
structure, ankle stiffness, and sole structured surfaces, en-
abling the robot to achieve faster and steeper slope climbing
various surfaces.
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