Detailed responses and a list of changes

We thank the reviewers for carefully accessing the manuscript, for the helpful comments, for the
positive judgment about our study, and the specific questions and suggestions to improve the
manuscript. We have carefully worked to cover each issue raised by the reviewers and revised the
manuscript accordingly.

The following list of changes has been compiled such that it contains all changes to the manuscript
in blue font (new text is presented in boldface). This should possibly remove the problem of
having to cross-read two documents.

O Comments from reviewers are show in red.
U Answers to the reviews are shown in black.
U Text parts from the revised paper are shown in blue.



Associated Editor:

We received feedback from three reviewers. They all mentioned the paper is well written.
However, two of them pointed out that the novelty of the manuscript is not sufficient for the RAL
standard in terms of design and control. The reviewers also pointed out that a video would show
more clearly its movement. The authors should better justify the new contributions of this work,
and add a video. The manuscript should be revised to address all the review comments.

Our answer: We have now provided more information of design and control. We have also
performed additional robot experiments (climbing on different slope angles with a soft surface
(foam mat)) to justify our contribution clearly. The video of the robot climbing experiments has
been also provided (http://www.manoonpong.com/Slalom/Videol.mp4). According to a
reviewer’s comment, we have now changed the term “flexible body” to “bendable body” in the
main text and the title. The new title is “Lateral undulation of the bendable body of a gecko-
inspired robot for energy-efficient inclined surface climbing”

Note that due to the space limitation we have now removed Fig. 1 of the previous version of the
manuscript since this figure is not important and not easy to understand as pointed out by a
reviewer. However, we have provided it as the front page of the supplementary video and at the
git repository of the C++ code of the controller which is publicly accessible
(https:/bit.ly/3fXx1jH).



http://www.manoonpong.com/Slalom/Video1.mp4
https://bit.ly/3fXxLjH

Review140811(Reviewerl)

This paper presents lateral undulation of the flexible body of a gecko-inspired robot for energy-
efficient inclined surface climbing. To see the role of flexible body structure, the authors have
compared two cases — the robot with a flexible limb and a fixed limb. By comparing the cases, the
authors have proved usage of gecko’s flexible limb. Therefore, the contribution of this paper is
clear. In addition, the theoretical background is solid. Follows are some minor comments:

We thank the reviewer for the positive judgment about the contribution as well as the theoretical
background and for your suggestion to improve the manuscript. We have addressed all the points
below. We hope that the improvement makes the manuscript suitable for publication in RA-L.

1. Figl is not easy to understand.

Our answer: Due to the space limitation, we have now removed Fig. 1 of the previous version of
the manuscript since this figure is not important and not easy to understand as pointed out by the
reviewer. However, we have provided it as the front page of the supplementary video and at the
git repository of the C++ code of the controller which is publicly accessible
(https://bit.ly/3tXxLjH).

Basically, this figure aims to illustrate the work which includes the gecko-inspired robot and its
neural control. A gecko was used as template for the robot development. Especially, we show that
the robot body design is based on the bendable body of a gecko and the robot’s movement is
controlled by CPG-based neural control (left side). All the neurons in the figure have the same
color as the complete neural circuit (Fig. 2a of the revised manuscript).

~

New version.
“Gecko-inspired robot (Slalom) with a bendable body for energy-efficient inclined surface
climbing. The robot body design is based on an investigation of the bendable trunk and movement
of Gekko gecko (bottom). A combination of lateral trunk undulation and trot gait of the robot is
generated by CPG-based neural control (left).”

2. Font size in figures is too small to see.
Our answer: We have now increased the font size of all figures in the revised manuscript.



https://bit.ly/3fXxLjH

Review140817(Reviewer4)

This paper proposes a gecko-inspired robot with a flexible body with multiple active joints. The
authors control the locomotion of the robot using a central pattern generator. They experimentally
show that a flexible body is advantageous compared to a fixed body without active joints in term
of energy efficiency with a 52% less energy consumption.

We thank the reviewer for comments and suggestions to improve the manuscript. We have now
addressed all the points below. We hope that the improvement makes the manuscript suitable for

publication in RA-L.

Please find comments below to help further improve the manuscript.

l. Contribution. The authors have explained the main contribution of the paper, which is
about the introduction of a flexible body and its CPG-based control in a gecko-inspired robot.
However, the reviewer is not convinced that the flexible body with multiple joints is novel enough
considering other crawling, swimming and undulating robots with multiple active joints, which
could also effectively locomote on solid surfaces.

Our answer: We have now performed new experiments and provided a comparison table to show
the novelty (see below).

New experiments: Slopes with a soft! surface

We agreed that other crawling, swimming, and undulating robots with multiple active joints (like
Salamandra robotica I, Salamandra robotica II, Pleurobot) could effectively locomote on solid
surfaces. They can also swim in water/liquid. However, these robots have not shown their
locomotion on a steep slope (e.g., 30 degrees) as demonstrated here. Furthermore, we have
conducted new climbing experiments to demonstrate the benefit of having a bendable body with
multiple joints on different slope angles with a soft surface (foam mat), such a soft slope has not
been systematically tested by the other sprawling posture robots (see Table below). Our findings
show that the robot with a fixed body can climb up the soft slope with a maximum angle of 20
degrees. In contrast, the robot with the bendable body can successfully climb up a steeper one with
a 25-degree angle. The results have been added to new Figs. 4 and 5 of the revised manuscript (see
below).

Note that due to the comment below, we have now changed the term “flexible” body to “bendable”
body.

We have also provided the information of the soft slope climbing as:

! Soft matter can be considered between solids and liquids (https://www.global.hokudai.ac.jp/wp-
content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf).



https://www.global.hokudai.ac.jp/wp-content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf
https://www.global.hokudai.ac.jp/wp-content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf

Abstract

[...] The results in 52% and 54% reduced energy consumptions during climbing on steeper
inclined solid and soft surfaces, respectively, compared to climbing with a fixed body. [...]

1. INTRODUCTION

[...] 1) a gecko-inspired bendable body design and movement for energy-efficient climbing
inclined solid and soft surfaces; |[...]

1V. DISCUSSION AND CONCLUSION

[...] For instance, it was unable to climb with the fixed body at a 30-degree solid slope and a
25-degree soft slope. This is because, when the angles of the solid and soft slopes were greater
than 25 and 20 degrees, respectively, it began to slip on the solid slope and to get stuck on the
soft slope (see http://www.manoonpong.com/Slalom/Videol.mp4).

B. Robot climbing experiments

This climbing experiments evaluated energy efficiency while moving forward at different solid
and soft inclined surfaces with bendable and fixed-body modes. During locomotion, the CPG-
based control generated the trot gait. For the bendable body, the gait involves the body oscillation
with C-shaped standing wave that is well-coordinated with the limbs. On solid slopes, different
speeds (0.10, 0.15, 0.19, 0.22, and 0.25 Hz) were investigated, whereas on soft slopes, only the
most energy-efficient climbing speed (0.25 Hz) realized from solid slope climbing was
investigated.

[...] Such control strategies were applied while climbing on soft slopes. Snapshots of Fig. 4a
depict a 15-degree climbing by the robot on a solid inclined surface, which corresponds to the
red areas of the control signals. Photo 1 illustrates the swing phase in which the body joints reached
the middle position while rotating from the right side to the left; the elevation of LF2 and RH2 was
observed, while RF2 and LH2 stayed on the ground. Photo 2 shows the stance phase in which the
body flexion appeared as a C-shaped standing wave on the right side while all the limbs stayed on
the ground. Photo 3 shows the robot performing the opposite C-shaped body flexion during the
stance phase. Similar climbing behavior was observed on a 15-degree soft inclined surface
(Fig. 4b).

[...] It is clear that this solid-slope climbing experiment provide a stride frequency of 0.25 Hz,
which consumed the lowest COT on each slope, and consequently it was defined as the optimal
moving speed. This frequency was employed in the soft inclined surface climbing experiment
(Fig. 5). While the bendable-body robot climbed solid and soft surfaces inclined up to 30 and
25 degrees, respectively, the fixed-body robot climbed those inclined up to 25 and 20 degrees,
respectively.


http://www.manoonpong.com/Slalom/Video1.mp4
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Fig. 4. Example of Slalom locomotion with the bendable body on solid and soft inclined surfaces.
(a) The top graph shows the CPG output signals. The other graphs show the joint angles of the
body (BJ1,2 .3, see Fig. 2b), left front (LF1,2, see Fig. 2b), and left hind (LH1,2, see Fig. 2b). The
snapshots below illustrate the postures of the robot and gecko during inclined solid surface
climbing. (b) The snapshots depict the robotic postures while climbing a soft inclined surface.
A video of the experiments can be seen at http://www.manoonpong.com/Slalom/Videol.mp4.
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http://www.manoonpong.com/Slalom/Video1.mp4

Fig. 5. (a) COT and (b) climbing speed are being compared between movements with
bendable and fixed body modes on various solid and soft slopes (0, 15, 20, 25, and 30 degree).
“* ¢ jindicates the cases in which the robot failed to climb the inclined surfaces and resulted
in a COT > 250.

A comparison table: Comparing to the other state-of-the-art sprawling posture robots

To date, most existing sprawling posture robots with a bendable body (salamander-like robots
(e.g., Salamandra robotica I, Salamandra robotica II, Pleurobot)) have been demonstrated for
walking and swimming, while sprawling posture robots with an over-simplified fixed body (gecko-
like robots (e.g., Nyxrobot, Stickybot, Gecko-inspired climbing robot, Gecko-inspired robot)) have
been demonstrated for climbing. From this point of view, our robot bridges the research gap
between the salamander and gecko-like robots. A comparison between our robot (Slalom) and the
other state-of-the-art sprawling posture robots (Nyxrobot [15], Stickybot [17], Gecko-inspired
climbing robot [16], Gecko-inspired robot [20], Salamandra robotica I [12], Salamandra robotica
IT [13], Pleurobot [14]) is provided as Fig. 8 in the revised manuscript as:

Control Multi- Limb structure Locomotion modes
Robot o segmented | (can use adhesive
metho body material) Horizontal | Slope | Vertical
Our robot (Slalom) CPG 0 Q
Nyxrobot IK 0
Stickybot IK, Force-based 0
controller
Gecko-inspired climbing IK, Open loop Q
robot controller
Gecko-inspired robot I, Open loop Q
controller
Salamandra robotica | CPGs
Salamandra robotica Il CPGs

Pleurobot CPGs, IK Q 0 Q 0

Fig. 8. A comparison between our robot (Slalom) and the other state-of-the-art sprawling
posture robots (Nyxrobot [15], Stickybot [17], Gecko-inspired climbing robot [16], Gecko-
inspired robot [20], Salamandra robotica I [12], Salamandra robotica II [13], Pleurobot
[14]). IK: Inverse Kinematics.

Nyxrobot
D. Shao, J. Chen, A. Ji, Z. Dai, and P. Manoonpong, “Hybrid soft-rigid foot with dry adhesive material designed for a gecko-inspired climbing
robot,” in 2020 3rd IEEE International Conference on Soft Robotics (RoboSoft), 2020, pages 578-585.

Stickybot
S. Kim, M. Spenko, S. Trujillo, B. Heyneman, D. Santos, and M. Cutkosky, “Smooth vertical surface climbing with directional adhesion,” IEEE
Transactions on Robotics, volume 24, pages 65—74, 2008.

Bio-inspired climbing robot
A. Ji, Z. Zhao, P. Manoonpong, W. Wang, G. Chen, and Z. Dai, “A bio-inspired climbing robot with flexible pads and claws,” Journal of Bionic
Engineering, volume 15, number 2, pages 368—378, 2018.



Bio-inspired robot
Z. Wang, Z. Wang, Z. Dai, and S. Gorb, “Bio-inspired adhesive footpad for legged robot climbing under reduced gravity: Multiple toes facilitate
stable attachment,” Applied Sciences, volume 8, page 114, 2018.

Salamandra robotica i
A. J. Ijspeert, A. Crespi, D. Ryczko, and J.-M. Cabelguen, “From swimming to walking with a salamander robot driven by a spinal cord model,”
Science, volume 315, number 5817, pages 1416—1420, 2007.

Salamandra robotica ii
A. Crespi, K. Karakasiliotis, A. Guignard, and A. J. Ijspeert, “Salamandra robotica ii: An amphibious robot to study salamander-like swimming
and walking gaits,” IEEE Transactions on Robotics, volume 29, number 2, pages 308-320, 2013.

Pleurobot

K. Karakasiliotis, R. Thandiackal, K. Melo, T. Horvat, N. K. Mahabadi, S. Tsitkov, J. M. Cabelguen, and A. J. Ijspeert, “From cineradiography to
biorobots: An approach for designing robots to emulate and study animal locomotion,” Journal of The Royal Society Interface, volume 13, number
119, page 20 151 089, 2016.

2. Paper presentation and organization. The presentation and organization could be improved.
a) It is not clear to group everything in the section “Material and Methods”. It is suggested
that the authors organize the contents in this section into the problem formulation, experimental
setup and CPG-based control.

Our answer: We have improved the revised manuscript by reorganizing Material and Methods
section to the following contents. We believe that this improves the readability of the manuscript.

II Gecko-inspired design methodology

A. Gecko experiments and data processing

B. Gecko-inspired bendable body and limb design
I1I Slalom, A gecko-inspired robot

A. Robot hardware setup

B. CPG-based neural control

b) Explanation of Figure 7 and Figure 8 should be included in the result section rather than
the discussion and conclusion section which should instead summarize the key results and discuss
the limitation and future work.

Our answer: We have now moved the explanation of Figures 7 and 8 to the result section (i.e., III.
EXPERIMENTAL VALIDATION OF SLALOM) and only summarized the key results and
discuss the limitation and future work in the discussion and conclusion section. Note that Figures
7 and 8 have been changed to Figures 6 and 7 respectively in the revised manuscript.

1II. EXPERIMENTAL VALIDATION OF SLALOM

[...] This indicates that the forelimbs make a significant effort to prevent the robot’s head from
moving sideways in the second half of the stance phase. Typically, a larger medio force provides
higher protection of the Slalom’s head tilting out in order to maintain the movement while stepping
forward. In this case, the bendable-body robot exhibited larger medio force than the fixed-
body robot (see (b) in Fig. 6).



[...] The stability is obtained because of the large medio and posterior forces, which cause the
COM to oscillate laterally from side to side while a pair of diagonal supporting limbs contacts the
ground intermittently in a stride. The center of the bending moment (Fig. 7b) demonstrates the
COM dynamics, which is explained by applying the lateral leg spring (LLS) model [27].
Perturbation experiments illustrated that the sprawling posture animal LLS models self-
stabilized, despite control feedback [28]. The model was stable as the medio-lateral and
anterior-posterior forces produced the lateral angular momentum that incurred in leg-to-leg
transitions [29].

1V. DISCUSSION AND CONCLUSION

GREF analysis demonstrated that the robot's hindlimbs generated most of the propulsion, as
indicated by the posterior forces. The medio forces indicated that the forelimbs prevented
the robot's head from moving sideways. The bendable-body robot exhibited greater
hindlimb posterior force and forelimb medio force than the fixed-body robot. This enhanced
the robot's stability while climbing steeper slopes. We calculated the bending angular
momentum that resulted from the forces acting on the feet. The bendable-body robot
produced a larger angular momentum, which was essential for stability during climbing.
Here, the robot produced almost similar L4,, for all the inclined slopes where the bending
radius of the bendable body was constant. In the future, we will investigate the change of
bending radius to increase L4, when encountering an increased slope angle, as observed in
geckos [30].

3. References. The references are generally good.
Our answer: We thank the reviewer for the positive judgment about the references.

Technical concerns.

4. Why is 3-DOF design selected for the robot body? How about the design with more active
joints? Do the authors expect more improvement in terms of energy efficiency when increasing
the DOF of the body?

Our answer: According to our design methodology, we evaluate the number of joints that could
reproduce the curvature of the gecko's body by using an error metric (see Fig. 1c in the revised
manuscript). Although the more joints, the better the ability to capture the bending shapes of the
gecko's body during locomotion, the exponential of the total error value begins to converge to our
acceptable point (i.e., 5% total error) at three DOFs. As a result, we chose three-body joints as the
bare minimum of joints required for the robot to imitate the gecko's body posture, as well as a
reasonable trade-off based on the geometry and resulting length and weight of the robot.

The length and weight of the robot with three body joints are 35cm and 2.45kg, respectively. If we
design with more active joints such as six body joints, the error matric (Fig. 1c¢) shows a good
geometry with approximately 2% total error. However, robot locomotion efficiency depends not



only on the geometry but also on the weight and size. With the six joints, the robot length will be
52.5cm and its weight will be 3kg. This will lead to 22% heavier and can affect the locomotion
performance by typically consuming more energy. Thus increasing the DOF of the body might not
improve the robot’s energy efficiency but will make the robot heavier which will be difficult to
climb up a steep slope or a wall in the future.

We have now provided estimated weights at different DOFs in Fig. 1.
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Fig. 1:[...] (¢) An error area between the observed trunk bending in the Gecko and the segmented
line with different joint numbers were considered. The resulting number of joints (three, indicated
by red point) was selected as a trade-off between the accuracy of the approximation and the
minimal number of joints. Robot weight was estimated as a function of the DOFs. The robot
weight was 7%, 14%, or 22% heavier than the three DOFs, when four, five, or six DOFs
were selected, respectively. Likewise, the power consumption increased to 10%, 21%, 32%.

(d[...]

5. “Flexible” is a little misleading here. Is there any impedance or elastic property encoded in
the active joint like a soft-body in the real gecko?

Our answer: We have now replaced the term “flexible” to “bendable” to avoid confusion since in
this work we have not included any impedance or elastic property encoded in the active joints.
However, we are currently investigating on implementing adaptive muscle models for the
flexible/elastic property, like a soft-body in the real gecko. This information has been provided in
the revised manuscript as:

[...] This extension will allow the robot to efficiently achieve different locomotion modes,
such as walking, swimming, and climbing (up and down on inclined surfaces and walls). We
will apply adaptive muscle models [32] to encode an elastic property resembling a real gecko-
like flexible body.



[32] C.V. Huerta, X. Xiong, P. Billeschou, and P. Manoonpong, “Adaptive neuromechanical
control for robust behaviors of bio-inspired walking robots,” in Neural Information
Processing, Cham: Springer International Publishing, 2020, pages 775-786.

6. A dynamic model of the robot will be beneficial to help understand and explain the energy
efficiency improvement of the flexible robot body compared with a rigid robot body. However,
such a dynamic model is not available currently in this paper.

Our answer: Robot energy efficiency is influenced by a number of factors. One of them is the
length of a robot's stride, which shows a clear distinction between fixed and bendable body
configurations. Thus, we focus on analyzing a stride length involved in energy efficiency using a
simplified geometrical model [26] (see Fig. LOC1). In this model, we assume that stride lengths
are constant, and the movements of the left and right legs are symmetrical. We can calculate the
stride length of both body configurations based on the assumption:
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Fig LOCI: A stride length of the robot with the fixed (top) and bendable
bodies (bottom), where 7 is a stride length.

Dfixed = 4L - cos(B), (1)
Dpena = 4L - cos(a), (2)



where Dfiyeq and Dpenq are a stride length of the fixed and bendable bodies, respectively, and L is
the leg length (i.e., 17.3 cm) which is set to a constant value during a stance phase.

(d) head
X
C L ’[g Front girdle frame
T =a Ky )

. b )

Fig LOC2: A geometrical model of the fixed Fig LOC3: A geometrical model of the
body. bendable body.

Based on the geometrical model in Fig. LOC2 and Fig. LOC 3, we rewrite equations (1) and (2)
in terms of the representative variables (¢, R) to illustrate the robot postures. ¢ is the angle
between the foot location and the y-axis of the girdle frame at the beginning of each stride, and R
is the bending radius of the bendable body. From the geometric relationship of the model, we
obtain the following question:

B =90—-o, 3)
a=90-¢-2, (4)

using the segment of a circle formula (S = 1%OHR), where 6 unit is degree. Thus, we can express
the equation (4) by substituting 6 as:

a=90—¢p—-2.3 (5)

n R

substituting £ (equation (3)) and a (equation (5)) to the equations (1) and (2), respectively, we
obtain general equations with the two variables as follows:

Dfixeq = 4L - cos(90 — o), (6)



90 S
Dpena = 4L~ cos(90 — ¢ — (= -2)), (7

where S is the body length (i.e., 35 cm).

From our neural control, the motor signals generate a trot gait where ¢ is 17 degrees for both
configurations and R is 41.7 cm for the bendable body. Based on the model, the stride lengths of
the fixed body (Dfixeq) and bendable body (Dpenq) are 20.2 cm and 45.3 c¢m, respectively.
According to this, the stride length of the bendable body is approximately 2.24 times larger than
that of the fixed body (Dpenq~2-24Dfixeq)-

We assume that the bendable-body robot and fixed-body robot have the same mass (m) and almost
the same energy usage (E). Based on the assumption and geomatical analysis, the COT ratio can
be described as follows:

Epend _Ebena
COTbend _ ngbETld _ 2.24Dfixed ~ 0 45
COTfixed Efixed Efixea — 1777
mgDgixed Dfixed

COTpeng = 0.45C0Tyixeq.

To sum up, our analysis shows that the COT of the bendable body is reduced approximately 55%
when compared with the fixed body.

Finally, the climbing experiments (Fig.5) show that the robot with the bendable body can improve
energy efficiency where the COT of the bendable body was approximately 52% (54%) lower than

that of the fixed body for all solid (soft) slopes (COTpenq~ 0.48COTfyeq for solid slopes,
COTpeng~ 0.46COTf;yeq for soft slopes.

Due to the space limitation, we have now minimally provided this information in Fig. 2d and e.
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Fig. 2. Architecture of the simplified CPG-based controller. (a) Neural circuit for controlling the
gecko-inspired robot. (b) Location of the motor neurons on the robot and their movements.



Minimum and maximum angles of the body joints, leg joint 1, leg joint 2, leg joint 3 and leg joint
4. (c) Example of components at the body joints and the left hind leg (LH). (d), (¢) Geometrical
models of the bendable and fixed bodies. The models can be used to analyze the energy
efficiency improvement based on a stride length of the bendable robot body (Dpepng)
compared with the fixed robot body (Dj;ycq)- @ is the angle between the foot location and the
y-axis of the girdle frame at the beginning of each stride (i.e., 17 degrees). R is the bending
radius of the bendable body (i.e., 41.7 cm). L is the leg length (i.e., 17.3 cm). § is the body
length (i.e., 35 cm). According to the parameter values obtained from the real robot
movements driven by the neural control, Dy, 4 is proximately 2.24 times larger than D ;,4.
The bendable-body robot treaded longer than the fixed-body robot during each stride.
Therefore, the cost of transport (COT) of the bendable-body robot was lower than that of

the fixed-body robot (COT pppq = —COZT £4d

same mass (m) and almost the same énergy usage (E)). The COT formula is shown in section
IV. Dpeng and Dyiypeq derivation formulae can be accessed at https:/bit.ly/3fXxLjH. Our

robot climbing experimental observations (Fig. 5) followed COT estimations.

, assuming that both robot configurations have the

[26] K. Mombaur, H. Vallery, Y. Hu, J. Buchli, P. Bhounsule, T. Boaventura,P. M. Wensing,
S. Revzen, A. D. Ames, 1. Poulakakis, and A. Ijspeert, “Chapter 4 - control of motion and
compliance,” in Bioinspired Legged Locomotion, M. A. Sharbafi and A. Seyfarth, Eds.,
Butterworth-Heinemann, 2017, pages 135-346.

7. The metric Cost of Transportation (COT) has been used and compared between the flexible
and fixed robot body designs in this paper. How about the whole-body moving speeds? Currently,
there is no quantitative comparison of speed in the manuscript.

Our answer: We have now added the whole-body climbing speeds in Fig. 5.


https://bit.ly/3fXxLjH
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Fig. 5. (a) COT and (b) climbing speed are being compared between movements with
bendable and fixed body modes on various solid and soft slopes (0, 15, 20, 25, and 30 degree).
“* ¢ indicates the cases in which the robot failed to climb the inclined surfaces and resulted
in a COT > 250.

8. In Figure 8c, it is not clear whether the difference in the bending angular momentums of
the two designs is significant or not. The authors need to explain and justify why they choose this
metric and why the difference is significant to justify the usefulness of their flexible design.

Our answer: Figure 8c has been now changed to Figure 7c in the revised manuscript. To date,
many researchers have studied the stability of sprawling posture animals and found that the lateral
ground reaction forces is an essential key to define its stability locomotion. Kubow and Full (1999)
created a first dynamic model of a six-legged anchored for defining stability and maneuverability
in sprawling posture animals. The movement of the model was controlled by providing the medio-
lateral and anterior-posterior forces, which were measured in cockroaches. Surprisingly, the model
could passively self-stabilized to perturbation without the aid of control feedback [28].

In addition, Schmitt and Holmes (2000a, b) represented the synergistic behavior of the insect’s leg
by applying the lateral leg spring (LLS) model. The LLS model consists of a single leg spring
connected to the center of pressure (P) on the body (Fig. LOC3). Perturbation experiments
illustrated that the model self-stabilizes as it walks forward with laterally oscillating side to side.
The model obtained stability because the medio-lateral and anterior-posterior forces produce the
lateral angular momentum incurred in leg-to-leg transitions [29].

Based on previous studies, we found that they have a strongly reasonable explanation of stability
with respect to the lateral angular momentums. This is the reason why we choose the bending
angular momentum to evaluate stability in our study.



(a) (b) (c)

Fig. LOC3: (a) Overhead views of a cockroach. (b) A cartoon of the LLS model
during a stride. (¢) Model details from [29].

Moreover, GRFs of geckos moving on different slopes are used to reveal how the lateral bending
of the body responds to changing slope [30]. The observations show that the minimum bending
radius continually decreases with an increase in the slope, indicating that geckos bend their spine
to increase the bending angular momentum (L,,,) when the slope increase (Fig. LOC4). It is
evident that the gain of bending angular momentum is meaningful for maintaining stability in
sprawling posture animals when climbing on a slope. This is also the reason why the difference
Ly 1s significant to justify the usefulness of body bending for climbing.
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Fig. LOC4: (a) Diagram of the calculation for bending angular momentum. (b) Mean values of
the bending angular momentum of geckos climbing on different slopes from [30].




In “C. Ground reaction force analysis”, we have provided this information as:

[...] The center of the bending moment (Fig. 7b) demonstrates the COM dynamics, which is
explained by applying the lateral leg spring (LLS) model [27]. Perturbation experiments
illustrated that the sprawling posture animal LLS models self-stabilized, despite control
feedback [28]. The model was stable as the medio-lateral and anterior-posterior forces
produced the lateral angular momentum that incurred in leg-to-leg transitions [29].

[28] T. M. Kubow, “The role of the mechanical system in control: A hypothesis of self-
stabilization in hexapedal runners,” Philosophical Transactions of the Royal Society B:
Biological Sciences, volume 354, number 1385, pages 849-861, May 1999.

[29] J. Schmitt, M. Garcia, R. C. Razo, P. Holmes, and R. J. Full, “Dy- namics and stability
of legged locomotion in the horizontal plane: A test case using insects,” Biological
Cybernetics, volume 86, number 5, pages 343-353, 2002.

Schmitt, J. and Holmes, P. (2000a). Mechanical models for insect locomotion: Dynamics and stability in the horizontal plane. I. Theory. Biol.
Cybern. 83, 501-515.

Schmitt, J. and Holmes, P. (2000b). Mechanical models for insect locomotion: Dynamics and stability in the horizontal plane. I1. Application. Biol.
Cybern. 83, 517-527.

Other concerns.

9. The last column at slope angle 30 in Figure 6 seems truncated.

Our answer: Noted that Figure 6 has been changed to Figure 5 in the revised manuscript. The last
column of Figure 5 is the COT compared between the robot movements with the bendable and
fixed body when the robot climbed up on the 30-degree slope with various stride frequencies (0.10,
0.15, 0.19, 0.22, and 0.25 Hz). We let the robot climb 10 trials and record the experimental data
when the robot successfully 100% traversed to Im distance without falling and human
intervention. However, the robot could not climb with a fixed body (i.e., without lateral body
movement) on the 30-degree slope for all frequencies. The success rate is 0% because the robot
always slipped and stayed at the starting point. This leads to the COT values of the fixed body
(more than 250). To make it more clear, we have now added ““ * ™ on top of the graph to indicate
the robot failed to walk up the slope.

We have added more explanation in the revised captions of Figure 5:
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Fig. 5. (a) COT and (b) climbing speed are being compared between movements with
bendable and fixed body modes on various solid and soft slopes (0, 15, 20, 25, and 30 degree).
“* ¢ jindicates the cases in which the robot failed to climb the inclined surfaces and resulted
in a COT > 250.

10. In Figure 7, a-f should be explained in the captions.
Our answer: Noted that Figure 7 has been changed to Figure 6 in the revised manuscript. We have
now added the explanation of a-f in the revised captions of Figure 6:

“Fig.6. Comparison of ground reaction forces (GRFs) in fixed and bendable body movements. Left
forelimb and left hindlimb GRFs were measured and analyzed with respect to medio-lateral (Fx),
anterior-posterior (Fy) and normal (Fz). The robot with a bendable body produces medio-
lateral forces in the forelimb, including (a) lateral peak force, (b) medio peak force, and (c)
lateral force during slip. For the anterior-posterior forces, the forelimb always produces a
posterior force below 4N (d) while the force reaches 6N (e) for the hindlimb. The normal
forces of both the bendable and fixed bodies are similar (f). Each snapshot below shows the
body postures and the position of feet on/off the ground during climbing.”

11. The paper does not have a multimedia attachment. However, it is highly suggested that a
video should be included to show the experimental results and comparisons.

Our answer: We have now provided a supplementary video and mentioned it in the revised
manuscript as:

Fig. 4: [-..] A video of  the experiments can be seen at
http://www.manoonpong.com/Slalom/Videol.mp4.



http://www.manoonpong.com/Slalom/Video1.mp4

Review150327(Reviewer6)

The paper presents the design of a gecko robot and its control. The claim of the paper is the
distribution of joints in the sprawlings shape of the robot allowing this having an optimal flexibility
for better climbing (reduction of 52% if energy consumption compared to fixed body robot). The
control is based on central pattern generator (CPG) based neural network. Finally , experiments
are carried out.

The paper is well written. However, I have the following concerns.

We thank the reviewer for the positive judgment and for your comments and suggestions to
improve the manuscript. We have now addressed all point below. We hope that the improvement
makes the manuscript suitable for publication in RA-L.

The claimed contribution in term of design is clarified in the paper. Meanwhile, from the literature,
its novelty seems to be not justified.

Our answer: We have now performed new experiments and provided a comparison table to show
the novelty (see below).

New experiments: Slopes with a soft? surface

We agreed that other crawling, swimming, and undulating robots with multiple active joints (like
Salamandra robotica I, Salamandra robotica II, Pleurobot) could effectively locomote on solid
surfaces. They can also swim in water/liquid. However, these robots have not shown their
locomotion on a steep slope (e.g., 30 degrees) as demonstrated here. Furthermore, we have
conducted new climbing experiments to demonstrate the benefit of having a bendable body with
multiple joints on different slope angles with a soft surface (foam mat), such a soft slope has not
been systematically tested by the other sprawling posture robots (see Table below). Our findings
show that the robot with a fixed body can climb up the soft slope with a maximum angle of 20
degrees. In contrast, the robot with the bendable body can successfully climb up a steeper one with
a 25-degree angle. The results have been added to new Figs. 4 and 5 of the revised manuscript (see
below).

Note that due to the comment below, we have now changed the term “flexible” body to “bendable”
body.

We have also provided the information of the soft slope climbing as:

Abstract

[...] The results in 52% and 54% reduced energy consumptions during climbing on steeper
inclined solid and soft surfaces, respectively, compared to climbing with a fixed body. [...]

2 Soft matter can be considered between solids and liquids (https://www.global.hokudai.ac.jp/wp-
content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf).



https://www.global.hokudai.ac.jp/wp-content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf
https://www.global.hokudai.ac.jp/wp-content/uploads/2018/07/Soft-Matter-Material-of-the-Future.pdf

1. INTRODUCTION

[...] 1) a gecko-inspired bendable body design and movement for energy-efficient climbing
inclined solid and soft surfaces; |[...]

1V. DISCUSSION AND CONCLUSION

[...] For instance, it was unable to climb with the fixed body at a 30-degree solid slope and a
25-degree soft slope. This is because, when the angles of the solid and soft slopes were greater
than 25 and 20 degrees, respectively, it began to slip on the solid slope and to get stuck on the
soft slope (see http://www.manoonpong.com/Slalom/Videol.mp4).

B. Robot climbing experiments

This climbing experiments evaluated energy efficiency while moving forward at different solid
and soft inclined surfaces with bendable and fixed-body modes. During locomotion, the CPG-
based control generated the trot gait. For the bendable body, the gait involves the body oscillation
with C-shaped standing wave that is well-coordinated with the limbs. On solid slopes, different
speeds (0.10, 0.15, 0.19, 0.22, and 0.25 Hz) were investigated, whereas on soft slopes, only the
most energy-efficient climbing speed (0.25 Hz) realized from solid slope climbing was
investigated.

[...] Such control strategies were applied while climbing on soft slopes. Snapshots of Fig. 4(a)
depict a 15-degree climbing by the robot on a solid inclined surface, which corresponds to the
red areas of the control signals. Photo 1 illustrates the swing phase in which the body joints reached
the middle position while rotating from the right side to the left; the elevation of LF2 and RH2 was
observed, while RF2 and LH2 stayed on the ground. Photo 2 shows the stance phase in which the
body flexion appeared as a C-shaped standing wave on the right side while all the limbs stayed on
the ground. Photo 3 shows the robot performing the opposite C-shaped body flexion during the
stance phase. Similar climbing behavior was observed on a 15-degree soft inclined surface
(Fig. 4b).

[...] It is clear that this solid-slope climbing experiment provide a stride frequency of 0.25 Hz,
which consumed the lowest COT on each slope, and consequently it was defined as the optimal
moving speed. This frequency was employed in the soft inclined surface climbing experiment
(Fig. 5). While the bendable-body robot climbed solid and soft surfaces inclined up to 30 and
25 degrees, respectively, the fixed-body robot climbed those inclined up to 25 and 20 degrees,
respectively.


http://www.manoonpong.com/Slalom/Video1.mp4
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Fig. 4. Example of Slalom locomotion with the bendable body on solid and soft inclined surfaces.
(a) The top graph shows the CPG output signals. The other graphs show the joint angles of the
body (BJ1,2 .3, see Fig. 2b), left front (LF1,2, see Fig. 2b), and left hind (LH1,2, see Fig. 2b). The
snapshots below illustrate the postures of the robot and gecko during inclined solid surface
climbing. (b) The snapshots depict the robotic postures while climbing a soft inclined surface.
A video of the experiments can be seen at http://www.manoonpong.com/Slalom/Videol.mp4.
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http://www.manoonpong.com/Slalom/Video1.mp4

Fig. 5. (a) COT and (b) climbing speed are being compared between movements with
bendable and fixed body modes on various solid and soft slopes (0, 15, 20, 25, and 30 degree).
“* ¢ jindicates the cases in which the robot failed to climb the inclined surfaces and resulted
in a COT > 250.

A comparison table: Comparing to the other state-of-the-art sprawling posture robots

To date, most existing sprawling posture robots with a bendable body (salamander-like robots
(e.g., Salamandra robotica I, Salamandra robotica II, Pleurobot)) have been demonstrated for
walking and swimming, while sprawling posture robots with an over-simplified fixed body (gecko-
like robots (e.g., Nyxrobot, Stickybot, Gecko-inspired climbing robot, Gecko-inspired robot)) have
been demonstrated for climbing. From this point of view, our robot bridges the research gap
between the salamander and gecko-like robots. A comparison between our robot (Slalom) and the
other state-of-the-art sprawling posture robots (Nyxrobot [15], Stickybot [17], Gecko-inspired
climbing robot [16], Gecko-inspired robot [20], Salamandra robotica I [12], Salamandra robotica
IT [13], Pleurobot [14]) is provided as Fig. 8 in the revised manuscript as:

Control Multi- Limb structure Locomotion modes
Robot o segmented | (can use adhesive
metho body material) Horizontal | Slope | Vertical
Our robot (Slalom) CPG 0 Q
Nyxrobot IK 0
Stickybot IK, Force-based 0
controller
Gecko-inspired climbing IK, Open loop Q
robot controller
Gecko-inspired robot I, Open loop Q
controller
Salamandra robotica | CPGs
Salamandra robotica Il CPGs

Pleurobot CPGs, IK Q 0 Q 0

Fig. 8. A comparison between our robot (Slalom) and the other state-of-the-art sprawling
posture robots (Nyxrobot [15], Stickybot [17], Gecko-inspired climbing robot [16], Gecko-
inspired robot [20], Salamandra robotica I [12], Salamandra robotica II [13], Pleurobot
[14]). IK: Inverse Kinematics.

Nyxrobot
D. Shao, J. Chen, A. Ji, Z. Dai, and P. Manoonpong, “Hybrid soft-rigid foot with dry adhesive material designed for a gecko-inspired climbing
robot,” in 2020 3rd IEEE International Conference on Soft Robotics (RoboSoft), 2020, pages 578-585.

Stickybot
S. Kim, M. Spenko, S. Trujillo, B. Heyneman, D. Santos, and M. Cutkosky, “Smooth vertical surface climbing with directional adhesion,” IEEE
Transactions on Robotics, volume 24, pages 65—74, 2008.

Bio-inspired climbing robot
A. Ji, Z. Zhao, P. Manoonpong, W. Wang, G. Chen, and Z. Dai, “A bio-inspired climbing robot with flexible pads and claws,” Journal of Bionic
Engineering, volume 15, number 2, pages 368—378, 2018.



Bio-inspired robot
Z. Wang, Z. Wang, Z. Dai, and S. Gorb, “Bio-inspired adhesive footpad for legged robot climbing under reduced gravity: Multiple toes facilitate
stable attachment,” Applied Sciences, volume 8, page 114, 2018.

Salamandra robotica i
A. J. Ijspeert, A. Crespi, D. Ryczko, and J.-M. Cabelguen, “From swimming to walking with a salamander robot driven by a spinal cord model,”
Science, volume 315, number 5817, pages 1416—1420, 2007.

Salamandra robotica ii
A. Crespi, K. Karakasiliotis, A. Guignard, and A. J. Ijspeert, “Salamandra robotica ii: An amphibious robot to study salamand er-like swimming
and walking gaits,” IEEE Transactions on Robotics, volume 29, number 2, pages 308-320, 2013.

Pleurobot

K. Karakasiliotis, R. Thandiackal, K. Melo, T. Horvat, N. K. Mahabadi, S. Tsitkov, J. M. Cabelguen, and A. J. Ijspeert, “From cineradiography to
biorobots: An approach for designing robots to emulate and study animal locomotion,” Journal of The Royal Society Interface, volume 13, number
119, page 20 151 089, 2016.

The design and the functioning of the robot are hard to see without video. It is not fair to present
moving robot with different photos and curves (which are not finally really representative) while
video could have accompanied the paper.

Our answer: We have now provided a supplementary video and mentioned it in the revised
manuscript as:

Fig. 4: [...] A video of  the experiments can be seen at
http://www.manoonpong.com/Slalom/Videol.mp4.

The control law is based on previous work (see [24]) which apparently was more general. The real
contribution in term of control here is therefore questionable.

Our answer: When designing a controller for a sprawling posture robot with an active
bendable/flexible body, the coordination between the body and legs is important. Most of these
robots uses inverse kinematics requiring a robot kinematic model and/or complex multiple CPGs
requiring a CPG synchronization mechanism (e.g., Pleurobot, Salamandra robotica I-II) to
generate C-shaped standing and/or S-shaped traveling waves for their body movement. For
example, Pleurobot is driven by multiple CPGs to coordinate between legs and body with a
standing wave for walking on the ground or generate a traveling body patten for swimming in the
water.

So far, a single oscillator (a CPG) has not been fully explored for controlling a sprawling posture
robot with an active bendable/flexible body, especially generating both various gaits and traveling
body patterns. Our research question is “Is it possible to coordinate legs with lateral undulation
patterns of the body using only one single oscillator?” Achieving this will reduce control
complexity of a sprawling posture robot with an active bendable/flexible body and will also create
a follow-up question “why do animals have multiple CPGs?”

From this point of view, we aim to use CPG-based neural control with a single CPG to well-
coordinated legs with various body patterns for achieving versatile locomotor behaviors including


http://www.manoonpong.com/Slalom/Video1.mp4

walking, swimming, and climbing. And we would like to see the limit of the simplified control
approach to gain a better understand of animal locomotion control.

In this paper, our contribution in terms of control is that a single CPG can control the bendable
body and leg coordination to achieve a trot gait and lateral body undulation with a C-shaped
standing wave (Fig. LOCI, left). The simplified CPG-based neural control does not require a
robot kinematic model or complex synchronization mechanism between CPGs. Recently, we have
realized that it is possible to generate both standing and traveling waveforms of lateral body
movement by simply adding delay lines (t) and to generate proper leg trajectory for
climbing/walking with various traveling body waveforms by applying a fast learning/trajectory
optimization method [Thor et al., 2020] (Fig. LOCI, right).
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Fig. LOCI: Left, Neural control with a single CPG (shown in this study). Right, its extension for
generating various traveling waveforms with proper leg movements.

In the future, the control framework will be extended with delay lines and leg trajectory
optimization (as shown in Fig. LOCI, right). The trajectory optimization can be achieved by using
premotor neural networks (e.g., radial basis networks) with a learning mechanism (e.g., PI88) for

learning optimal coordination of leg and body patterns of standing and traveling waves
(Fig. LOC2).
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Fig. LOC2: The extended neural CPG-based control with delay lines, RBFNs, and PI%8 for
versatile locomotion behaviors.

A preliminary result of this extended control for walking with both standing and traveling waves
can be seen at www.manoonpong.com/Slalom/Video2.mp4. However, presenting this in the
manuscript will go beyond the scope of this work.

To clarify our control contribution, we have now provided a comparison table:

Multi- Limb structure Locomotion modes Surface
Control
Robot thod segmented | (can use adhesive
metho o material) Horizontal | Slope | Vertical | Solid | Soft | Liquid
Our robot (Slalom) CPG Q Q 0 Q ° 0 0 °
— « 0 @ © 00 & 0 6
X IK, Force-based 0 6 Q Q o e 0
Stickybot controller Q
Gecko-inspired climbing | IK, Open loop Q Q Q 6 o 0 0 0
robot controller
Gecko-inspired robot IK;Qpen kaop 0 0 0 9 Q 0 Q Q
controller
Salamandra robotica | CPGs 0 e 0 e 0 Q Q Q
Salamandra robotica Il CPGs 0 ° Q e Q 0 e 0
Pleurobot CPGs, IK 0 e 0 e Q 0 0 0

Fig. 8. A comparison between our robot (Slalom) and the other state-of-the-art sprawling
posture robots (Nyxrobot [15], Stickybot [17], Gecko-inspired climbing robot [16], Gecko-
inspired robot [20], Salamandra robotica I [12], Salamandra robotica II [13], Pleurobot
[14]). IK: Inverse Kinematics.

In the section of Discussion and conclusion, we have also added:

Regarding the control mechanism (Fig. 8), most of these salamander and gecko-like robots
use inverse kinematics (IK) [15], [16], [17], [20] (requiring a robot kinematic model) or/and
complex multiple CPGs [12], [13], [14] (requiring a synchronization mechanism between
CPGs) to generate robot gaits with C-shaped standing and/or S-shaped traveling waves.
However, our simple and single CPG-based control approach neither requires a kinematic
model nor a CPG synchronization to generate a trot gait with a C-shaped standing wave. In
the future, we will extend our single CPG-based control with delay lines and premotor neural
networks with a fast learning mechanism [31] to automatically obtain multiple gaits and
various body patterns (standing and traveling waves). This extension will allow the robot to
efficiently achieve different locomotion modes, such as walking, swimming, and climbing (up
and down on inclined surfaces and walls). We will apply adaptive muscle models [32] to
encode an elastic property resembling a real gecko-like flexible body.


http://www.manoonpong.com/Slalom/Video2.mp4

[31] Thor, M., Kulvicius, T., Manoonpong P. (2020) Generic Neural Locomotion Control
Framework for Legged Robots, IEEE Transactions on Neural Networks and Learning
Systems, DOI: 10.1109/TNNLS.2020.3016523

[32] Huerta, C.V., Xiong, X., Billeschou, P. and Manoonpong, P., 2020, Adaptive
Neuromechanical Control for Robust Behaviors of Bio-Inspired Walking Robots. In
International Conference on Neural Information Processing (pp. 775-786). Springer, Cham.

Some technical word are confusing and wrong, and has to be checked. For example:- "The transfer
function that determines the outputs of neurons is a hyperbolic tangent" "transfer function" in
control systems is for linear systems and is based on Laplace variable, moreover it is a gain i.e.
ratio between an input and an output. How can one uses the expression "transfer function" for as
a signal with nonlinear hyperbolic tangent?

Our answer: Thank you for this comment. In fact, our transfer function here means our neural
activation function that determines the outputs of neurons. To avoid the confusion, we have now
corrected this as:

“The output of the neuron is calculated using a hyperbolic tangent (tanh) activation function
(i.e., 0; = tanh(a;)). Therefore, the value of o; is between -1 and 1.”



Lateral undulation of the bendable body of a gecko-inspired

robot for energy-efficient inclined surface climbing

Worasuchad Haomachai, Donghao Shao, Wei Wang, Aihong Ji, Zhendong Dai, Poramate Manoonpong”

Abstract—Sprawling posture animals with their bendable
spine, such as salamanders, and geckos, can perform agile and
versatile locomotion including walking, swimming, and climbing.
Therefore, several roboticists have used them as templates for
robot designs to investigate and generate efficient locomotion.
Typically, walking and/or swimming abilities are realized by
salamander-inspired robots with a bendable body, whereas climb-
ing ability is achieved on gecko-inspired robots with an over-
simplified fixed body. In this study, we propose optimal bendable
body design with three degrees of freedom (DOFs). Its imple-
mentation on a sprawling posture robot is inspired by geckos
for climbing enhancement. The robot leg and body movements
are coordinated and driven by central pattern generator (CPG)-
based neural control. As a consequence, the robot can climb using
a combination of trot gait and lateral undulation of the bendable
body with a C-shaped standing wave. Through the real robot
experiments on a 3D force measuring platform, we demonstrate
that, due to the dynamics of the bendable body movement, the
robot can gain higher medio-lateral (/) ground reaction forces
(GRF%) at its front legs as well as anterior—posterior (F,) GRFs at
its hind legs to increase the bending angular momentum (L 4 /).
This results in 52% and 54% reduced energy consumptions
during climbing on steeper inclined solid and soft surfaces,
respectively, compared to climbing with a fixed body. To this end,
the study provides a basis for developing sprawling posture robots
with a bendable body and neural control for energy-efficient
inclined surface climbing with a possible extension towards agile
and versatile locomotion, such as sprawling posture animals.

Keywords—climbing robot, sprawling locomotion, bendable
body, lateral undulation, central pattern generator, neural con-
trol, bending angular momentum

I. INTRODUCTION

Sprawling animals, such as geckos and salamanders, have
a bendable spine that can bend their trunk to coordinate with
their limb movements during locomotion. The coordination
plays a crucial role in obtaining agile locomotor capabilities
(e.g., acceleration of locomotion [[1] [2] [3]], flexible trajecto-
ries during turning [4]], stabilization of the body [5]] [6]], energy
efficiency [7]) and versatile locomotor behaviors including
walking, swimming, and climbing. Particularly, geckos not
only perform various locomotion modes but also display the
standing and traveling waves of lateral undulation patterns
during slow-speed trotting and high-speed running, respec-
tively. They achieve this by altering the angular velocity of the

W. Haomachai, D. Shao, W. Wang, A. Ji, Z. Dai and P. Manoonpong
are with the Institute of Bio-inspired Structure and Surface Engineering,
College of Mechanical and Electrical Engineering, Nanjing University of
Aeronautics and Astronautics, Nanjing, China. P. Manoonpong is also with
Bio-inspired Robotics & Neural Engineering Lab, School of Information
Science & Technology, Vidyasirimedhi Institute of Science & Technology,
Rayong, Thailand and Embodied AI & Neurorobotics Lab, SDU Biorobotics,
Mzarsk Mc-Kinney Mgller Institute, University of Southern Denmark, Odense,
Denmark. All correspondence should be addressed to *P. Manoonpong,

( poma@nuaa.edu.cn, poramate.m@vistec.ac.th )

spine and limb joints, which also enhance locomotion stability
[8]]. Therefore, many researchers have investigated sprawling
locomotion with lateral spine movement to develop robots that
approach animal locomotor skills.

To date, there are two main streamlines of sprawling posture
robot development. The first one focuses on the development
of sprawling robots inspired by salamanders for terrestrial
walking [9], [10], aquatic stepping [11], and/or swimming
[12]], [13], [[14)]. Modern sprawling robots, like Salamandra
robotica [12], [[13] and Pleurobot [[14f], can achieve not only
multimodal locomotion modes but a smooth transition from
swimming in water to walking on a non inclined surface and
vice versa. One of key ingredients underlying the achievement
is the use of a bendable segmented spine with 8-11 active
joints. The spine basically improves robot locomotion through
lateral undulation. The spine is designed and optimized based
on the cineradiographic data from different salamander loco-
motion modes.

Parallel to the first streamline, the second one focuses
on the development of sprawling robots inspired by geckos
for terrestrial walking and/or climbing. Most gecko-inspired
robot mainly focus on special foot structure design [15]]
and the use of directional or non-directional dry adhesive
materials for climbing smooth inclined and vertical surfaces
(5], [16], [17], (18], [19], [20], [21]. Although they exhibit
impressive climbing ability, none of them have exploited the
essential role of the lateral undulation of a bendable body
as realized in salamander-inspired robots and found in geckos
[22] for efficient locomotion. This is because they are typically
designed with an over-simplified fixed body. From this point
of view, in this study we propose an optimal bendable body
design with three DOFs and demonstrate its implementation
on a gecko-inspired robot, Slalom (Fig. [I)) for climbing en-
hancement on inclined surfaces. The body was designed to
closely match the body lateral movement of Gekko geckos.
Slalom, with its bendable body and four legs, has a total of
19 joints (i.e., three joints for the body and four for each leg),
which are coordinated and driven by central pattern generator
(CPG)-based neural control. The main contributions of this
study include: i) a gecko-inspired bendable body design and
movement for energy-efficient climbing inclined solid and soft
surfaces; ii) CPG-based neural control for bendable body and
leg coordination to achieve a trot gait, lateral body undulation
with a C-shaped standing wave, and their combination; iii) real
robot climbing experiments at different movement frequencies
under different inclined angles, as well as a comparison

INote that, the main difference between salamander and gecko-like robots
is described in the discussion section.
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Fig. 1. The robot’s spine was optimally designed to match its biological
counterpart’s kinematics during locomotion. We used a high-speed camera to
record the Gekko gecko and the resulting three-dimensional kinematics of the
skeletal structure to design the robot’s body. (a) Animal morphology composed
of the head, spine, and four limbs. (b) Snapshot of high-speed video of gecko
movement. The white points on the gecko are reference markers for tracking
the movement of its skeleton. (c) An error area between the observed trunk
bending in the Gecko and the segmented line with different joint numbers
were considered. The resulting number of joints (three, indicated by red point)
was selected as a trade-off between the accuracy of the approximation and
the minimal number of joints. Robot weight was estimated as a function of
the DOFs. The robot weight was 7%, 14%, or 22% heavier than the three
DOFs, when four, five, or six DOFs were selected, respectively. Likewise, the
power consumption increased to 10%, 21%, 32%. (d) According to our design
methodology, Slalom is constructed with a 3-DOF body and four DOFs per
leg. (e) Different DOFs with symmetrical positions. Their segmented line (red
line) is compared with the curvature of the gecko’s body (black curve).

of climbing performance with and without the lateral body
undulation, and iv) ground reaction force and bending angular
momentum analysis under body movement dynamics.

II. GECKO-INSPIRED DESIGN METHODOLOGY
A. Gecko experiments and data processing

The structural design of our robot Slalom is based on the
Gekko gecko which exhibits agile movement for flexible and
efficient walking, running, and particularly climbing. Its mor-
phology is composed of a head, an elongated body (trunk and
tail) and four limbs located at the pectoral and pelvic girdles
(Fig. [Th). The spine and leg movements during locomotion
were determined from experimental videos recorded using a
high-speed camera (Olympus iSpeed-3, 1280-pixel x 1024-
pixel resolution, a frame rate of 500 Hz). Before each trial, the
reference points were marked on the gecko’s spine, head, and
legs using 29 infrared reflective markers (Fig. [Ip). The white
circle markers were placed on the legs (12 markers), trunk
(ten markers), tail (five markers), and head (two markers). The
animal experiments were performed as per the Guidelines for
Laboratory Animal Management in China. The experimental

procedures were approved by the Jiangsu Association for
Laboratory Animal Science (Jiangsu, China, approved file no.
2019-152).

The recorded videos were used to track the movement of the
gecko skeleton during forward movement. For this purpose,
a motion tracking software based on MATLAB (MATLAB
R2019b, MathWorks, Inc.) was developed and used. The top
and side views were digitized at a frame rate of 120 Hz. The
body posture dataset was then used to guide an evaluation
with the optimal segmentation of the robot’s body (i.e., the
minimum number of joints), and their placement was defined
as equidistant. A comparison of the animal and robot spine
structures is shown in Figs. [T and [Id, respectively.

B. Gecko-inspired bendable body and limb design

The recorded data for the axial movements of the gecko
show that during steady-state locomotion, the gecko undulated
mainly in the transverse plane; bending in the sagittal plane
was in a very small range [4]. This reduces the problem
of designing the robot body for optimal segmentation in the
transverse plane.

Each snapshot of the gecko body was represented as ten
marker points in Cartesian coordinates. These points were
converted to a continuous curve as the hypothetical midline of
the body (body interpolation). The conversion was performed
using a polynomial curve fitting function (polyfit) in MAT-
LAB, with a fourth-degree polynomial equation. The starting
point of the midline was defined as the tip of the body (the
pectoral girdle) and the endpoint was defined as the end of
the body (the pelvic girdle). The midline was then resampled
to 100 equidistant points, which are shown by the black line
in Fig. [Tg. It is important to note here that the average length
of all the curves in the dataset was used to define the length
of the gecko’s body.

To identify the best fit using the least-squares method,
we performed several iterations with different numbers of
joints between the defined positions of the pectoral and pelvic
regions on the midline. Arbitrarily, 1-6 joints with equal
distances between them were applied to different iterations
(Fig. [Tp). To evaluate how well the number of joints with
their symmetrical positions could reproduce the curvature of
the gecko’s body, we introduced an error metric as the sum
of the area between the segmented line and each curve in the
dataset of the gecko postures (Fig. [It).

As expected, the greater the number of joints, the better the
segmented line can capture the shapes of the gecko’s body
during locomotion (Fig. [Ik). The approximate exponential
convergence of the total error value facilitated the selection
of three joints, which we considered as a good trade-off based
on the geometry as well as the resulting length and weight
of the robot (Figs. [k and [IH). Consequently, this optimal
number with its symmetrical position allows Slalom to imitate
the bending of the gecko’s body in different postures during
locomotion. The robot body is scaled up by increasing the
size related to the ratio of the gecko’s body and the size of
the motors. Consequently, the final size of Slalom’s body is
larger than that of the gecko with a scale factor of 1:3.33.



The limbs of the gecko consist of two main segments (Fig.
). In our previous work [15]], we described these two seg-
ments as a four-DOF limb with three DOFs at the shoulder/hip
joint and one at the elbow/knee (Figs. [Id and[2k). The analysis
of the kinematics suggests that all four DOFs were used during
locomotion. Thus, they were all included in Slalom. Adjoining
the two main segments of the limb is the foot, which has a
highly complex structure with multiple compliant toes. Here,
we consider the foot as a simple structure composed of two
layers. The top part was built by aluminum and consists of
a ball joint that provides the foot with three passive DOFs
(passive wrist/ankle, Fig. 2k). This allows for the passive self-
adjustment of the foot to the substrate. However, the passive
movement is limited by a mechanical stopper around the ball
joint. When the foot pillar reaches the stopper, it naturally
changes from a freely moving part to a fixed part [15]. The
range of the allowed angle movement of the pillar is 30
degree. The bottom layer is attached by a soft material EPDM
rubber sheet for surface adhesion. Taken together, Slalom’s
forelimbs and hindlimbs follow the same design methodology
and can perform their movements close to the gecko limb
movements.

III. SLALOM, A GECKO-INSPIRED ROBOT
A. Robot hardware setup

Slalom has four identical limbs, each of which has four
joints (Fig. 2k). The joints 1-3 correspond to the shoulder/hip
joint of each front/hind leg. The joint 1 enables forward (+)
and backward (-) movements, the joint 2 enables elevation
(+) and depression (-) of the leg, and the joint 3 enables the
attachment (-) and detachment (+) of the foot. The joint 4
corresponds to the elbow/knee joint of each front/hind leg;
it enables the extension (+) and flexion (-) of the foot. The
maximum and minimum ranges of the joint movements of the
legs are shown in Fig. 2b. The body of Slalom consists of three
joints in accordance with the optimal number of joints for the
body. These body joints (BJ) can rotate around the vertical
axis in a range between +60 degrees. It stays at zero degree
during locomotion when the robot moves with a fixed body
or rotates periodically when the robot moves with a bendable
body. Slalom has 19 active joints in total (four at each leg,
three at the body) and its weight is 2.45 kg.

For the actuation, we chose Dynamixel XM430-W350 ser-
vomotors from ROBOTIS, Inc., as they offer an excellent
trade-off featuring a fairly high torque-mass ratio (4.1 Nm of
stall torque at 82g), maximum no-load speed of 46 rpm and
positional accuracy (0.008 resolution) at a reasonable price.
Neural control (described below) is implemented based on a
robot operating system (ROS Kinetic) to control the actuators.
This control system is installed on an external computer and
handles the low-level communication with the servomotors
through an RS-485 interface at 4 Mbps. We are able to send
motor position commands and receive feedback between the
servomotors at a maximum rate of 1kHz. The electrical power
supply for all servomotors is provided by the adapter with a
voltage regulator producing a stable 12V supply. The entire
mechanical structure of Slalom is created using 3D-printing
with Polylactic acid (PLA).

B. CPG-based neural control

This robot uses CPG-based neural control that can generate
basic locomotion patterns. The entire neural control system has
three components: i) a CPG mechanism with neuromodulation
for generating different periodic signals and shunting inhibi-
tion for altering body joint movements, ii) neural CPG post-
processing for shaping the CPG signals to obtain smooth joint
movements, and iii) motor neurons for sending final motor
position commands to all joints of Slalom.

The structure of this control system is based on our previous
work [23]] in which a chaotic CPG is modified to a simpler
CPG mechanism with neuromodulation. All the neurons of
the control system (Fig. [2h) are discrete-time non-spiking
neurons and their update frequency is approximately 10 Hz.
The activity a; of each neuron develops according to the
following equation:

n
ai(t) =Y Wij-o0;(t—1)+B;, i=1,.,n, (1)
j=1

where n denotes the number of neurons, B; an internal bias
term along with a stationary input to neuron ¢, and W;; the
synaptic strength of the connection from neuron j to neuron
1. The output of the neuron is calculated using a hyperbolic
tangent (tanh) activation function (i.e., o; = tanh(a;)).
Therefore, the value of o; is between —1 and 1.

The CPG is a recurrent neural network with two fully
connected neurons (Fig. 2h). This main network generates pe-
riodic signals for locomotion. Recurrent weights between both
neurons are determined by Wio = 0.18 + M1, Wy, = —Wio,
whereas weights Wiy 2o are set to 1.4. M1 is an extrinsic
modulatory input used to generate different stride frequencies
of moving gait. This parameter setup with M I = 0.08 results
in the lowest stride frequency of 0.10 Hz. Increasing M I will
increase the stride frequency of moving (Fig. [3h). However,
MTI is limited at 0.26 (stride frequency of 0.25 Hz) because
the motor of Slalom cannot properly follow the high driving
frequency. The investigation of Slalom climbing on inclined
surfaces using this CPG shows that its moving speed is
proportional to the value of M1I; i.e., increasing M1 leads
to an increase in fast moving speed (Fig. [Bd). In addition,
Slalom uses the same gait (trot gait) at different values of M [
in our study.

The outputs of the CPG (c;) are passed to the motor neurons
through both shunting inhibition and CPG postprocessing
(Fig. 2p). The shunting inhibition neuron (SI) is inspired
by neurophysiological findings [24]]. The neuron receives one
inhibitory input (/) and one excitatory input from the CPG
neuron 1 (c;). We manually control the inhibitory input by
setting it to either O (inactive) or 1 (active) (i.e., I = 1 results
in the shunting inhibition neuron being inhibited) and the
ST is stimulated by receiving the excitatory input. When the
inhibitory and excitatory inputs are stimulated simultaneously,
the output of the CPG leaks out before it reaches the motor
neurons. However, when the inhibitory input is not stimulated
(I = 0), the output of the CPG is directly sent to the motor
neurons (body joints, BJi,2,3). It indicates that the robot
moves with a bendable body when [ is set to 0 while / =1 is
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Fig. 2. Architecture of the simplified CPG-based controller. (a) Neural circuit for controlling the gecko-inspired robot. (b) Location of the motor neurons
on the robot and their movements. Minimum and maximum angles of the body joints, leg joint 1, leg joint 2, leg joint 3 and leg joint 4. (c) Example of
components at the body joints and the left hind leg (LH). (d), (e) Geometrical models of the bendable and fixed bodies. The models can be used to analyze
the energy efficiency improvement based on a stride length of the bendable robot body (Dpepq) compared with the fixed robot body (D f;zcq). ¢ is the angle
between the foot location and the y-axis of the girdle frame at the beginning of each stride (i.e., 17 degrees). R is the bending radius of the bendable body (i.e.,
41.7 cm). L is the leg length (i.e., 17.3 cm). S is the body length (i.e., 35 cm). According to the parameter values obtained from the real robot movements

driven by the neural control, Dyepq is approximately 2.24 times larger than D g;.ecq. The bendable-body robot treaded longer than the fixed-body robot

during each stride. Therefore, the cost of transport (COT) of the bendable-body robot was lower than that of the fixed-body robot (COTpepq = M

) )
assuming that both robot configurations have the same mess (m) and almost the same energy usage (£)). The COT formula is shown in section E D;)F nd
and Dy;zcq derivation formulae can be accessed at jhttps://bit.ly/3fXxLjH. Our robot climbing experimental observations (Fig. . ) followed COT estimations.

for a fixed body. The model of the shunting inhibition neural
unit is described by:

SI)=(1—=1) c1(t). )

The CPG post-processing (PCPG) units receive two dif-
ferent input signals consisting of the original and inverse of
the CPG output. For instance, the first PCPG unit (PCPG1)
directly receives the CPG output while the second PCPG
unit (PCPG3) is given by a multiplication of —1 and the
output of CPG (inverted CPG output). The post-processing
units shape the CPG signals to the asymmetry of ascending and
descending slopes (Fig. [3k) as follows. First, the input signals
are transformed by the units which produce the step function
outputs (Equation @) with high (1) or low (0) values. Second,
the high and low outputs are converted into continuous signals
with exponentially ascending and dramatically descending
slopes, respectively. The conversion is done as follows:

1, if —0.87 <¢;(t) <087 and 2% > g,
flei(t) = 0 .
, otherwise,
€))
PCPG,, = f(c;(t)) - [-17FD . ¢5(1)], 4)

where n denotes the number of PCPG units and ¢; is the out-
puts of CPG neuron ¢. According to this, the post-processing
CPG outputs are scaled to the range between —1.0 and 1.0. It
should be noted that different frequencies of the CPG generate
different ascending slopes (Fig. [3c).

The outputs of the post-processing CPG units are directly
sent to the motor neurons of the leg joint 2, 3, and 4.
The shunting inhibition and CPG outputs are directly sent
to the motor neurons of the body joints and leg joint 1,
respectively (Fig. 2h). The diagonal joints receive an identical

signal, whereas the other diagonal joints receive a 90° phase-
shifted signal. This setup leads to biologically inspired leg
coordination since the legs on each side perform phase-shifted
movements of the same frequency [25]]. The frequency of the
signals is defined by M1 of the CPG. Figure 3 illustrates
four leg movements during moving forward from low to high
frequencies. Slalom shows a trot gait in which the swing and
stance phases of the diagonal legs occur simultaneously. The
C++ code of the CPG-based control can be accessed from
https://bit.ly/3fXxLjH.

IV. EXPERIMENTAL VALIDATION OF SLALOM

To verify the locomotor abilities of our robot in this design,
we carried out a series of experiments that compared the
locomotion of the robot with the lateral undulation of the body
(bendable body) and the absence of lateral body movement
(fixed body). We used the cost of transport (COT), robot speed,
and slope angle for our validation. In addition, the ground
reaction force and bending angular momentum were analyzed
to verify the effect of the bendable body on the ability to climb
an inclined surface.

A. Experimental set-up for robot experiments

In this study, the robot was built based on the Gekko
gecko and tested in the real environment. Five main ex-
periments were conducted for different stride frequencies of
0.10,0.15,0.19,0.22,0.25 Hz to study the robot performance
when climbing different slope angles (0,15, 20,25,30 de-
grees). The fastest stride frequency was limited to 0.25Hz
owing to hardware limitations. The experimental data was
recorded for 10 trials while traversing a 1 m distance. We
structured the slope into two layers: the top layer employed


https://bit.ly/3fXxLjH
https://bit.ly/3fXxLjH

50300, 10Hz 0.15Hz 0.19Hz 0.22Hz 0250z (3)
=] .

E\Oﬂ MI=022 [ MI=026
S0.151 L MI=0.18 |

<

2012 MI=0.12

2 MI =0.08

=

/c1 2 ‘ ‘ [ ®)

1 T T T (C)

40 Time [s] 60

Fig. 3. Examples of trot gait generated by the neural control at five different
stride frequencies. (a) Increasing the CPG output frequency trough M 1. (b)
The CPG output signals. (c) The CPG post-processing output signals. (d) Gait
diagram. The black and white areas indicate the stance and swing phases,
respectively.

either an acrylic sheet or a foam mat (stiffness of 5 N/mm) as
solid or soft climbing surface, respectively and the bottom
layer was built with plywood for structural support. The
dimension of the slope was 1 m x 1.5 m.

COT was calculated using the equation COT = E/mgd .
FE denotes the energy consumed during locomotion, which was
calculated using the servo motor embedded sensors. These
sensors measured the power consumed by the 19 Slalom
servo motors. m, ¢, and d denote the robot mass (2.45kg),
acceleration due to gravity (9.81 m/s?), and displacement
(1 m), respectively.

B. Robot climbing experiments

This climbing experiments evaluated energy efficiency while
moving forward at different solid and soft inclined surfaces
with bendable and fixed-body modes. During locomotion, the
CPG-based control generated the trot gait. For the bendable
body, the gait involves the body oscillation with a C-shaped
standing wave that is well-coordinated with the limbs. On solid
slopes, different speeds (0.10,0.15,0.19,0.22, and 0.25 Hz)
were investigated, whereas on soft slopes, only the most
energy-efficient climbing speed (0.25 Hz) realized from solid
slope climbing was investigated.

Figure B shows an example of the CPG-based control
signals during climbing with the bendable body and a stride
frequency of 0.25Hz on the 15-degree solid slope. It should
be noted that the signals of the diagonal legs are identical.
For instance, the signal of the left front joint 1 (LF7}) is
equal to that of the right hind joint 1 (RH;), and the right
front joint 2 (RF%) and the left hind joint 2 (LH>) also have
the same signal. Furthermore, in each local leg, the signals
of both joints 3 and 4 are similar to that of joint 2 but
with different amplitudes. Such control strategies were applied
while climbing on soft slopes. Snapshots of Fig. @ depict a
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Fig. 4. Example of Slalom locomotion with the bendable body on solid and
soft inclined surfaces. (a) The top graph shows the CPG output signals. The
other graphs show the joint angles of the body (BJ1,2 ,3, see Fig. ), left
front (LFy,2, see Fig.|2b), and left hind (LH1,2, see Fig. [2b). The snapshots
below illustrate the postures of the robot and gecko during climbing on an
inclined solid surface. (b) The snapshots depict the robotic postures while
climbing a soft inclined surface. A video of the experiments can be seen at
http://www.manoonpong.com/Slalom/Videol.mp4.

15-degree climbing by the robot on a solid inclined surface,
which corresponds to the red areas of the control signals.
Photo 1 illustrates the swing phase in which the body joints
reached the middle position while rotating from the right side
to the left; the elevation of LF, and RH, was observed,
while RFs and LH, stayed on the ground. Photo 2 shows
the stance phase in which the body flexion appeared as a C-
shaped standing wave on the right side while all the limbs
stayed on the ground. Photo 3 shows the robot performing
the opposite C-shaped body flexion during the stance phase.
Similar climbing behavior was observed on a 15-degree soft
inclined surface (Fig. @p).

The results of climbing experiments (Fig. [5), show that
the COT tends to decrease when the frequency is increased
for each solid slope angle. For instance, for the fixed body
at a slope with 25 degrees, the robot consumes a COT
of approximately 172 at 0.10Hz, and then begins a sharp
downward trend to approximately 137,109, 94, and 84 when
the frequency is increased to 0.15,0.19,0.22, and 0.25Hz,
respectively. The COT also tends to a similar direction to that
the bendable body. It is clear that this solid-slope climbing
experiment provided a stride frequency of 0.25 Hz, which
consumed the lowest COT on each slope, and consequently
it was defined as the optimal moving speed. This frequency
was employed in the soft inclined surface climbing experiment
(Fig. ). While the bendable-body robot climbed solid and
soft surfaces inclined up to 30 and 25 degrees, respectively,
the fixed-body robot climbed those inclined up to 25 and 20
degrees, respectively.
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Fig. 5. (a) COT and (b) climbing speed are being compared between
movements with bendable and fixed body modes on various solid and soft
slopes (0, 15, 20, 25, and 30 degree). "*" indicates the cases in which the
robot failed to climb the inclined surfaces and resulted in a COT > 250.

C. Ground reaction force analysis

To explain why Slalom archived a higher slope angle when
it coordinates periodic lateral body flexion and limb move-
ments during climbing. We investigated the interaction forces
between the robot and the environment, and quantified them by
comparing the GRFs between the robot with and without the
bendable body. The results of the GRF analysis are presented
in Fig. [6} when Slalom moves with a lateral undulation of the
bendable body, the lateral peak force (F),) was —2 N (see (a) in
Fig. [6), and the forelimb of robot is pushed outward from the
body. The force gradually increases until it reaches the medio
peak force (F,) of 4N (see (b) in Fig. [6), suggesting that
Slalom pulled its forelimb inward toward the body. Although
the forelimb slips (see (c) in Fig. |§|) in the case with the
bendable body, it can quickly recover to a normal stance. This
indicates that the forelimbs make a significant effort to prevent
the robot’s head from moving sideways in the second half
of the stance phase. Typically, a larger medio force provides
higher protection of the Slalom’s head tilting out in order to
maintain the movement while stepping forward. In this case,
the bendable-body robot exhibited larger medio force than the
fixed-body robot (see (b) in Fig. [6).

Furthermore, the GRFs illustrate that most of the propulsion
in the robot is generated by its hindlimbs, as indicated by the
posterior forces (F},). More specifically, the robot with the
bendable body has shown the posterior peak force of 6 N (see
(e) in Fig. [6) for the hindlimbs while the forelimbs always
produce a force below 4N (see (d) in Fig. |§[) Moreover,
the climbing experiments with the bendable body produced
approximately 3 N larger posterior forces in the hindlimbs (left
hindlimb) than that with the fixed body during 45% — 65%
of the stance phase (see (e) in Fig. [6). Normally, the limbs
generate a positive posterior force when the robot propels itself
forward by pushing the limbs backward. It is evident that the
larger the value of posterior force, the higher the angle of slope
the robot can climb.

Finally, we observed similar characteristics in the normal
forces (F,) for both the bendable and fixed bodies, where the
normal forces peaked from 35% to 65% (see (f) in Fig. [6)
during the stance phase for both the hindlimbs and forelimbs:
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Fig. 6. Comparison of ground reaction forces (GRFs) in fixed and bendable
body movements. Left forelimb and left hindlimb GRFs were measured
and analysed with respect to medio-lateral (), anterior-posterior (F) and
normal (F%). The robot with the bendable body produces medio-lateral forces
in the forelimb, including (a) lateral peak force, (b) medio peak force, and
(c) lateral force during slip. For anterior-posterior forces, the forelimb always
produces a posterior force below 4 N (d) while the force reaches 6 N (e) for
the hindlimb. The normal forces of both the bendable and fixed bodies are
similar (f). Each snapshot below show the body postures and the position of
feet on/off the ground during climbing.

however, larger fluctuations in force amplitude were observed
with the bendable body. This indicates that the diagonal limbs
have to bear most of the load in the middle of the stance phase.

D. Bending angular momentum

Based on the robot’s movement dynamics caused by the
continuous action of the ground reaction force, we introduce
the bending angular momentum (L 47) to reveal the contri-
bution of the forelimb, hindlimb and body for maintaining
the robot’s movement. Mathematically, L4,; is defined as
Equation (5) using the center of mass (COM) of the robot
as the center of the bending moment.

Ts

f—chdet+f —d'x Fypdt + f(afE) x Fppdt + f x Fppdt|,
0

(5
where T is the duration of the stance phase, the medio-lateral
and anterior-posterior forces are produced by the hind foot
(Fyr, and Fgyp) and the front foot (Fr; and Frp). The
medio-lateral (a) and anterior-posterior (b) distances between
the left and right support feet, the medio-lateral (¢) and
anterior-posterior (d) distances between the COM and the hind
support feet are demonstrated with by similar diagrams of
animals and robots in Figs. [7h and [7b, respectively. Generally,
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moment to calculate the bending angular momentum generated by the feet.
(c) Comparison between the mean values of the bending angular momentum
during robot climbing with fixed and bendable bodies. BW: body weight; BL:
body length.

a greater amount of L 4 s results in higher climbing stability
on an inclined slope. The stability is obtained because of the
large medio and posterior forces, which cause the COM to
oscillate laterally from side to side while a pair of diagonal
supporting limbs contacts the ground intermittently in a stride.
The center of the bending moment (Fig. m)) demonstrates the
COM dynamics, which is explained by applying the lateral leg
spring (LLS) model [27]]. Perturbation experiments illustrated
that the sprawling posture animal LLS models self-stabilized,
despite control feedback [28]. The model was stable as the
medio-lateral and anterior-posterior forces produced the lateral
angular momentum that incurred in leg-to-leg transitions [29].

We converted the bending angular momentum into body
weight-body length-seconds (BW-BL-s) and compared the
results between the robot’s moment with and without the
bendable body (Fig. [7c). The mean values of L4 of robot
climbing with the bendable body is 0.125, which is ap-
proximately 25% higher than that of the fixed body. This
indicates that the lateral undulation of the bendable body
during climbing contributes not only to a transition of forces
between the forelimbs and hindlimbs, but also to maintaining
stability for continuity of the locomotion due to the gains of
bending angular momentum. It is evident that the bendable
body is used to archive the ability to climb surfaces with higher
inclinations, similar to the case of geckos when climbing
up slopes. To maintain their movement, they bend the spine
to increase the bending angular momentum when the slope

increases [30].

V. DISCUSSION AND CONCLUSION

We presented a systematic way to design the bendable body
of a gecko-inspired robot, which is based on an experiment
involving a high-speed camera recording of the movement of a
Gekko gecko. The body movements of a gecko were analyzed
to determine the optimal number of body joints. We used a
bio-inspired approach to construct Slalom, a gecko-like robot
with three body joints and four joints at each leg (19 DOFs in
total) to emulate the sequence of gecko postures. CPG-based
neural control with a neuromodulation (M) was introduced
to control the moving gait of Slalom. This control model is
directly inspired by the biological findings and is well suited
for generating a trot gait at different frequencies.

This study also demonstrated the climbing abilities of a
gecko-inspired robot with lateral undulation of the bendable

body. We performed a series of climbing experiments to
evaluate the robot performance with and without the bendable
body. The results show that the optimal locomotion speed of
Slalom is at the highest stride frequency (0.25 Hz).

Moreover, it was shown that there are two reasons why
a bendable body is advantageous compared to a fixed body
in term of energy efficiency and efficient climbing. First, the
COT of the bendable body was approximately 52% (54%)
lower than that of the fixed body for all solid (soft) slopes
when the robot moved at the same stride frequency (Fig. [3).
Second, Slalom with the bendable body can climb a steeper
slope (Fig. [5). For instance, it was unable to climb with the
fixed body at a 30-degree solid slope and a 25-degree soft
slope. This is because, when the angles of the solid and soft
slopes were greater than 25 and 20 degrees, respectively, it
began to slip on the solid slope and to get stuck on the soft
slope (see |http://www.manoonpong.com/Slalom/Video1.mp4).

GREF analysis demonstrated that the robot’s hindlimbs gen-
erated most of the propulsion, as indicated by the posterior
forces. The medio forces indicated that the forelimbs prevented
the robot’s head from moving sideways. The bendable-body
robot exhibited greater hindlimb posterior force and forelimb
medio force than the fixed-body robot. This enhanced the
robot’s stability while climbing steeper slopes. We calculated
the bending angular momentum that resulted from the forces
acting on the feet. The bendable-body robot produced a larger
angular momentum, which was essential for stability during
climbing. Here, the robot produced almost similar L 4 5; for all
the inclined slopes where the bending radius of the bendable
body was constant. In the future, we will investigate the change
of bending radius to increase L 43 when encountering an
increased slope angle, as observed in geckos [30].

Compared to existing salamander and gecko-like robots
(12, [13), (4], (3], [Ief, [r7), (Fig. [8), the existing
robots were designed with different structure in order to
approach animal locomotor skills. Salamander robots were
developed with a bendable body and leg structure with simple
point-contact elements of the foot, while most of the gecko
robots were constructed with an oversimplified fixed body
and a complex leg structure with a special foot design with
an adhesive material. In this study, Slalom has a bendable
body like most salamander robots and a complex gecko-based
leg structure with four DOFs and a flat foot with a passive
ankle at each leg. This ankle and foot design will allow us
to later implement a bio-inspired dry adhesive material with a
mushroom-shaped microstructure, like other gecko robots, for
energy-efficient climbing of highly inclined slopes and walls.
In principle, our robot design bridges the gap between the
salamander and gecko-like robots.

Regarding control mechanisms (Fig. [B), most of these
salamander and gecko-like robots use inverse kinematics (IK)
(3], (16, [17), (requiring a robot kinematic model)
or/and complex multiple CPGs [[12]], [13],, (requiring a
synchronization mechanism between CPGs) to generate robot
gaits with C-shaped standing and/or S-shaped traveling waves.
However, our simple and single CPG-based control approach
neither requires a kinematic model nor a CPG synchronization
to generate a trot gait with a C-shaped standing wave. In
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the future, we will extend our single CPG-based control with
delay lines and premotor neural networks with a fast learning
mechanism to automatically obtain multiple gaits and
various body patterns (standing and traveling waves). This
extension will allow the robot to efficiently achieve different
locomotion modes, such as walking, swimming, and climbing
(up and down on inclined surfaces and walls). We will apply
adaptive muscle models to encode an elastic property
resembling a real gecko-like flexible body.
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