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Abstract: This paper presents a study on bioinspired rigid-flexible coupling adaptive compliant
motion control of a robot gecko with hybrid actuation for space stations. The biomimetic robot gecko is
made of a rigid trunk, four motor-driven active legs with dual-degree-of-freedom shoulder joints, and
four pneumatic flexible pleated active attachment-detachment feet. The adaptive impedance model
consists of four input parameters: the inertia coefficient, stiffness coefficient, damping coefficient, and
segmented expected plantar force. The robot gecko is equipped with four force sensors mounted on
its four feet, from which the normal force of each foot can be sensed in real-time. Based on the sensor
signal, the variable stiffness characteristics of the feet in different states are analyzed. Furthermore,
an adaptive active compliance control strategy with whole-body rigidity—flexibility-force feedback
coupling is proposed for the robot gecko. Four sets of experiments are presented, including open-loop
motion control, static anti-interference experiment, segmented variable stiffness experiment, and
adaptative compliant motion control, both in a microgravity environment. The experiment results
indicated that the presented control strategy worked well and the robot gecko demonstrates the
capability of stable attachment and compliant detachment, thereby normal impact and microgravity
instability are avoided. It achieves position tracking and force tracking while exhibiting strong
robustness for external disturbances.

Keywords: biomimetic robot gecko; adaptive compliance control; microgravity environment

1. Introduction

With the advent of the human space exploration fervor and the completion of space
station construction, the demand for on-orbit services related to the safe and reliable
operation of space stations has become increasingly pressing. The substance of on-orbit
tasks has become more defined, diverse, and complex [1,2]. However, the harsh and
complex environment of space, characterized by microgravity, intense radiation, and
extreme temperature variations, poses great challenges for space transportation systems and
astronauts alike. Any space vehicle or equipment is susceptible to failures or degradation
at any time. Therefore, an increasing number of tasks require on-orbit servicing [1-3],
such as space assembly, routine maintenance, extravehicular inspections, refueling, as
well as the removal of orbital debris for satellites, spacecraft, and space stations, etc.
Accomplishing these tasks solely with the assistance of astronauts entails high costs and
risks. Consequently, it is imperative to develop a robot capable of stable crawling on
confined surfaces in the microgravity environment of the space station. This would enable
the automation of on-orbit operations, significantly reducing spacecraft costs, minimizing
risks to astronauts, and enhancing operational capabilities in space [3]. However, the unique
microgravity environment of space poses a significant challenge for achieving stable and
reliable contact between mobile robots and spacecraft, which remains a major hurdle in the
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industry. Furthermore, the complexity of various spacecraft and space stations continues
to escalate with the advancements in the space industry, imposing higher performance
requirements on microgravity robots. Fortunately, after 3.5 billion years of evolution,
animals have developed remarkable adhesion and locomotion mechanisms, which provide
valuable insights for the study of biomimetic climbing robots and their applications in
microgravity environments [3,4].

Over millions of years of evolution, geckos have possessed excellent climbing capabili-
ties, such as highly efficient propulsion, high climbing speed, and strong adhesive forces,
etc. In 2015, Russian scientists conducted relevant experiments on geckos in the microgravity
environment of space. They observed geckos in space through the “BION-M” unmanned
spacecraft and found that geckos could still maintain stable adhesion and complete pre-
designed climbing tasks in a microgravity environment [5,6]. Inspired by geckos, engineers
and scientists around the world have focused on the research of gecko-inspired robots,
aiming to solve the challenge of stable attachment in microgravity through adhesion-based
climbing. In 1966, researchers in Miyazaki University designed the first climbing robot,
called Mod-1, which could move on vertical walls and ceilings like a gecko. Subsequently,
in 1975, they completed the construction of the second-generation prototype, Mod-2 [7,8].
Since then, many different gecko-inspired robots have been designed and built [9-11]. From
the perspective of mobility mechanisms in existing research, gecko-inspired robots can be
categorized into four types: legged, wheeled, tracked, and hybrid mobility systems [9,10].
The wheeled design usually has simple structures, fast movement speeds, and relatively
easy control, but it has weak obstacle-surmounting abilities and is suitable for relatively
flat-structured surfaces. The tracked design effectively increases the contact area with the
surface and enables continuous movement. However, it often has bulky structure, making
turning challenging, and is more suitable for continuous-structured surfaces. The legged
design can effectively simulate the locomotion of a gecko. It exhibits improved terrain
adaptability and obstacle-surmounting capabilities compared with a wheeled and tracked
design. It can be used on irregular and discontinuous unstructured surfaces. Admittedly,
this design introduces complexity in synchronizing the control between legs, which presents
challenges in the motion control of gecko-inspired robots. Examples of typical legged climb-
ing robot prototypes include Stickybot [12], Abigaille [13,14], CLASH [15], Spinybot [16],
RiSE [17], and SCALER [18]. However, they mostly work in gravity environments.

Additionally, various attachment methods, such as magnetic adhesion [19,20], pressure
difference adsorption [21], claw spike attachment [16-18], and electrostatic adhesion [22,23]
have been utilized in the development of gecko-inspired robots. Through proper control,
these methods can achieve surface attachment. However, they are prone to limitations
imposed by surface materials and have the potential to damage climbing surfaces. In
contrast, adhesive-based bionic attachment methods do not damage climbing surfaces and
can be applied to most relatively smooth spacecraft surfaces. The method has been proven
to have high adhesive forces and are easy to implement [12-15]. Meanwhile, the challenge
of achieving a balance between strong adhesion and robot maneuverability remains a
difficult task in the motion control of bioinspired robots.

It is noted that in the early stages of research on gecko-inspired robots, the focuses
were mainly on developing mechanical prototypes and bio-inspired adhesive materials,
with limited reports on control methods. The control of gecko-inspired robots was typi-
cally done by open-loop position control strategies [12,15,17,24]. The next stage of robot
gecko research requires the robot being able to perceive its surrounding environment and
adapt it accordingly. In this case, feedback-based closed-loop control becomes essential.
Furthermore, gecko-inspired robots in a microgravity environment face challenges such
as instability, significant normal impacts, and poor environmental adaptability. However,
a systematic design for closed-loop control that incorporates active control methods for
motion, attachment, and detachment in a microgravity environment is still missing.

Our team has been working on bioinspired robots for many years [25-28]. Arthicha
et al. designed a tailless gecko-inspired robot with flexible limbs and adhesive footpads that
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effectively mimics the natural climbing motion of geckos [26]. In 2021, Wang et al. proposed
a simple online impedance strategy to control the peeling angle of the robot footpad for
achieving compliant motion. The strategy was validated using the gecko-inspired robot
IBSS-8. This impedance controller significantly reduced the sudden changes in normal
adhesion force during the peeling process, enabling smooth detachment at a peeling angle
of [27].

The objective of this paper is to develop adaptative variable stiffness active compliant
control for stable attachment and compliant detachment of the hybrid pneumatic—electric-
driven system. The rest of the paper is organized as follows. Section 2 presents the
biomimetic mechanism of the robot gecko. The design of the robot gecko is presented in
Section 3. Section 4 presents the adaptative compliant control system. Section 5 presents
the experimental results. Finally, Section 6 contains conclusions and future research topics.

2. Biomimetic Mechanism

The ventral side of each toe of the gecko is characterized by a series of arc-shaped
folds, which are formed by proteinaceous setae measuring approximately 100 um in length
and 5 pm in diameter. These setae, numbering around 5000 per square millimeter, further
split into spatula-shaped nanofibers at their tips, which can create a cup-like adhesive
structure that maximizes the contact area [29,30]. Thus, a hierarchical and finely divided
adhesive system is formed for the gecko. Figure 1 shows the foot structure of a gecko. The
remarkable adhesive capability of geckos allows them to exhibit an exceptional climbing
performance in various environments, which is attributed to the van der Waals forces
generated by the countless setae structures [31]. The adhesion structure of a gecko’s foot
has been confirmed to possess unique advantages, including the mechanisms of van der
Waals forces, anisotropy, strong attachment, controllable detachment, anti-adhesiveness to
itself, and self-cleaning properties [29-32]. By referring to the adhesion structure, it can be
used in the design of a robot attachment system.

Figure 1. Morphological features of a gecko: (a) the climbing state of a gecko on a wooden pole;
(b) the attachment state and detachment state of gecko feet [33]; (c¢) The microscopic structure of
gecko feet [30].

Geckos primarily inhabit crevices between rocks, caves, or tree cavities in jungles,
deserts, rocky terrains, or wilderness areas. Occasionally, they can also be found near the
eaves and walls of human dwellings. Geckos can navigate freely in such environments,
which is mainly attributed to their flexible limbs, which enable them to adapt to the diverse
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and complex terrains found in nature, as well as their obstacle-crossing and wall-transition
capabilities. By drawing inspiration from the locomotion of gecko limbs, it can be applied
in the design of robotic locomotion mechanism.

Additionally, studies have revealed that distinct kinematic patterns and adaptive
strategies are employed by a gecko during climbing on positive, zero, and negative
surfaces [34]. By controlling the foot orientation, support angle, and locking mode, geckos
adjust their attachment behavior to accommodate different angles’ surfaces [34]. They
also adjust their locomotion behavior by regulating parameters such as center of mass
velocity, stride length, stride frequency, and duty factor to adapt to different environments.
Attachment and locomotion behaviors work together to enable successful climbing [34]. By
referring to the coordination behavior and kinematic patterns of a gecko, it can be used in
the design of a robot motion control system.

3. The Design of the Robot Gecko
3.1. Bionic Mechanical Design

We develop a biomimetic hybrid pneumatic—electric-driven robot gecko that mimics
the behavior of a real gecko. The structure and bionic concept of the robot gecko are depicted
in Figure 2. The robot gecko comprises three parts, namely, a rigid torso, four electric-
driven active limbs with dual-degree-of-freedom shoulder joints, and four pneumatic
flexible pleated active attachment—detachment feet. It is 456 mm long, 402 mm wide
(including the thighs and feet), and 84 mm high. The rigid torso serves as a platform for
mounting and securing electronic components, such as the motor drive unit, pneumatic
unit, and battery. The robot’s limbs are designed to mimic the crawling posture and knee-
elbow in the opposite direction of quadrupedal reptiles like geckos. Each leg has three
active degrees of freedom, with two servo motors providing roll and pitch motions for the
thigh joint through a differential gear mechanism. This design enables the distribution of
leg-lifting and leg-swinging torques between the two servo mechanisms. The pitch motion
of the lower leg joint is controlled by a servo motor embedded within the thigh. Overall,
the robot has six active degrees of freedom to control its center of mass. The front and hind
limbs, as well as the left and right limbs, feature symmetric structures, enabling flexible
movement in three-dimensional space. The force sensors are incorporated as a unified part
for the lower legs. This design follows the principles of miniaturization and integration,
ensures a coordinated structure of the robot, and minimizes the inertial interference caused
by large rotational inertia at the foot.

The robotic system incorporates a pneumatic flexible wrinkled biomimetic foot, which
aims to mimic the flexible hierarchical structure and adhesive characteristics observed in
a gecko foot. As depicted in Figure 2, the foot design includes four pleated toes, with
the undersides of the toes solidified with adhesive materials called a mushroom-shaped
micro-structured adhesive [35]. Research has shown that the adhesive materials possess a
certain level of adaptability to the space environment [36-38]. These toes are constructed
as hollow structures with a strong internal seal. The driving mode of the foot is optional
and subject to experimentation. For the purpose of simplicity and reproducibility, during
the laboratory verification stage, we have chosen a pneumatic system as the driving mode
for the flexible foot. When inflating (positive pressure) the foot, the toes expand outwards,
enabling them to attach to the climbing surface. Conversely, when deflating (negative
pressure) the foot, the toes curl upwards, facilitating detachment. In the inoperative state,
the toes return to their natural position, that is, atmospheric pressure. For detailed design
and analysis of the biomimetic foot, please refer to the given reference [39]. It shall be
mentioned that our team members are constructing a liquid-driven system using ionic
liquids as the fluid medium to meet the vacuum and extreme temperature conditions of
space stations.
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Figure 2. Biomimetic schematic of a gecko robot and its feet.

3.2. Biomimetic Hybrid-Driven Design

The thigh and lower leg joints of a robot gecko are actuated by brushless DC servo
motors; they operate in an electric-driven mode, while the attached feet utilize a pneumatic-
driven mode. Therefore, the robot gecko is a hybrid drive system, which makes it become a
more lifelike organism that is closer to a real gecko. The electronic devices used in the robot
gecko are presented in Figure 3a. They mainly include the microcontroller unit (MCU), data
acquisition board, pneumatic-driven components, electrical-driven components, sensors,
and more. Using a 651P 2600 mAh polymer lithium battery as the power supply, it supports
the robot for nearly 1 h of nonstop crawling according to our test. The STM32H743 micro-
controller processes data and produces instructions. The FAULHABER 2036U 024B and
FAULHABER 1628T 024B servo devices (Dr. Fritz Faulhaber GmbH & Co. KG; Stuttgart,
German) are selected as the thigh and lower leg joints, respectively. The Dayang DYZ-102
normal force sensor (Bengbu ocean sensing system engineering Co., Ltd.; Bengbu, China)
is used to dynamically measure the contact forces between the robot and its environment,
enabling a real-time force feedback control strategy for the robot.

The pneumatic system is responsible for controlling the inflation and deflation of the
foot. The air pathway must remain unobstructed to prevent blockages. For the air supply,
the ASLONG PYP528-XA (AOLONG (HK) TECHNOLOGY Co., Ltd.; Shenzhen, China),
a miniature DC silent vacuum pump, is selected, with a maximum positive pressure of
100 kPa. The pump is powered through the power module on the MCU. To control the
airflow between the pump and the feet, two T-103-HM3/2 NC two-position, three-way
solenoid valves are utilized as the main valves. The other eight T-103-HM2/2 NC two-
position, two-way solenoid valves are selected as the unidirectional valves for the four feet.
These valves allow for the switching of airflow direction, enabling inflation and deflation
of the feet. These solenoid valves are securely installed on well-sealed valve seats. The four
inlet/outlet unidirectional valve seats are interconnected, while the two main valve seats
are disconnected. The air pathway diagram is shown in Figure 3b,c.



Biomimetics 2023, 8, 415

6 of 23

(E)\‘f Electric Pneumatic Hybrid Drive System (b) Positive pressure pneumatic path
Pneumatic Components Data acquisition system l % %
ML%IDZ' CE: w1 Wi 1=
d
. WE T wiE [ Wi w1
Micro | = = Digital Can_H Dat isiti
. } "0 signal  Can L {/ ata acquisition
(© Negative pressure pneumatic path
} x4 4, QA Force
4 Sl £, sensor Wi [ wi = wil| = Wil =
Servo motors N .
1628T Ay =2 e
() % équ' éﬂjz' “‘HPZ' Ipz %
Servo driver:

Servo motor
X120 036U y x8 Mm% @

Electric Components

Figure 3. Electric pneumatic hybrid drive system of a robot gecko: (a) the hardware of the gecko
robot; (b) schematic diagram of the positive pressure pneumatic path; (c) schematic diagram of the
negative pressure pneumatic path.

3.3. Design of Data Acquisition and Control System

The control system serves as the brain of the robot gecko, responsible for upper-level
decision-making to ensure real-time performance and stability during its motion. In order
to achieve synchronized control over various components, a high-performance, low-power,
and miniaturized printed circuit board (PCB) is designed. The control chip employed
is the STM32H743VIT6 with an ARM Cortex-M7 32-bit RISC core; with its frequency
as high as 480 MHz, this chip facilitates efficient computation. Additionally, the PCB
integrates the power module, communication module, and solenoid valve driver module,
and more. The power module utilizes XN-50H and AMS1117 voltage-stabilizing chips,
and provides a stable DC power supply of 3.3 V,5V, and 6 V for all the devices of the
robot. To ensure reliable signal transmission with high real-time performance, flexibility,
and anti-interference capability, the TJA1050 chip has been selected for the communication
module. It is used for communication with motors and the data acquisition system. In order
to relieve the burden on the main control chip, all the solenoid valves are driven by the
58050 module, which is integrated into the PCB. The reliability and convenience of physical
connections are also considered; the servo devices and the pneumatic interfaces for the four
feet are properly positioned at the four corners of the PCB, ensuring an optimal layout.

The data acquisition system is used for real-time and high-speed collection of analog
signals from the force sensors on the robot’s feet. These signals are converted to digital
signals and transmitted reliably to the control system to assist in decision-making. To
provide scalability and portability for future use of multi-dimensional force sensors, an
independent data acquisition system is designed. It utilizes the STM32F407 as the central
computing unit. The system incorporates two 24-bit HX711 ADC chips to amplify and
convert the weak mV signals from the sensors. The processed signals are then transmitted
in real-time to the control system through the TJA1050 module. The flexibility and inter-
changeability of the signals are also considered; a single acquisition board that captures
signals with two channels is designed. As a result, the data acquisition system consists of
two acquisition boards, acquiring data from four sensors.

4. Adaptive Active Compliant Control Strategy

The contradiction between attachment and maneuverability poses a major challenge
in the motion control of the robot gecko. Reliable attachment often implies difficulty in de-
tachment; thus, an excellent motion control strategy that cannot only enhance the attached
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capability for stable attachment and enable agile locomotion through gait planning but also
ensure smooth detachment without impact during the attachment-to-detachment transition
of its feet is demanded. This presents another formidable problem for motion control.

The perspectives of locomotion behaviors and attachment behaviors are considered to
solve the above issues. In terms of locomotion behaviors, for the foot trajectory planning,
zero velocity and zero acceleration at the initial and final moments are considered. For
the gait planning, a fulcrum-swinging gait (FSG) inspired by team biology experiments is
proposed [40]. This gait ensures stable support from the hind legs and smooth movement
of the forelegs. Regarding attachment behavior, considering that the uncertainty and
randomness of the adhesion force make it difficult to establish a relatively accurate dynamic
model of the robotic gecko, we instead focus on the variable stiffness characteristics of the
robotic gecko and design the control law of the robotic gecko based on an impedance model.
High stiffness control should be avoided during the attachment and detachment instants.
During the attach phase, attachment force tracking with high compliance is achieved
through admittance control. Based on the analysis of variable stiffness characteristics, an
adaptive active compliant control strategy is employed for supporting and swinging legs.
Furthermore, the coordination between the attachment-detachment mechanism and the
limbs is considered in the control strategy to maximize attachment strength and minimize
detachment impact.

4.1. Motion Planning Based on Bionic Inspiration

Motion planning is the key to the locomotion of the robot gecko. This mainly includes
trajectory planning and gait planning.

4.1.1. Centroid-Foot Coupling Motion Planning

The closed-chain multi-degree-of-freedom centroid-foot coupling motion planning
model is established for the bioinspired robot gecko. The relative transformation between
the robot gecko and the environment is described using the homogeneous transformation
method. Firstly, four coordinate systems are established: the world coordinate system {Ow]},
the centroid coordinate system {Op}, the shoulder joint coordinate system {Og}, and the
foot coordinate system {Of}. These coordinate systems form a closed-chain relationship
as follows:

Ty = TR T3 TS (1)

where T} represents the transformation of the world coordinate system to the centroid.
Similarly, Tg represents the transformation matrix from the centroid to the shoulder joint.
TE represents the transformation matrix from the shoulder joint to the foot. T}, represents
the transformation matrix from the world coordinate system to the foot.

The motion planning of the centroid is designed as a function of time. To simplify, the
forward displacement of the centroid, p,, is generally planned as a linear function of time
vt to account for a uniform forward motion. The lateral displacement, pyy, is typically
planned as zero during crawling experiments but can be planned as a linear function of
time ot during turns. The vertical displacement, p.,;, is used to plan the height of the
centroid and can be planned based on biomimetic principles, such as a certain proportion
of the body length. If the centroid needs to fluctuate up and down, it can be planned as a
linear function of time vt. The roll angle, R, is generally planned as zero. The pitch angle, P,
can be set as a constant value corresponding to different preloads of the front and hind
legs. The yaw angle, Y, can be planned as a linear function of time wt during robot turns or
biomimetic swing.

For the convenience of model establishment and subsequent computation, the centroid-
foot coupling motion planning method is adopted in this paper. The trajectory of the foot’s
center point is planned relative to the world coordinate system. That is completed in
matrix T, It is represented as a function of spatial position with respect to time. The
trajectory planning of the foot is divided into four segments according to the motion of the
foot; hereinafter, the four segments are referred to as force control phases in this paper:
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1.  Attachment segment (AS): The foot finds the landing point and inflates the toes of
the foot in response to environmental force feedback. Thus, the attachment process
is completed. During this stage, the position of the foot relative to the world coor-
dinate system remains unchanged, relying mainly on the characteristics of the foot
for attachment.

2. Support segment (SUS): The foot maintains the attachment state. During this stage,
the position of the foot remains unchanged.

3. Detachment segment (DS): When detachment is required, the foot deflates the toes of the
foot to complete detachment. During this stage, the position of foot remains unchanged,
relying on the characteristics of the foot, just the same as the attachment segment.

4. Swing segment (SWS): After detachment, the foot enters the swing phase, and the
single leg takes a step forward. During this stage, the position of the foot changes,
and planning in three directions individually is required.

Therefore, the trajectory of the foot in attachment-support-detachment segments is
planned as constants to meet the requirements. The trajectory design of the swing segment
should consider the following factors: (1) a certain preload space for the attach process
to generate sufficient attachment force. (2) Smooth and coordinated movement without
significant up and down fluctuations, left-right tilting, or front-back shocks. (3) Smooth
trajectory with zero velocity and acceleration at the start instant and end instant of the
step to achieve zero-impact leg lifting and soft landing. (4) Parameter selection based on
biomimetic inspiration.

The trajectories of the front and hind legs are separately planned according to their
respective characteristics and requirements. The equation of the improved composite
cycloidal trajectory planned for front legs is as:

{ X = Sropoti [t/Tswing - Sin(znt/Tswing) /27T] @)
z = H,ppot [sgn(Tswmg/Z —1)(2fe(t) — 1) +1]

where '
fE(t) = t/Tswing - Sln(47ft/Tswing) /4m
1 0 <t < Tspineg/2
sgn( Typine /2 —t) = { - swing
8 ( s ) -1 Tswing/z <t< Tswing

The equation of the biomimetic 8th-order Bezier curve trajectory planned for the hind
leg is as:

B(u) = (1 —u)®pg +8u(1 — u)” py 4+ 28u(1 — u)®py 4 56u3(1 — u)°p3 + 70u*(1 — u)*py+

3
56u5(1 — u)>ps + 28ub(1 — u)*pe + 8u” (1 — u) p7 + ubpg )

where pg to pg are control points, with coordinates as shown in Figure 4c. The parameter u is
normalized by a minimum unit of 0.01.

The trajectory planning curves for the front and hind legs are illustrated in Figure 4a,b, respec-
tively. In Figure 4d, the velocity and acceleration of the foreleg is demonstrated. It can be observed
that the velocity and acceleration transition smoothly without any aberrations at specific positions,
and stable leg stepping is guaranteed. After landing, a certain space of vertical downward preload
is provided to facilitate the generation of attachment force. In Figure 4a, it is evident that the front
segment of the swing is gentle, while the subsequent segment becomes steeper. As the fulcrum, the
hind leg must always guarantee its own stability.
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Figure 4. The trajectory planning results of the front and hind legs of the robot gecko: (a) the hindleg
trajectory; (b) the foreleg trajectory; (c) Bezier curve trajectory control points; (d) speed and acceleration
of the front legs.

4.1.2. Biomimetic Gait Design for Microgravity

In this paper, there are three kinds of gait used for robot gecko movement in the microgravity
environment: triangular gait (TG), diagonal gait (DG), and fulcrum-swing gait (FSG). The duty cycle
for the triangular and diagonal gaits are 0.75 and 0.5, respectively, which have been relatively matured
and will not be further elaborated here. The fulcrum-swing gait, situated between the two, is an
improved biomimetic gait suitable for aerospace microgravity environments.

In the fulecrum-swing gait, priority is given to the alternating swing of the front legs, while
the hind legs act as the fulcrum for support. The torso swings around the fulcrum along with the
front legs and centroid. Within one gait cycle, the front legs swing twice alternately, while the hind
legs swing once. Therefore, the number of steps with the front legs is greater than that of the hind
legs. The single stride distance of the front legs should be smaller than that of the hind legs, and the
step height of the front legs is greater than that of the hind legs. The front legs adopt the improved
composite cycloidal trajectory, while the hind legs follow the Bezier curve trajectory. The centroid
can have a slight positive pitch angle to provide additional downward pressure for the hind legs
and increase stability. To ensure stability, there should be a certain period of four-legged support
between any two consecutive swings within one gait cycle. During this period, only the centroid
moves forward. The entire gait cycle satisfies the following: the hind legs provide stable support, and
the front legs provide propulsion. Inspired by geckos, two types of FSG are designed in this paper:
alternate fulcrum-swing gait (A-FS) in Figure 5 and continuous fulcrum-swing gait (C-FS) in Figure 6.
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Figure 5. The alternate fulcrum-swing gait: (a) the phase diagram; (b) the schematic diagram

(i—vi indicates the step sequence).
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(i—vi indicates the step sequence).

Remark 1. The usage and explanation of SWP, SUP, DP, INP, and DEP are as follows: SWP: swing phase, SUP:
support phase, DP: drag phase, INP: inflation phase, DEP: deflation phase; these five belong to the motion control
phase in this paper.

Remark 2. For simplicity, the LF, RF, LH, RH are used to represent the left front leg, right front leg, left hind
leg, and right hind leg of the robot gecko in this paper.

4.2. Adaptive Variable Stiffness Active Compliance Control

In this section, we present an adaptive variable stiffness active compliance control system
with rigid—flexible—force feedback fusion for the hybrid-driven robot gecko, as depicted in Figure 7.
Inspired by gecko locomotion, in terms of motion reaction forces, we generate the expected adhesion
force F,; of the robot gecko based on the trend of adhesive area variation of gecko feet and form a force
deviation AF with the force sensor feedback F. In terms of locomotor behavior, we obtain the expected
motion parameters x,, x4, X; through motion planning and form a position deviation Ax with the
motion parameters x;,; computed by forward kinematics (FK). The impedance parameters M, B, and
K are derived through the segmented variable stiffness characteristics of the robot. Thus, the current
motion parameters x, are exported by the impedance model, and the joint variables 6, are calculated
by inverse kinematics (IK). In this way, the motion control of the robot gecko is accomplished. The
proposed control strategy enables the robot to maintain stability and accuracy during interaction,
while also providing compliance and adaptability to handle uncertainties and disturbances.
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Figure 7. The control structure of the robot gecko.

4.2.1. Active Compliance Control

Generally, established

as follows:

the mathematical relationship for an impedance model is

mx +bx +kx = f 4)

where x represents the position, m the mass, b the damping coefficient, k the stiffness coefficient, and f
the applied external force. By applying the Laplace transform to Equation (4), we obtain:

(ms+bs+k)X(s) = F(s) )
The transfer function of the impedance control is: Z(s) = F(s)/X(s); the force is controlled based on
the positional deviation. The transfer function of the admittance control is: Y(s) = Z () = X(s)/E(s); the
position is controlled based on the force deviation. In this paper, the motor utilizes the Cyclic Set-Point
(CSP) motion mode; thus, the admittance control is used to achieve active compliance.
The relationship between the position error of the robotic gecko’s foot and the contact force
applied to the foot can be described by an impedance equation as follows:

M(xq — Xc) + B(xg — xc) + K(xg —xc) = Fg — Fe (6)
where M, B, and K are impedance parameters, representing the inertia coefficient, damping coefficient,
and stiffness coefficient, respectively. x4, x4, X4 represent the desired values of the position, velocity,
and acceleration, respectively. x4, X4, X, represent the actual values of the position, velocity, and
acceleration. F; represents the desired external force/torque, while F, denotes the actual external
force/torque from the environment. Readers can understand this as an impedance-based system
receives input from an admittance-based external system, resulting in complementary effects to
counteract bidirectional deviations in position and force. The supplemental quantity of admittance is
instantaneously fed back into the equation, and a dynamic balance between the impedance system
and the admittance system is achieved.
Let AF = F; — F;; Equation (6) implies:

Ke(i) = %q(i) — M {AF(i) — Blxg(i) — % (i — 1)] = K[xg(i) — xe(i — 1)]} )

where i represents the iy, computational cycle, and i — 1 represents the data from the previous cycle.
Thus, the real-time acceleration X.(7) can be treated as a known quantity, and, through integration,
x¢(i) and x(i) can be obtained as follows:

{ fe(i) = xe(i— 1) + e(i) T

xc(i) = xe(i — 1) + xc(i) T ®)

where T represents the number of cycles for algorithmic computation. In each cycle, the value of
xc(i) is calculated using Equation (8) and is then utilized as x¢(i — 1) in the next iteration. Then
continuous positions are obtained to realize the real-time control of the robot. The controlled physical
system exhibits the abilities of position and constant-force tracking. In the presence of external
disturbances, the physical system can dynamically adjust in real-time to return to the desired physical
state, demonstrating adaptability to the environment.

Considering that the robot gecko in this study possesses the ability to perceive the normal forces
from its feet, an active compliant admittance control method of the feet is employed. Taking the
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right forelimb as an example, the desired normal position z is provided during motion planning in
Section 4.1. Based on this, the final target position value z’ is obtained by adding the increment Az
calculated by the admittance control algorithm to z, as follows:

2 =z4+ Az 9)

Regarding the desired force, let us assume that the single leg motion occurs within the null
space. In this case, the desired normal force throughout the entire process is set to zero, i.e., in
Equation (6), F; = 0. Meanwhile, F, represents the actual force acquired by the sensor. The compliance
of the force feedback control can be expressed as follows:

AF = Kg(Fy— F) (10)

where K represents the gain value for force control.
The final actual position X can be obtained from Equations (7), (8) and (10). The compliance of
the position tracking can be expressed as follows:

Az = Ky X.{M, B,K} 11)

where Kj; represents the gain value for position tracking. Based on this, an active compliance
relationship between AF and Az is established, i.e., a real-time virtual “spring-damper” system
is created between the desired position and actual position. The origin of the spring changes
continuously with the desired position, which is an absolute reference frame, as shown in Figure 8.
According to the Lyapunov’s second method, the impedance parameters M, B, and K of the virtual
spring-damper system directly affect the stability of the mentioned control system. Therefore,
appropriate impedance parameters should be chosen to ensure the stability of the system.

40 T T T . ; : ; . . .
AF 4 ols Az Robot []

T p r"ﬁ} l movement ~ AF Iﬁl Az 1
ok emax . :‘-_ - § ]
Br M. B K i‘?\b B, K 1

B | Track Virtual Spring-

g N Damping Movement

N S o
10F |
Sr 4
or —Desired position ,

s s ) s . —-—-Actual position

‘ .
0 10 20 30 40 50 60 70 80 90
x(mm)

Figure 8. Virtual spring-damping schematic diagram.

4.2.2. Segmented Variable Stiffness Strategy

The compliance performance of the virtual spring-damper system of robot’s foot depends on
the impedance parameters M, B, and K. By adjusting these parameters, the position tracking and force
tracking characteristics of the robot gecko are analyzed, which can provide a basis for the segmented
variable stiffness strategy of the foot.

Taking the right forelimb as an example, it is made to continuously perform two swing-support
cycles within the null space, and it follows the trajectory planned by Equation (2). In the first cycle,
reverse disturbance forces are applied during the swing and support phases, while in the second
cycle, forward disturbance forces are applied during the swing and support phases. The changes of
position deviation are shown in Figure 9.
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Figure 9. The influence of variable stiffness and damping on position tracking. The blue line
represents the change of position error with K, and the red line represents the change of position
error with B.

From Figure 9, the following conclusions can be drawn:

1. The actual position deviates due to external disturbing forces. After the disturbance is with-
drawn, the actual position starts to follow the desired trajectory;

2. With M and B unchanged (M =1, B = 20), when K = 0, the robot lacks stiffness and does not
track the desired position. When K = 30, the position begins to follow, with an average position
tracking time of 2.69 s. That is 1.75 s when K = 60, 0.61 s when K = 90. The data shows that under
the same external disturbance, the position tracking time decreases with increasing stiffness.
The stiffness coefficient affects the position tracking performance;

3. With M and K unchanged (M =1, K = 30), when B = 10, the average position tracking time is 0.53 s.
When B = 30, that is 1.02 s, 2.84 s when B = 50, and 3.88 s when B = 70. The data shows that under
the same external disturbance, the position tracking time increases with increasing damping. The
damping coefficient affects the response speed of position tracking;

4.  Different stiffness and damping exhibit completely different force control characteristics and
are suitable for different application scenarios. When flexible contact is required, stiffness is
reduced, while stiffness is increased when disturbance rejection is needed. This reflects the
variable stiffness characteristics of the robot motion.

Based on the above analysis, the four force control phases of AS-SUS-DS-SWS exhibit different
contact and free space characteristics, thus necessitating the design of a segmented variable stiffness
strategy. In DS: the smaller normal detachment force is expected, stiffness is reduced, and damping is
increased to control the tangential detachment direction and avoid normal impact. In SWS: which
corresponds to the free null space, position tracking is directly performed according to the foot
trajectory planning results, with high stiffness to improve response speed and disturbance rejection.
In AS: inspired by biomimetics, appropriate pre-pressure is applied to ensure stable attachment. The
stiffness and desired attachment force should be minimized in the moment of attachment to prevent
excessive reverse impact. In SUS: low stiffness and high damping are set to ensure a constant desired
attachment force, enabling rapid and stable force tracking. Additionally, for the FSG, where the hind
legs act as fulcrums to enhance stability and the front legs facilitate swinging and body movement
by increasing step frequency, a variable stiffness strategy for the front and hind legs is designed
to achieve stable attachment and compliant detachment, avoiding impact and instability problems
while maintaining strong robustness.

It shall be mentioned that while the presented control strategy is derived for the robot gecko that
has four electric-driven active limbs and four flexible feet, it is also applicable to other legged robots,
such as a quadrupedal robot dog. In this case, the kinetic and dynamic models will be different, while
the sensing can be the same. Due to the change of stiffness characteristics, the impedance parameters
connected to the controller will be different.

5. Experiments

Several experiments are conducted to investigate the adaptive variable stiffness active compli-
ant control design on a microgravity experimental platform. For satisfying various experimental
requirements, a suspension method is employed to simulate a microgravity environment. A camera
is installed across from the arc surface to shoot the robot gecko.
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5.1. Construction of Microgravity Simulation Experimental Platform

A suspension method is utilized to simulate the microgravity environment for the robot gecko.
This method relies on the vertical tension exerted by suspension wires to counterbalance the grav-
itational forces of the experimental object. The suspended microgravity platform is depicted in
Figure 10. This platform consists of several components, including a pulley-track mechanism, a rope
mechanism, counterweights, a simulated spacecraft surface, and a truss structure. By employing
pulleys, the rope mechanism suspends the counterweight on one side, while the robot is tethered on
the other side with a triangular structure. The pulley and track form a horizontal follow-up system.
Serving as a proportional simulation of the spacecraft’s curved exterior surface, an acrylic surface is
securely fastened beneath the track. The truss structure plays a crucial role in providing structural
support and linking different modules together. This setup enables the robot to achieve horizontal
climbing locomotion on the 90° (relative to ground) curved simulated surface.

i

‘Suspension rope /

[ —— L
Robot integrated| " ‘St ;
ontology ;

7Pulley-track :
mechanism
s

‘ Spacecraft

simulation
4 curved surface

Figure 10. The suspended experimental platform simulating a microgravity environment.

5.2. Open-Loop Motion Control Experiment

The open-loop motion control experiments are conducted using the open-loop control without
any feedback, where the desired joint positions obtained from motion planning are directly sent to
the motors. The minimum computing unit is 10 ms. Four different gaits, i.e., TG, DG, C-FS, A-FS, are
implemented, respectively. The foot force data of the four legs are recorded during the experiments.
The experimental parameters are depicted in Table 1.

Table 1. The parameters for motion control phase.

TG DG A-FS C-FS
Description Mark Front Hind Front Hind Front Hind Front Hind
Legs Legs Legs Legs Legs Legs Legs Legs
stride distance Srobot (Mm) 90 90 90 90 45 90 45 90
stride height Hopot (mm) 27 27 27 27 27 9 27 9
gait period Tonegait (8) 16 6 32 32
foot inflation time Tin (s) 0.3 0.3 0.3 0.3
foot deflation time Tout () 0.5 0.5 0.5 0.5

Figure 11 presents the force-time data of four gaits. From the force-time data of the triangle gait
in Figure 11a, it can be observed that the normal forces during the supporting phase are maintained
within the range of 5 N to 10 N. Additionally, there are noticeable reverse impacts when the legs
detached, indicating unstable attachment forces without any feedback control. From the force-time
data of the diagonal gait in Figure 11b, it can be observed that the force variation trend of the two
diagonal legs that move at the same time is similar. The normal forces during the supporting phase
of each leg are maintained within the range of 5 N to 10 N. However, same as the triangular gait,
the uncontrolled attachment forces remain unstable, thereby introducing destabilizing factors for
disturbance rejection and crawling stability. As shown in Figure 11c, it is in the alternate fulcrum-
swing gait that the normal forces of the two hind legs are larger than those of the two front legs. This
indicates that the robot relies on its two hind legs for support, with longer support duration and only
brief periods of dragging. As a result, this gait exhibits higher stability compared to the previous two
gaits. However, the overall force data is not smooth, displaying significant fluctuations, and some
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leg movements exhibit notable impact forces during detachment. In Figure 11d, the changing trend
of the continuous fulcrum-swing gait resembles that of the alternate fulcrum-swing gait. During
the latter part of the cycle, the two hind legs continuously drag, which may result in momentary
detachment of the fulcrum, thereby causing instability.

-5k

20 T T T T T

—LF

force/N

10 20 30 40 50 60

40 50 60 70 80 0 10 20 30 40 50 60 70 80
time/s time/s

(©) (d)

Figure 11. The force-time data of four gaits with open-loop motion control: (a) the force-time data of
the triangle gait; (b) the force-time data of the diagonal gait; (c) the force-time data of the alternate
fulcrum-swing gait; (d) the force-time data of the continuous fulcrum-swing gait.

5.3. Static Anti-Interference Experiment

Based on the analysis of variable stiffness characteristics of the robot gecko in the null-space (non-

contact state) in Section 4.2.2, the whole-body static anti-interference experiments of the robot in the
non-null space (environment-contact state) are conducted. The focus is on testing the anti-interference
ability during the static attachment state, that is, the positional tracking performance. During the
experiments, the robot is steadily attached to the surface under a microgravity environment. In each
experiment, four normal interfering forces are separately applied and then revoked. It should be
noted that the interference force remains the same for each experiment. To ensure consistency, the
parameters M, B, K, are the same as those in Section 4.2.2. The position tracking results are shown in
Figures 12 and 13. The mean position deviations (MPD) and mean response (MRT) time are shown in
Tables 2 and 3.
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Figure 12. The position tracking with different stiffness: (a) K = 0; (b) K = 30; (c) K = 60; (d) K = 90.
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Figure 13. The position tracking with different damping: (a) B = 10; (b) B = 30; (c) B = 50; (d) B = 70.

Table 2. The MPD and MRT of position tracking with different stiffness.

Stiffness Value K=0 K=30 K =60 K=90
MPD (mm) Not track 22.27 13.53 7.93
MRT (s) Not track 3.57 1.86 0.89
Table 3. The MPD and MRT of position tracking with different damping.
Damping Value B=10 B =30 B =50 B=70
MPD (mm) 13.19 10.19 13.17 12.16
MRT (s) 1.01 2.07 3.65 4.03

As shown in Figure 12 and Table 2, under the same external force disturbance, the ability of
position tracking varies with different K, while M and B held constant (M =1, B = 20). The position
deviation decreases with an increase in stiffness, while the position tracking time decreases as well.
The experimental results are consistent with the analysis in Section 4.2.2. A smaller K enhances the
compliance of the foot, allowing it to closely follow external forces and deviate from the desired
position. However, in the experiment, the robot struggles to return to the desired position after
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being subjected to external forces, indicating high flexibility but limited resistance to disturbances.
Conversely, a larger K results in higher stiffness. The robot promptly returns to the initial position
after experiencing external forces. In the experiment, it demonstrates strong resistance and precise
position tracking capabilities. The virtual spring quickly pulls the robot back to the initial position
after any deviation, ensuring stable attached contact of the four legs without instability issues,
showecasing excellent disturbance resistance.

From Figure 13 and Table 3, it is evident that under the same external force disturbance, with M
and K kept constant (M = 1, K = 30), the position tracking performance is affected by the damping
value. There is no significant change in position deviation, while the position tracking time increases
with an increase in damping. Therefore, when stiffness remains constant, the damping value affects
the response speed. The conclusions are same as the analysis in Section 4.2.2. A smaller B value
leads to a faster response speed, although excessively low damping can result in oscillations. In the
experiment, the robot quickly follows the desired position after the withdrawal of external forces. On
the other hand, a larger B value corresponds to a slower response speed. In the experiment, the robot
gradually follows the desired position after the withdrawal of external forces, maintaining stable
attachment of the four legs without instability issues.

5.4. Segmented Variable Stiffness Experiments

The static anti-interference experiment in Section 5.3 is a verification of the variable stiffness
characteristics of the robot. The single leg segmented variable stiffness experiments are conducted to
demonstrate the practicability of the segmented variable stiffness strategy. During the experiment,
the robot was vertically suspended on the simulated arc surface, ensuring that three legs, except for
the LF leg, stably attached to the surface, providing support. The center of mass remained stationary.
The LF leg executed reciprocating motion following the pre-designed trajectory in Section 4.1, that
is, a cycle of swing—attachment-support-detachment. The segmented variable stiffness parameters
{M,B,K} are determined according to the experimental results in Section 5.3, as shown in Figure 14.

The experimental process diagram and a data plot depicting the actual forces and preloading
depths for an expected attachment force of 11 N are shown in Figure 14. It reveals that during
the swing phase, the desired force on the foot is set to zero, resulting in zero position and force
tracking. In the attachment phase, the robot initiates tracking of the desired attachment force,
generating active preloading depths to increase the attachment force. The preloading depth exhibits
a significant increase. During the support phase, the preloading depth is maintained to achieve
constant force tracking. In the detachment phase, with the expected attachment force set to zero, the
active preloading depth decreases. At the instant just before swinging, the actual force reduces to
zero, successfully achieving smooth detachment without reverse impact.
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Figure 14. The analysis diagram of the experimental process when F; is 11 N.
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Likewise, the several other experiments are conducted with the same segmented variable
stiffness parameters shown in Figure 14, while the desired attachment force varied from 7 N to 12 N.
The obtained data of actual forces and preloading depths are presented in Figure 15 and Table 4. It
can be observed that as the desired force increases, the active preloading depth and attachment force
both increased, providing conditions for stable attachment. Meanwhile, the control strategy enables
smooth detachment. The single leg segmented variable stiffness experiment lay the foundation for
subsequent whole-body adaptative compliant motion control experiments.
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Figure 15. The actual forces and preloading depths when desired attachment forces F; are 7 N-12 N.

Table 4. The statistical results when desired attachment forces are 7 N-12 N.

Desired Attachment Force (N) F;=7 F;=8 F;=9 F;=10 F;=11 F;=12

Mean preloading depth (mm) 4.64 5.21 6.67 8.23 9.45 10.36
Mean response time (s) 1.97 2.04 2.14 2.17 2.21 2.23
Mean force tracking deviation (N) 1.12 1.31 1.64 1.53 1.41 1.62

5.5. Adaptive Compliant Motion Control Experiment

Several sets of whole-body adaptative compliant motion control climbing experiments are
conducted for the four different gaits, i.e., TG, DG, C-FS, A-FS. The input parameters for motion
control phase of each gait including Syobot, Hrobots Tgaits Tins Tout, are as described in Table 1. On this
basis, the force control phase is added to one motion cycle. The input parameters for force control
phase included desired plantar force F; and variable stiffness parameters {M,B,K} for each segment.
In the climbing experiment, the robot successfully completed several gait cycles under the influence
of the force control algorithm.

For the triangular gait, the force control parameters for each leg are shown in Table 5. The
control phase diagram is depicted in Figure 16a. The experimental process is illustrated in Figure 16b,
and the obtained plantar force data curves are shown in Figure 16¢,d. It can be observed that both the
front and hind legs closely follow the desired attachment force. Both legs act as propulsion without
any apparent feet acting as support. Smooth detachment is achieved through variable stiffness,
resulting in no impact. Ultimately, the triangular gait achieved a movement speed of 0.6 cm/s.
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Table 5. The force control parameters of the triangular gait and diagonal gait.
Leg Fy4 {M,B,K} of SWS {M,B,K} of AS {M,B,K} of SUS {M,B,K} of DS
LF 8.0 {1,16,20} {1,20,50} {1,20,50} {1,30,40}
RF 8.0 {1,16,20} {1,20,50} {1,20,50} {1,30,40}
LH 8.0 {1,16,20} {1,20,50} {1,20,50} {1,30,40}
RH 8.0 {1,16,20} {1,20,50} {1,20,50} {1,30,40}

()

Motion coritrol phase

Spovor Hiopors Teaier Tine Towd)

Similarly, for the diagonal gait, the force control parameters are shown in Table 5, and the
control phase diagram is presented in Figure 17a. The experimental process is depicted in Figure 17b,
and the obtained plantar force data curves are shown in Figure 17c,d. It can be observed that both
the front and hind legs closely follow the desired attachment force. When detached, it exhibits
flexibility through variable stiffness, resulting in an impact-free process. Ultimately, the diagonal
gait achieved a movement speed of 1.2 cm/s; however, there is a certain degree of instability during
double-foot support.

For the alternate fulcrum-swing gait, attention should be paid to the differences in force control
parameters between the front and hind legs, ensuring that the desired attachment force of the hind
leg is greater than that of the front leg, and the desired force of the left hind leg is greater than that of
the right hind leg. In addition, the front legs have lower stiffness and higher damping than the hind
legs, except for the swing segment. The specific force control parameters are presented in Table 6,
and the control phase diagram is depicted in Figure 18a. The experimental process is illustrated in
Figure 18b, and the obtained foot force data curves are shown in Figure 18c,d. It reveals that both
front legs closely track the desired force during the attachment-support phase, while the hind legs
demonstrate the same force tracking characteristics, with the actual force of the hind legs exceeding
that of the front legs. Moreover, the actual force of the left hind leg is higher than that of the right
hind leg. As support points during the support phase, the hind legs ensure stable attachment, and
the front legs act as propulsion, achieving forward motion through a high stepping frequency. A
movement speed of 0.44 cm/s is achieved at last. The detachment process smoothly follows until
reaching zero through the virtual spring-damping system, resulting in zero impact in the moment of
detachment. This meets the requirements for the support-swing attached behavior, and the robot
exhibits excellent stability.
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Figure 16. The experimental results of triangular gait. (a) The control phase diagram; (b) the
experimental process (i—viii indicates the step sequence); (c) the force-time data of LF and RF; (d) the
force-time data of LH and RH.
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Figure 17. The experimental results of the diagonal gait. (a) The control phase diagram;

(b) the experimental process (i—iv indicates the step sequence); (c) the force-time data of LF and
RF; (d) the force-time data of LH and RH.

Table 6. The force control parameters of the alternate and continuous fulcrum-swing gait.

Leg ) F {M,B,K} of SWS {M,B,K} of AS {M,B,K} of SUS {M,B,K} of DS

LF 8.0 {1,16,60} {1,20,50} {1,20,50} {1,30,40}
RF 8.0 {1,16,60} {1,20,50} {1,20,50} {1,30,40}
LH 12.0 {1,16,60} {1,16,55} {1,16,55} {1,25,45}
RH 10.0 {1,16,60} {1,16,55} {1,16,55} {1,25,45}
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Figure 18. The experimental results of the A-FS gait. (a) The control phase diagram; (b) the experimental

process (i—vi indicates the step sequence); (c) the force-time data of LF and RF; (d) the force-time data of
LH and RH.
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Likewise, for the continuous fulcrum-swing gait, the force control parameters are presented
in Table 6, and the control phase diagram is depicted in Figure 19a. The experimental process is
illustrated in Figure 19b, while the obtained foot force data curves are shown in Figure 19¢,d. It can be
observed that the front and hind legs of the C-FS demonstrate the similar force-tracking characteristics
with the A-FS, satisfying the gait characteristics of the fulcrum-swing gait. The achieved motion
speed is 0.44 cm/s. The detachment process can smoothly follow to zero with no detachment impact.
However, during the continuous dragging of the two hind legs at the end of a gait cycle, opportune
stable support cannot be provided, leading to instability of the robot during this interval. The plantar
force exhibits impact and disorder in this period. Consequently, the C-FS is not as stable as A-FS.
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Figure 19. The experimental results of the C-FS gait. (a) The control phase diagram; (b) the experimental
process (i—vi indicates the step sequence); (c) the force-time data of LF and RF; (d) the force-time data of
LH and RH.

6. Conclusions

This paper presents a bioinspired adaptive compliant control of a robot gecko applied for a space
station. Based on the discussion above, the following conclusions can be drawn. The control strategy
can effectively control the robot gecko to attach reliably and detach compliantly with force sensors
through proper calibration. By employing different desired forces and impedance parameters for the
front and hind legs, the robot gecko demonstrates remarkable disturbance rejection and adaptability
to the external environment. The experiments demonstrated that the A-FS gait has stronger stability
than TG and DG. Comparing to the existing robot used in the space microgravity environment, our
robot gecko has three advantages: first, it has pneumatic flexible active attachment-detachment
feet that can be used for facades, planes, curved surfaces, etc., through appropriate control. The
biomimetic feet can effectively avoid stress concentration without damaging the special coating
on the surface of the spacecraft. Second, it has a type of stable A-FS gait, making it more reliable
in spatial applications. Third, it has achieved free-impact detachment and constant force tracking
attachment, and the average tracking error is less than 1.64 N. Additionally, the presented control
strategy is developed for our robot gecko, though it can also be used for other legged robots, such as
the quadrupedal robot dog, with some modifications in the adaptative compliant control part. In
the future, several issues shall be further investigated such as target tracking or three-dimensional
obstacle avoidance. In particular, we plan to add a binocular vision system so that the robot gecko
can achieve dynamic obstacle avoidance autonomously.



Biomimetics 2023, 8, 415 22 of 23

Author Contributions: Conceptualization, X.P. and Z.D.; methodology, A.W.; software, S.L.; valida-
tion, X.P., AW. and S.L.; formal analysis, R.S.; writing—original draft preparation, X.P. and A.W.;
writing—review and editing, Z.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
62233008 to Zhendong Dai) and the Fundamental Research Funds for the Basic strengthening (Grant
No. 2019-JCJQ-ZD-356 to Zhendong Dai).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data generated and/or analyzed during the current study are not
publicly available for legal/ethical reasons but are available from the corresponding author upon
reasonable request.

Acknowledgments: We thank Bingcheng Wang, Jinjun Duan, and Liuwei Wang for assistance
with the control strategy and fabrication. We gratefully acknowledge the helpful comments and
suggestions from the anonymous reviewers.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Meng, G.; Han, L.L.; Zhang, C.F. Research progress and technical challenges of space robot. Acta Aeronaut. Astronaut. Sin. 2021,
42,8-32.

2. Gao, Y.; Chien, S. Review on space robotics: Toward top-level science through space exploration. Sci. Robot. 2017, 2, 5074.
[CrossRef] [PubMed]

3. Dai, Z.D,; Peng, FJ. Research progress of space robots and key technologies of gecko-inspired robots. Chin. Sci. Bull. 2015,
60,3114-3124.

4. Song, Y., Dai, Z.D.; Wang, Z.Y.; Full, R.]. Role of multiple, adjustable toes in distributed control shown by sideways wall-running
in geckos. Proc. R. Soc. B Biol. Sci. 2020, 287,20200123. [CrossRef]

5. Barabanov, VM.; Gulimova, V.I; Berdiev, RK.; Saveliev, S.V. Individual features of play behavior in thick-toed geckos in
weightlessness and normal gravity conditions. Life Sci. Space Res. 2019, 22, 38-46. [CrossRef]

6.  Barabanov, VM.; Gulimova, V.I; Berdiev, R.K.; Saveliev, S.V. Object play in thick-toed geckos during a space experiment. J. Ethol.
2015, 33, 109-115. [CrossRef]

7. Nishi, A.; Wakasugi, Y.; Watanabe, K. Design of a robot capable of moving on a vertical wall. Adv. Robot. 1986, 1, 33-45. [CrossRef]

8. Nishi, A. Development of wall-climbing robots. Comput. Electr. Eng. 1996, 22, 123-149. [CrossRef]

9. Fang, Y.; Wang, S.; Bi, Q.S.; Cui, D.; Yan, C.L. Design and Technical Development of Wall-Climbing Robots: A Review. J. Bionic
Eng. 2022, 19, 877-901. [CrossRef]

10. Fang, G.S.; Cheng, ].E. Advances in Climbing Robots for Vertical Structures in the Past Decade: A Review. Biomimetics 2023, 8, 47.
[CrossRef]

11. Nansai, S.; Elara, M.R. A Survey of Wall Climbing Robots: Recent Advances and Challenges. Robotics 2016, 5, 14. [CrossRef]

12.  Kim, S.; Spenko, M,; Trujillo, S.; Heyneman, B.; Santos, D.; Cutkosky, M.R. Smooth Vertical Surface Climbing with Directional
Adhesion. IEEE Trans. Robot. 2008, 24, 65-74. [CrossRef]

13. Li, Y.S;; Ahmed, A.; Sameoto, D. Abigaille II: Toward the development of a spider-inspired climbing robot. Robotica 2012,
30, 79-89. [CrossRef]

14. Henrey, M.; Ahmed, A.; Bosscariol, P. Abigaille-III: A Versatile, Bioinspired Hexapod for Scaling Smooth Vertical Surfaces. J.
Bionic Eng. 2014, 11, 1-17. [CrossRef]

15. Birkmeyer, P; Gillies, A.G.; Fearing, R.S. Dynamic Climbing of Near-Vertical Smooth Surfaces. In Proceedings of the IEEE
International Conference on Intelligent Robots and Systems (IROS), Algarve, Portugal, 7-12 October 2012; pp. 286-292.

16. Asbeck, A.T.; Sangbae, K.; McClung, A. Climbing walls with microspines. In Proceedings of the Conference on International
Robotics and Automation, Orlando, FL, USA, 15-19 May 2006; pp. 4315-4317.

17.  Spenko, M.]J.; Haynes, G.C.; Saunders, J.A. Biologically inspired climbing with a hexapedal robot. J. Field Robot. 2008, 25, 223-242.
[CrossRef]

18. Tanaka, Y.; Shirai, Y.; Lin, X. SCALER: A Tough Versatile Quadruped Free-Climber Robot. In Proceedings of the IEEE International
Conference on Intelligent Robots and Systems, Kyoto, Japan, 23-27 October 2022; pp. 5632-5639.

19. Tavakoli, M.; Lourengo, J.; Viegas, C. The hybrid Omni Climber robot: Wheel based climbing, arm based plane transition, and
switchable magnet adhesion. Mechatronics 2016, 36, 136-146. [CrossRef]

20. Zou, H,; Liu, Z.; Zhao, X. Characteristic Analysis of Wall-Climbing Robot Magnet-Wheel Based on Halbach Array. Light Ind.
Mach. 2019, 37, 28-31,42.

21.  Zhou, Q.; Xin, L. Experimental investigation on climbing robot using rotation-flow adsorption unit. Robot. Auton. Syst. 2018,

105, 112-120. [CrossRef]


https://doi.org/10.1126/scirobotics.aan5074
https://www.ncbi.nlm.nih.gov/pubmed/33157901
https://doi.org/10.1098/rspb.2020.0123
https://doi.org/10.1016/j.lssr.2019.07.002
https://doi.org/10.1007/s10164-015-0426-8
https://doi.org/10.1163/156855386X00300
https://doi.org/10.1016/0045-7906(95)00034-8
https://doi.org/10.1007/s42235-022-00189-x
https://doi.org/10.3390/biomimetics8010047
https://doi.org/10.3390/robotics5030014
https://doi.org/10.1109/TRO.2007.909786
https://doi.org/10.1017/S0263574711000373
https://doi.org/10.1016/S1672-6529(14)60015-9
https://doi.org/10.1002/rob.20238
https://doi.org/10.1016/j.mechatronics.2016.03.007
https://doi.org/10.1016/j.robot.2018.03.008

Biomimetics 2023, 8, 415 23 of 23

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen, R.; Huang, Y,; Tang, Q. An analytical model for electrostatic adhesive dynamics on dielectric substrates. J. Adhes. Sci.
Technol. 2017, 31, 1229-1250. [CrossRef]

Koh, K.H.; Sreekumar, M.; Ponnambalam, S.G. Hybrid electrostatic and elastomer adhesion mechanism for wall climbing robot.
Mechatronics 2016, 35, 122-135. [CrossRef]

Unver, O,; Uneri, A.; Aydemir, A. Geckobot: A Gecko Inspired Climbing Robot Using Elastomer Adhesives. In Proceedings of the
IEEE International Conference on Robotics and Automation ICRA, Orlando, FL, USA, 15-19 May 2006; pp. 2329-2336.

Wang, Z.Y.; Lu, X.B.; Liu, Q. Adhesion performance test and trajectory optimization for gecko-inspired footpad under simulated
micro-gravity environment. Chin. Sci. Bull. 2017, 62, 2149-2156. [CrossRef]

Srisuchinnawong, A.; Wang, B.C.; Shao, D.H. Modular Neural Control for Gait Adaptation and Obstacle Avoidance of a Tailless
Gecko Robot. |. Intell. Robot. Syst. 2021, 101, 27. [CrossRef]

Wang, B.J.; Xiong, X.E; Duan, J.J. Compliant Detachment of Wall-Climbing Robot Unaffected by Adhesion State. Appl. Sci. 2021,
11, 5860. [CrossRef]

Wang, B.J.; Wang, Z.Y.; Song, Y.F. A Neural Coordination Strategy for Attachment and Detachment of a Climbing Robot Inspired
by Gecko Locomotion. Cyborg Bionic Syst. 2023, 4, 0008. [CrossRef]

Autumn, K,; Liang, Y.A.; Hsieh, S.T. Adhesive force of a single gecko foot-hair. Nature 2000, 405, 681-685. [CrossRef]

Autumn, K.; Gravish, N. Gecko adhesion: Evolutionary nanotechnology. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2008,
366, 1575-1590. [CrossRef] [PubMed]

Autumn, K; Sitti, M.; Liang, Y.A. Evidence for van der Waals adhesion in gecko setae. Proc. Natl. Acad. Sci. USA 2002,
99, 12251-12256. [CrossRef]

Autumn, K.; Puthoff, ]. Properties, principles, and parameters of the gecko adhesive system. In Biological Adhesives; Springer:
Cham, Switzerland, 2016; pp. 245-280.

Autumn, K,; Dittomore, A.; Santos, D. Frictional adhesion: A new angle gecko attachment. J. Exp. Biol. 2006, 209, 3569-3579.
[CrossRef]

Wang, Z.; Dai, Z.; Ji, A. Biomechanics of gecko locomotion: The patterns of reaction forces on inverted, vertical and horizontal
substrates. Bioinspir. Biomim. 2015, 10, 16019. [CrossRef]

Carbone, G.; Pierro, E.; Gorb, S. Origin of the superior adhesive performance of mushroom-shaped micro structured surfaces.
Soft Matter 2011, 7, 5545-5552. [CrossRef]

Chen, J.; Ding, N.; Li, Z.; Wang, W. Organic polymer materials in the space environment. Prog. Aerosp. Sci. 2016, 83, 37-56.
[CrossRef]

Day, P; Cutkosky, M.; Mclaughlin, A. Effects of gamma irradiation on adhesion of polymer microstructure-based dry adhesives.
Nucl. Technol. 2013, 180, 450-455. [CrossRef]

Henrey, M.; Tellez, J.; Wormnes, K.; Pambaguian, L.; Menon, C. Towards the use of mushroom-capped dry adhesives in outer
space: Effects of low pressure and temperature on adhesion strength. Aerosp. Sci. Technol. 2013, 29, 185-190. [CrossRef]

Wang, L.W,; Wang, Z.Y.; Wang, B.C. Reversible Adhesive Bio-Toe with Hierarchical Structure Inspired by Gecko. Biomimetics 2023,
8, 40. [CrossRef]

Wang, Z.Y.; Gorb, S.N.; Dai, Z.D. Control strategies of gecko’s toe in response to reduced gravity. Appl. Sci. 2020, 10, 2257.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/01694243.2016.1249689
https://doi.org/10.1016/j.mechatronics.2016.02.001
https://doi.org/10.1360/N972016-01329
https://doi.org/10.1007/s10846-020-01285-y
https://doi.org/10.3390/app11135860
https://doi.org/10.34133/cbsystems.0008
https://doi.org/10.1038/35015073
https://doi.org/10.1098/rsta.2007.2173
https://www.ncbi.nlm.nih.gov/pubmed/18192170
https://doi.org/10.1073/pnas.192252799
https://doi.org/10.1242/jeb.02486
https://doi.org/10.1088/1748-3190/10/1/016019
https://doi.org/10.1039/c0sm01482f
https://doi.org/10.1016/j.paerosci.2016.02.002
https://doi.org/10.13182/NT12-A15356
https://doi.org/10.1016/j.ast.2013.03.003
https://doi.org/10.3390/biomimetics8010040
https://doi.org/10.3390/app10072257

	Introduction 
	Biomimetic Mechanism 
	The Design of the Robot Gecko 
	Bionic Mechanical Design 
	Biomimetic Hybrid-Driven Design 
	Design of Data Acquisition and Control System 

	Adaptive Active Compliant Control Strategy 
	Motion Planning Based on Bionic Inspiration 
	Centroid-Foot Coupling Motion Planning 
	Biomimetic Gait Design for Microgravity 

	Adaptive Variable Stiffness Active Compliance Control 
	Active Compliance Control 
	Segmented Variable Stiffness Strategy 


	Experiments 
	Construction of Microgravity Simulation Experimental Platform 
	Open-Loop Motion Control Experiment 
	Static Anti-Interference Experiment 
	Segmented Variable Stiffness Experiments 
	Adaptive Compliant Motion Control Experiment 

	Conclusions 
	References

