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Abstract: Adhesion state is a key factor affecting the motion stability of a wall-climbing robot.
According to different adhesion states, there is no universal method for compliant detachment. We
propose an online impedance strategy for controlling peeling angle to realize compliant movement.
Variable compliant motions are achieved by online tuning the stiffness and damping parameters
of proportional-derivative control, which realizes compliant detachment with a peeling angle of
π, the adhesion strength to adjust to a minimum and basically eliminated the instant change in
normal adhesion strength at the detachment end state. The proposed controller was validated
using a vertical climbing robot. The results showed that, with the proposed controller, the sudden
change in the normal adhesion force during peeling was significantly reduced. Besides, there is
no correlation between the sudden change in the normal adhesion force at the detachment end
state and the adhesion state. Regardless of the adhesion states, the compliant detachment can be
accomplished reliably.

Keywords: wall-climbing robot; controllable peeling angle; online impedance adaptation controller

1. Introduction

Geckos are representative of animals with outstanding climbing abilities, and many
kinds of wall-climbing robots have been developed to imitate the movement patterns of
these animals. Among them, the robots based on dry adhesion have the advantages of
low noise and low power consumption compared to the wall-climbing robots based on
such things as vacuum suction cups [1], magnetic attraction [2,3], and gripping claws [4]
(shown in Table 1). Based on gecko setae, various structures and materials [5–7] with
high adhesion strength and excellent durability have been developed. The adhesion of
wall-climbing robots, such as Tankbot [8], Mini-Whegs [9], Waalbot II [10], and RiSE [11],
has been extensively studied. Nevertheless, the wall-climbing ability of these robots is still
not on a par with the gecko. To meet the needs of different driving force and load capacity,
the adhesion state is different. At the same time, smooth adhesion and low fuselage
disturbance are required during detachment, which requires the robot to be capable of
flexible detachment under different adhesion states.

Wall-climbing robots, such as Stickybot [12], Stickybot III [13], and CLASH [14],
use an anisotropic adhesive. The normal adhesion force can be controlled by adjusting
the tangential force to realize stable detachment. Large normal preloading, required for
stable adhesion, can be achieved by adding a long tail that exerts normal pressure on
the foot. For the symmetrical robots AnyClimb [15] and AnyClimb II [16], the left and
right adhesion units perform simultaneous detachment in the detachment stage, so that
the rolling moments generated by detachment cancel each other, thus reducing their
influence on robot stability. However, this kind of robot has requirements regarding the
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synchronization of these rolling moments. RiSE [11] uses force tracking to achieve stable
vertical climbing on rough, but not smooth, surfaces.

Table 1. Adhesion and motion controller of the existing wall-climbing robots.

[1] [2] [4] [13] Proposed Robot

Suction X X

Magnetic X

Claw X

Dry adhesion X X X

Position controller X X X X X

Online impedance
adaptive controller X

The above studies were limited by the ease of detachment, which can be improved
via the online regulation of adhesion strength. Related studies mainly focused on gecko-
inspired directional adhesion [6,17,18], micro-vibrations [19], and adjustable peeling behav-
ior [20–23]. Peeling regulation is a universal solution. But the adhesion state is influenced
by many factors, making it difficult to predict, and it places a high requirement on the
movement control of the wall-climbing robot.

Based on the variable flexible joint motion of animals, we propose an online impedance
adaptive controller to realize the active control of adhesion peeling angle. A gecko-mimetic
dry-adhesion robot IBSS–8 is built to validate the proposed strategy. A three-dimensional
strain platform for the peeling angle and an adhesion strength test are used to verify the
ability of the proposed algorithm to regulate peeling behavior. The vibration performance
of the robot on various surfaces with various slope angles and the climbing success rate are
used to verify robot movement stability.

2. Strategy of Compliant Detachment

In view of unpredictable adhesion state, it will be very difficult to predict the desired
detachment force. So, we propose online impedance adaptive controller to regulate the
peeling angle. The following will be described from the two perspectives of detachment
force regulation mechanism and control method.

2.1. Mechanism of Detachment Force Regulation

An isotropic adhesive can repeatedly adhere to a surface without leaving a trace and
can maintain a certain normal adhesion strength without tangential adhesion strength,
which is beneficial for adhesion reliability. However, this can also lead to an instant change
in the adhesion force when the adhesion breaks. To reduce the adhesion strength during
the detachment of the adhesive, detachment is generally carried out via peeling, where
a peeling force in a certain direction is applied to one end of the adhesive. The Kendall
model [21], shown in Figure 1 and Equation (1), gives the steady-state relationship among
peeling force F, elastic modulus of the adhesive pad E, thickness of the adhesive pad d,
width of the adhesive failure area b, peeling angle θ, and peeling energy constant R, which
is related to the peeling speed. The influence of peeling speed on adhesion strength has
been studied in Reference [23]. The adhesion strength can be regulated mainly via peeling
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angle θ and R. Because adjusting the peeling speed would prevent rapid peeling, this study
regulates adhesion strength by adjusting θ.(

F
b

)2 1
2dE

+
F
b
(1− cos θ)− R = 0 (1)

because the elastic term is generally small, the normal and tangential adhesion forces FN
and FT , respectively, are given by:

FN = bR
sin θ

1− cos θ
, FT = bR

cos θ

1− cos θ
(θ ∈ (0, π]). (2)

Figure 1. Adhesion film peeling force analysis.

At the detachment end state, the detachment force instantly decreases to 0, which af-
fects the motion state of the robot. Therefore, a smaller adhesion strength of the detachment
end state is beneficial for robot motion stability. According to Equation (2), FN and FT are
negatively correlated with peeling angle θ. When θ is close to π, FN is close to 0, which is
the ideal detachment situation. Therefore, increasing the peeling angle to near π can effec-
tively reduce the probability of instability of the robot during wall climbing. The peel-zone
model [20] with friction considered gives a similar conclusion with Kendall model.

In a practical situation, the actual adhesion state (related to R and b) is affected by
such factors as the stiffness of the adhesive feet and the size of the adhesion pre-pressure.
We conducted experimental verification for this phenomenon. The experiment method and
the results are shown in Appendix A.

It is not difficult to find that the above factors both influence the adhesion area. In
addition, under the same experimental conditions, the adhesion area will still be slightly
different in multiple experiments. So, the attachment process is an unpredictable process
for robots, making it difficult to find a desired peeling force or design an optimal foot
trajectory online. Therefore, we regulate the peeling angle rather than the unpredictable
peeling force.

Most existing wall-climbing robots, such as Stickybot III [13] and AnyClimb [15,16], real-
ize joint motion using position control that tracks a trajectory. With this kind of trajectory track-
ing control (comparison method in Section 4 and the Supplementary Materials’ Video S1), it
is difficult to design an optimal foot trajectory for specific adhesion situations because of the
lack of feedback. Because position control can output a large moment, the adhesive sheet at
the detachment end state under trajectory tracking control is prone to overall adhesion failure
rather than peeling, which leads to uncontrollable adhesion strength. Thus, the traditional
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trajectory tracking control algorithm is not applicable for wall climbing. This study proposes
an online adaptive impedance control where the stiffness and damping are tuned online for
adhesive attachment and detachment.

The force exerted by the robot foot is shown in Figure 2a. Pj−1 is the current foot
position, Pj,d is thew expected foot position in the next time step, Pj is the actual foot
position in the next time step, Fad is the adhesion force, Flimb is the driving force exerted
by the limb of robot, and Fr is the resultant force. Under trajectory tracking control, the
end of the robot foot moves directly from Pj−1 to Pj,d, regardless of the magnitude of the
detachment force. A joint torque ring can be used to establish proportional-derivative
control between Pj,d and Pj−1 to mitigate this problem. The peeling angle corresponding to
Pj decreases compared with Pj,d obtained by trajectory tracking control.

Figure 2. (a) Force analysis on the foot, the peeling is driven by Fad and Flimb. (b) Motion control strategy diagram. Taking a
3-DOF limb, for example: The expected foot end coordinate of the single limb pd is given by the trajectory. The expected
angle qd and angular velocity q̇d of the joints are obtained through the inverse kinematic of the single limb, and the feedback
of the current angle q and angular velocity q̇ is obtained. The error e is input to online impedance adaptive controller, and
the joints torque are output to control the single limb. The origin position (the angles of joints 1–3 are set to 0) of the foot
end is set as the coordinate original point (0, 0, 0).

2.2. Online Impedance Adaptation Controller

A simple proportional-derivative control can realize the adjustment of the peeling
angle, but it lacks online impedance modulation, leading to a lack of adaptability to the
adhesion and non-adhesion states. In addition, due to the lack of a bias term, this control
method has poor trajectory tracking performance on non-adhesion state. To address this
problem, an online impedance adaptation controller [24] is applied to the variable stiffness
control to improve motion stability. The overall control strategy is shown in Figure 2b.

The robot’s target foot trajectory pd(t) is shown in Figure 2b. The whole trajectory is
divided into three stages, namely detachment (red trajectory), attachment (green trajectory),
and stretching (blue trajectory). The foot trajectory of an adhesive wall-climbing robot has
been studied in References [13,25]. However, these foot trajectory plannings are both aimed
at the anisotropic adhesive materials, and the peeling angle is small in the detachment stage,
so they cannot be applied to the isotropic adhesive materials. According to Equation (1),
θ directly affects adhesion strength. Thus, peeling angle θ can be initially set to a large
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value so that the robot can enter the detachment state as soon as possible. In the middle
stage, to accelerate detachment, the change rate of the foot on Z direction can be increased
to decrease peeling angle θ. There is still a constraint relationship between the climbing
surface and the adhesion foot, and, thus, the adhesion force does not change rapidly. In the
last stage of detachment, to reduce the influence of the detachment force on robot stability,
peeling angle θ is increased.

A semi-elliptic trajectory is a convenient scheme for the attachment stage. It allows the
middle section to preload and the last section to stably stretch, making adhesion reliable.
This trajectory can be expressed by a trigonometric function in the X and Z directions. The
corresponding velocity and acceleration are continuous.

To maintain fuselage stability during climbing, a straight-line function is used in the
stretching stage.

The mathematical expressions of the detachment, attachment, and stretching trajecto-
ries are, respectively, given by:

z = amid H + kmidx +
4(1− 2amid)H

L2 x2 +
2(−4kmidL + 5H)

L3 x3

−8(1− 2amid)H
L4 x4 +

8(2kmidL− 3H)

L5 x5(x ∈ [− L
2

,
L
2
], y = −l1)

, (3)

(x− L
2 )

2

L′2
+

(z− H
2 )

2

H
2

2 = 1(x ∈ [
L
2

,
L
2
+ L′], y = −l1), (4)

z = 0(x ∈ [− L
2

,
L
2
], y = −l1), (5)

where x, y, z are the three dimensional coordinates of the foot with respect to the base
coordinates of the shoulder, L and H are the length and height of a single step, amidH and
kmid are the height and slope of the constraint point of detachment trajectory, l1 is the length
of the robot’s thigh, and L′ is the extra forward distance in semi-elliptic trajectory .

From the designed trajectory, the desired joint angle and angular velocity are ob-
tained via inverse kinematics. To realize impedance adaptation during peeling, an online
impedance adaptive controller (OIAC) [24] is used to produce online variable compliant
joint motions for adhesive attachment and detachment. This controller has been applied to
finger and elbow exoskeletons, leading to stable variable compliant joint motions [26,27].
Taking a 3-DOF limb, for example, the torque of all joints is controlled using the equation:

τ(t) = F(t) + K(t)e(t) + D(t)ė(t), (6)

where τ(t) ∈ R3×1 is the output torque of joint 1–3, F(t) ∈ R3×1 is the online adjustment
bias term, and K(t) ∈ R3×3 and D(t) ∈ R3×3 are time-varying impedance parameters
adjusted online. The position, velocity, tracking error (e(t), ė(t), ε(t) ∈ R3×1) are given by:

e(t) = qd(t)− q(t), ė(t) = q̇d(t)− q̇(t), ε(t) = e(t) + βė(t), (7)

where q(t) ∈ R3×1 is the current position of the joint, qd(t) ∈ R3×1 is the target position,
and β is the tracking factor in tracking error to adjust the proportion of the damping term.
The bias term and impedance parameters are given as follows:

F(t) = a−1(1 + b‖ε(t)‖2)ε(t), K(t) = F(t)eT(t), D(t) = F(t)ėT(t), (8)

where the parameters a, b ∈ R3×3 were chosen to perform proper online impedance
adaptation, thereby avoiding motor torque saturation. It has been shown that online
impedance adaptation control can prevent motor dysfunction, which may result from
conventional impedance control [26].

The adaptive law of OIAC over state-of-arts are provided in Appendix B. With OIAC,
the robot can converge the direction of the detachment force to the tangential forward.
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Besides, because all joints have impedance characteristics, the limb joints in the stance
phase can absorb an instantaneous impact, thus reducing the influence of various forces,
including the detachment instantaneous force, on adhesion in the stance phase.

3. Robot System

The wall-climbing robot used to validate the proposed strategy, IBSS–8, is briefly
introduced in this section.

3.1. Mechanical Structure of Wall-Climbing Robot

To emulate the motion performance of a gecko, we designed a gecko-mimetic wall-
climbing robot with dry adhesion, called IBSS–8 (dimensions: 440 mm × 260 mm × 45 mm,
mass: 1.98 kg with a 2600 mAh 12.1 V battery, center of mass: 18 mm to the robot chassis,
battery life: 25 min on full charge), shown in Figure 3, based on the size ratio of a gecko.

A single−limb mechanism, the core unit of robot motion, determines the reliability
of adhesion and detachment flexibility. To ensure that the robot can realize flexible three-
dimensional single−limb movement without redundant actuation, the single−limb design
is based on the gecko limb structure. The hip and the knee active joint are used (the wrist
active degree of freedom is not used). This design realizes gecko-like limb movement with
flexible switching between attachment and detachment states.

Figure 3. Bionic structure design of IBSS–8 for the body, limb, and adhesion unit. The workspace
limitation and 0° position of each joint can be checked. A gecko’s adhesion unit is the bristles of the
sole, and that of the robot is PVS [5]. (1) Upper surface of adhesive (PVC). (2) Gecko-like adhesive
material (PVS). (3) Passive ball bearing and reset spring.

The adhesive unit (see Figure 3) used in the foot is made of polyvinyl siloxane (PVS),
which is similar to gecko bristles and can, thus, stably adhere to a smooth surface. The up-
per surface of the foot is made of polyvinyl chloride (PVC). Foot drive types are important
factors affecting the reliability of the detachment, which include active detaching foot, such
as stickybot [12], and the passive detaching foot, such as CLASH [14] and Anyclimb [15].
The active detaching foot can make the detachment more reliable, but also need an addi-
tional driver to control the toes, which increases the mass of the robot, the passive detaching
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foot is chosen in robot design. The shape of the sole also greatly affects the adhesion. The
common types of the sole include the toe imitating strip foot [14] and the sole-imitating
circular foot [15]. The tangential adhesion strength of the strip foot is anisotropic, while the
circular foot is isotropic. The circular foot is more suitable for a multi-contact wall-climbing
robot because the detachment normal impact may cause adhesion failure. To achieve the
smooth detachment of the robot and provide more adhesive force, we expanded the striped
foot into a rectangular foot. Combined with a series of parameters, such as the tangent
adhesive strength per unit area (2.2 N/cm2) of the adhesive material, the ratio of the actual
adhesion area to the foot area (20%), and the mass of the robot, the size of the adhesive
foot was determined to be 90 mm × 50 mm. During adhesion contact, the whole foot and
the adhesive surface are at a 15° angle, and the PVC surface is forced to bend and deform,
thus providing the required pre-pressure for PVS adhesion. The ball bearing on the foot
provides a passive degree of freedom for foot posture self-adaptation during the stance
phase. The upper part of the foot is connected to a single limb of the robot via a spring to
realize the resetting of the soles. PVS provides a reliable adhesion force for robot climbing
movement, but the large required detachment force affects the stability of robot climbing.

3.2. Control System Setup of Wall-Climbing Robot

An online impedance adaptation controller is proposed to remove the trade-off be-
tween PVS attachment strength and ease of detachment. To realize the motion controller, a
reproducible control system is adopted in IBSS–8, as shown in Figure 4. The robot’s main
controller, a Raspberry Pi 4 Model B, is responsible for motion control, including movement
gait planning, joint movement parameter generation, and sensor data acquisition. The main
controller communicates with the robot joint motors (Dynamixel XM430-W350), which
support position control mode and torque control mode, via RS-485 interface. Depending
on the control mode, the target torque or position is sent to the motors, which provide
the current position, angular velocity, and torque as feedback. To ensure flexible motion
in torque control, the communication frequency is set to 1 kHz (USB transmission limits).
This motion control system is stable and efficient in practical operation and meets the
requirements of most current control algorithms.

The main controller can receive input information from control peripherals (e.g., han-
dles) via Bluetooth. The communication frequency of this link is 10 Hz to save computing
power. Inertial measurement unit data are read through a serial port to obtain robot attitude
information. The communication frequency of this link is set to 200 Hz to obtain the robot
pose accurately and in real time.

Figure 4. Hardware framework of wall-climbing robot control.

As for the parameter in control method, based on the geometric parameters of the
robot’s single leg and adhesion foot, we test the foot trajectories with different lengths and
heights and obtain the trajectories of the maximum length of the legs under the condition
of stable detachments. Table 2 shows the trajectory parameters selected in this paper.
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Table 2. The parameters for adhesion foot trajectory.

L H L′ amid kmid

70 mm 60 mm 10 mm 0.45 1.2

Equation (9) shows the parameters a, b (see Equation (8)) for joints 1–3 (see Figure 2b).
The parameter a of joint 1 is bigger than that of joint 2 and 3, which can make the feet more
compliant in the normal direction.

a =

 1.6 0 0
0 1.0 0
0 0 1.0

, b =

 0.5 0 0
0 0.5 0
0 0 0.5

. (9)

4. Experiments and Results

The evaluation of the online impedance adaptive control in terms of motion stability
improvement was conducted using a series of experiments. The detachment force trace of
the robot during climbing was obtained to verify whether the online impedance adaptive
control (OIAC) can control the adhesion strength of the adhesion comparing to trajectory
tracking control (TTC). Then, a robot climbing experiment was carried out on various sur-
faces with various slope angles. The stability of the robot was characterized by its attitude
angle oscillation to verify whether OIAC can effectively improve robot motion stability.

4.1. Detachment Force Trace during Climbing

The detachment force trace can be used to study detachment behavior based on the
profiles of the tangential force and the normal force during detachment. Besides, the
magnitude of the peeling angle θ can be analyzed, and the variation trend of the adhesive
force during peeling can be obtained.

A platform equipped with force sensors, shown in Figure 5a, was used to collect the
detachment force trace. Each acrylic plate is a three-dimensional force sensor (precision:
+/−0.05 N, frequency: 200 Hz). Each limb was attached to its own force sensors to prevent
contamination by other limbs. The slope angle of the test platform was set to 80°. The
robot climbed the platform under TTC and OIAC, respectively, and the tangential force and
normal force during detachment were recorded. The measured single−limb detachment
force trace is shown in Figure 6.

For both TTC and OIAC, in the peeling acceleration stage (S(b)-S(t)), the peeling
speed was low; thus, the peel strength was small (see Equation (1)). The peeling angle and
speed in this phase increased gradually. In peeling stage (S(t)-S(e)), the peeling speed was
at a constant value and the peeling angle increased until complete adhesion failure. The
adhesion force then rapidly returned to zero.

The force trace values under the two control methods are quite different, especially
the normal force on S(e), which has the greatest influence on robot stability. Based on a
statistical analysis of the results of many experiments, under trajectory tracking control,
the mean value of normal force on S(e) was −0.76 N and the corresponding peeling angle
θ was 102.97°; under OIAC, these values were −0.09 N and 174.29°, respectively. These
results indicate that the wall-climbing robot with the proposed method exhibits compliant
and stable detachment behavior.
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Figure 5. (a) Force-time data of one motion period measured by force platform (FT represents
tangential force, FN represents normal force). (b) IBSS–8 with trajectory tracking control (TTC) and
online impedance adaptive control (OIAC), respectively, climbed the platform and the attitude angle
was recorded.
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Figure 6. Single−limb detachment force trace and statistical results S(b) and S′(b): beginning state of
detachment under TTC and OIAC, S(t) and S′(t): turnning state of detachment under TTC and OIAC,
S(e) and S′(e): end state of detachment under TTC and OIAC). The box chart shows the statistical
analysis of normal force on S(e) and S′(e). The green triangles represent the average position.

4.2. Robot Stability on Various Surfaces with Various Slope Angles

The most challenging task for a wall-climbing robot is stable operation on a slippery
surface with a large slope angle. Motion stability experiments were carried out under
these conditions to confirm the ability of OIAC to regulate detachment under different
adhesion states.

Teflon is one of the few materials to which geckos cannot stably adhere. PVS, used
in this study, produces weak adhesion to a Teflon surface. In this experiment, glass and
Teflon were used as climbing substrates with strong and weak adhesion, respectively. The
climbing substrates were attached to a platform with an adjustable slope angle, as shown
in Figure 5b.

To evaluate the motion stability of the robot, the roll-pitch-yaw (α-β-γ) attitude infor-
mation and the climbing failure rate of IBSS–8 on the glass and Teflon surfaces at various
slope angles were recorded several times. The standard deviation of rolling angle α which
can best reflect the change of normal force was calculated and used as the quantitative
evaluation of the vibrations. The statistical results are shown in Figure 7.



Appl. Sci. 2021, 11, 5860 11 of 16

Figure 7. Statistical results of robot rolling angle α and the fail rate for various surfaces with various
slope angles. Statistical results for (a) glass and (b) Teflon surfaces. In the box chart, the black lines
represent the median position and the green triangles represent the average position. In the statistics,
*** indicates a significant difference. The P value between roll under TTC and roll under OIAC on
glass is 3.43× 10−5 for 70°, 4.26× 10−4 for 75°, 1.1× 10−5 for 80°, 6.84× 10−7 for 85°, and 2.82× 10−5

for 90°.

For both surfaces, the support force from the ground decreased and the roll, pitch,
and yaw angle oscillation amplitudes increased with increasing slope angle.

From Figure 7, we can see that the rolling angle α oscillation amplitude of IBSS–8
is significantly reduced compared with the TTC method in the process of climbing on
the glass surface with different slope angles. In the process of glass surface climbing, the
amplitude of rolling angle oscillation under OIAC was significantly different from the
amplitude of TTC under different slope angles. Due to the strong adhesive strength of the
adhesive material to the glass, the normal force at the detaching end state will directly cause
the robot to vibrate at the rolling angle if the peeling process is not regulated. So, comparing
the average rolling angle standard deviation when climbing on the glass surface to the
value on Teflon surface under the same slope angle, it is not difficult to find that, under
the trajectory tracking control, the oscillation amplitude on the glass is greater than the
one on the Teflon, and, under our method, the oscillation amplitudes of the two materials
are basically the same; this is because, under the help of OIAC, the peeling angle at the
detaching end state is close to π, and there is little change in the normal adhesion force.
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The above data strongly prove that, no matter the size of the adhesion load and the current
slope angle, OIAC can effectively regulate the peeling angle and adhesion strength.

During gecko movement, the force increment in the toe detachment process does not
change significantly because of the change in the external load, which greatly contributes to
movement stability. Under the proposed method, the variation trend of adhesive strength
of the robot is similar to that of the gecko.

The success rate of climbing directly confirms the superiority of OIAC. For the glass
surface, IBSS–8 started to fail at a slope angle of 85° under TTC and succeeded only once at
90°. Under the proposed method, IBSS–8 failed only once at 90°. For the Teflon surface,
IBSS–8 failed completely at a slope angle of 80° under TTC but had a success rate of 50% at
this angle under the proposed method. These results confirm that the proposed control
method reduces the probability of robot instability during climbing.

Besides, the climbing speed of the robot on the 90-degree glass surface with tripod gait
(see Supplementary Materials’ Video S1) is 0.35 cm/s, while that with trot gait is 0.6 cm/s.
However, the movement of the robot is unstable under trot gait. The adhesion strength and
peeling speed of the sole are the main reasons to limit the speed improvement. Another
limitation for the proposed architecture is that it lacks an online trajectory adaptor.

5. Conclusions

The compliant detachment is the key obtained for stable movement of dry-adhesion
wall-climbing robots, especially for vary adhesion states. In this study, an online impedance
adaptive control algorithm was proposed to remove this trade-off. The control algorithm
makes the joints compliant during the peeling process through stable variable compliant
joint motion and controls the peeling angle and adhesion strength. This control algo-
rithm does not require additional sensors or mechanical structures and, thus, does not
increase the weight of a wall-climbing robot. Controllable adhesion strength is achieved
through the characteristics of the motor, which reduces the probability of instability during
wall climbing.

The experimental results show that, for various adhesion loads and slope angles, the
adhesion strength can be controlled stably under online impedance adaptation control,
which removes the trade-off between attachment strength and ease of detachment. This
allows compliant detachment under strong adhesion conditions.

Although our method improves the stable movement ability of the wall-climbing
robot, it is only the basis for the robot to achieve stable motion. In the near future, we will
further optimize the foot structure to enable stable attachment of the robot on the surface
of the ceiling and other gravity-reversing surfaces. Online impedance adaptive control will
be used in the swing phase, and the distribution of stance phase adhesion force needs to
be further studied. With excellent stable movement ability, the wall-climbing robot can be
equipped with low weight and low energy consumption of the autonomous navigation
system to realize unmanned operation without loss of stability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11135860/s1, Video S1: the experimental video of robot motion on vertical glass surface.
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Appendix A

Adhesion area is one of the forms of adhesion state. To show the unpredictability of
the adhesion state, we built a test platform for adhesion area of the robot’s single−limb,
as shown in Figure A1, to explore the influence of parameters, such as adhesion sheet
stiffness and pre-pressure on the actual adhesion area. The robot single−limb was used
as the verification mechanism of the platform; meanwhile, LED strips are attached to the
edge of surface as light source. When the adhesive foot begins to contact with the surface,
the bright spot, as shown in Figure A1, will appear. This bright spot represents the actual
adhesion area, and the actual adhesion area will be captured by the camera at the back end.

Figure A1. Adhesion area test platform and adhesion area detection process offline. The adhesion
area actual image captured by the camera is uploaded to PC for image processing [28]. The frames
containing only markers (non-adhesion) were recorded as fbg, and the frames after adhesion were
recorded as fsrc. Through the difference between the two frames (Frame difference), the frame fad
containing only adhesion region was obtained, which was binarized and the total number of pixels
of adhesion region in the frame was calculated (Binarization). The actual adhesion area is obtained
by the ratio of the number of pixels of the reference object to the actual length.

As the upper surface of the adhesive material to verify the influence of the adhesive
stiffness on the adhesion area, 1.5 mm, 2 mm, and 2.5 mm PVC sheets (the adhesive
stiffness is affected by the thickness) were selected; the pre-pressing depths of 0 mm, 2 mm,
4 mm, 6 mm, 8 mm (the pre-pressing depth is positively correlated with pre-pressure) were
selected as the depth of the foot to continue pressing after contacting the adhesive surface
to verify the influence of the adhesive stiffness on the adhesion area. Each experiment was
performed several times and the actual adhesion area Sad was statistically analyzed, which
was divided by the area of adhesive sheet (45 cm2) to obtain the actual adhesion ratio. The
results are shown in Figure A2.

www.liwenbianji.cn/ac
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Figure A2. The actual adhesion ratio under different adhesion parameters.

Appendix B

OIAC minimizes mission error and maintains single−limb dynamic stability by:

J(t) = Jc(t) + Jp(t), (A1)

where Jc(t) minimizes bias and impedance item error, and Jp(t) maintains single−limb
dynamic stability. Jc is given by:

Jc(t) =
1
2

∫ t

t−T
vecT(K̃)Q−1

k vec(K̃) + vecT(D̃)Q−1
d vec(D̃) + F̃TQ−1

f F̃, (A2)

where Q f , Qk, and Qd are symmetric positive-definite matrices. The derivative of Jc is
given by:

δJc =Jc(t)− Jc(t− T)

=
1
2

∫ t

t−T
tr
{

K̃T(σ)Q−1
k K̃(σ)− K̃T(σ− T)Q−1

k K̃(σ− T)
}

+ tr
{

D̃T(σ)Q−1
d D̃(σ)− D̃T(σ− T)Q−1

d D̃(σ− T)
}

+ tr
{

F̃T(σ)Q−1
f F̃(σ)− F̃T(σ− T)Q−1

f F̃(σ− T)
}

dσ

=− 1
2

∫ t

t−T
δΦ̃T(σ)Q−1δΦ̃(σ)dσ

−
∫ t

t−T
γ(σ)Φ̃T(σ)Φ̃(σ)dσ

+
∫ t

t−T
ε(σ)K̃(σ)e(σ) + ε(σ)D̃(σ)ė(σ) + ε(σ)F̃(σ)dσ,

(A3)

where tr{·} stands for the trace of a matrix. Φ̃(t) and Q are given by:

Φ̃(t) =
[
vec(K̃(t))T , vec(D̃(t))T , F̃(t)

]T

Q = diag
(

I ⊗Qk, I ⊗Qd, Q f

)
,

(A4)
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and adaptive parameter γ(t) is given by:

γ(t) = a−1(1 + b‖ε(t)‖2). (A5)

Similarly, δJp and δJ are given by:

δJp =−
∫ t

t−T
ε(σ)K̃(σ)e(σ) + ε(σ)D̃(σ)ė(σ) + ε(σ)F̃(σ)dσ,

δJ =− 1
2

∫ t

t−T
δΦ̃T(σ)Q−1δΦ̃(σ)dσ−

∫ t

t−T
γ(σ)Φ̃T(σ)Φ̃(σ)dσ.

(A6)

To decrease J with time, δJ < 0 is necessary. So, the following formula must
be satisfied:

γ(σ) > 0, Φ̃TΦ̃ ≥ 0, (A7)

so the parameter a and b must be positive.
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